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 a b s t r a c t

Triply Periodic Minimal Surfaces (TPMS) have been noticed in various engineering disciplines 
such as biomechanics, heat transfer, and structural mechanics due to their continuous curvature, 
high surface-to-volume ratio, and compatibility with additive manufacturing. In acoustics, recent 
research has explored their absorption and bandgap properties; however, their potential as sound 
diffusive surfaces remains largely unexplored. Addressing this research gap, the present study 
investigates the frequency-dependent sound diffusion performance of six TPMS geometries us-
ing three-dimensional Finite-Difference Time-Domain (FDTD) simulations. The analysis follows 
the ISO 17497-2 standard and is performed using two complementary models: a high-fidelity 
“Big Model” and a fast Near-Field to Far-Field (NFFF) approximation. Results show that certain 
TPMS, such as Costa and Scherk’s Tower, achieve enhanced diffusion at mid-to-high frequen-
cies, while others like Batwing exhibit tunable low-frequency peaks. The absence or presence of 
a rigid backing is shown to significantly influence diffusive behavior. Despite the reduced com-
putational complexity of the NFFF model, its predictions closely match the full model, enabling 
efficient parametric studies. Finally, potential application of TPMS are discussed, such as the inte-
gration of TPMS-based surfaces into acoustic partition panels for improving speech intelligibility 
in open-plan spaces.

1.  Introduction

In the past five decades, since Schroeder’s pioneering work on sound diffusers in 1975 [1], these devices have proven their 
effectiveness in increasing spatial sound diffuseness, mitigating flutter echoes, and minimizing coloration phenomena [2]. Over the 
years, numerous alternatives to Schroeder’s original designs have been proposed: from the use of different numerical sequences to 
shape the depth profiles [3], to replacing stepped geometries with more organic or visually appealing forms [4], or even by using 
irregular patterns of reflective and absorptive patches [5]. A key limitation of classical phase diffusers, those composed of arrays of 
wells with varying depths, is that the lowest frequency at which significant diffusion occurs is governed by the maximum wall depth. 
To achieve effective diffusion in the low-frequency range i.e., the 125 Hz and 250 Hz octave bands, such structures typically require 
depths close to 1m.
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\begin {align}&\frac {\partial p}{\partial t}+\mathcal {B} \vec {\nabla } \cdot \vec {u}=0, \label {eq:fdtd1}\\ &\vec {\nabla } p+\rho _0 \frac {\partial \vec {u}}{\partial t}=0, \label {eq:fdtd2}\end {align}


$\vec {u}=(u_x,u_y,u_z$


$p$


$\rho _0$


$\mathcal {B}=\rho _0 c^2$


$c$


$\xi = (x, y, z)$


\begin {equation}\left .\frac {\partial p}{\partial \xi }\right |_{\xi =\xi _0} \approx \frac {p\left (\xi _0+\frac {\Delta \xi }{2}\right )-p\left (\xi _0-\frac {\Delta \xi }{2}\right )}{\Delta \xi }. \label {eq:fdtd3}\end {equation}


$\Delta \xi $
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$\xi $


$\Delta \xi /2$


$\Delta t/2$


\begin {align}&p_{i, j, k}^{n+1/2} = p_{i, j, k}^{n-1/2} - \mathcal {B} \Delta t \left ( \frac {u x_{i+1/2, j, k}^n - u x_{i-1/2, j, k}^n}{\Delta x} \right . \nonumber \\ &\qquad \qquad + \left . \frac {u y_{i, j+1/2, k}^n - u y_{i, j-1/2, k}^n}{\Delta y} + \ldots + \frac {u z_{i, j, k+1/2}^n - u z_{i, j, k-1/2}^n}{\Delta z} \right ) \label {eq:fdtd4}\\ &u x_{i+1/2, j, k}^{n+1}=u x_{i+1 /2, j, k}^n-\frac {\Delta t}{\rho }\left (\frac {p_{i+1, j, k}^{n+1 / 2}-p_{i, j, k}^{n+1 / 2}}{\Delta x}\right ) \label {eq:fdtd5}\\ &u y_{i, j+1 / 2, k}^{n+1}=u y_{i, j+1 / 2, k}^n-\frac {\Delta t}{\rho }\left (\frac {p_{i, j+1, k}^{n+1 / 2}-p_{i, j, k}^{n+1 / 2}}{\Delta y}\right ). \label {eq:fdtd6}\\ &u z_{i, j, k+1 / 2}^{n+1}=u z_{i, j, k+1 / 2}^n-\frac {\Delta t}{\rho }\left (\frac {p_{i, j, k+1}^{n+1 / 2}-p_{i, j, k}^{n+1 / 2}}{\Delta z}\right ). \label {eq:fdtd7}\end {align}


\begin {align}&p_{i, j, k}^{n+1 / 2}=p(i \Delta x, j \Delta y, k \Delta z, (n+1 / 2) \Delta t) \label {eq:fdtd8}\\ &u x_{i+1 / 2, j, k}^n=u_x((i+1 / 2) \Delta x, j \Delta y, k \Delta z, n \Delta t) \label {eq:fdtd9}\\ &u y_{i, j+1 / 2, k}^n=u_y(i \Delta x,(j+1 / 2) \Delta y, k \Delta z, n \Delta t). \label {eq:fdtd10}\\ &u z_{i, j, k+1 / 2}^n=u_z(i \Delta x, j \Delta y,(k+1 / 2) \Delta z, n \Delta t). \label {eq:fdtd11}\end {align}


$s$


\begin {equation}s=c \Delta t \sqrt {\left (\frac {1}{\Delta x}\right )^2+\left (\frac {1}{\Delta y}\right )^2+\left (\frac {1}{\Delta z}\right )^2} \leq 1 \label {eq:fdtd12}\end {equation}


$\gamma _\xi $


$D$


\begin {align}&\frac {\partial p_\xi }{\partial t} + \gamma _\xi p_\xi + B \left ( \frac {\partial u_\xi }{\partial \xi } \right ) = 0 \label {eq:fdtd13}\\ &\frac {\partial p}{\partial \xi } + \rho \left ( \frac {\partial u_\xi }{\partial t} + \gamma _\xi u_\xi \right ) = 0 \label {eq:fdtd14}\end {align}
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\begin {equation}|f(x, y, z)| \leq \varepsilon \label {Xeqn14-15}\end {equation}


\begin {equation}\varepsilon = \kappa \cdot \frac {t}{a} \label {Xeqn15-16}\end {equation}
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\begin {equation}\begin {split} p(\mathbf {r}', t) = \frac {1}{4\pi } \int _{\Gamma } \Bigg [ & \frac {1}{Rc_0} \frac {\partial }{\partial t} \left ( \mathbf {u}(\mathbf {r}, t - R/c_0) \cdot \mathbf {n} \right ) \\ & - \nabla \cdot \left ( \frac {\mathbf {n} \, p(\mathbf {r}, t - R/c_0)}{R} \right ) \Bigg ] d\Gamma , \end {split}\label {eq:NFFF}\end {equation}
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\begin {align}x &= a\,\mathfrak {R}\left ( \zeta \left ( u + \frac {\pi }{4e_{1}} \right ) - \zeta (w) - \frac {1}{2}\zeta \left ( w - \frac {i}{2} \right ) \right ), \notag \\ y &= a\,\mathfrak {R}\left ( \zeta \left ( u + \frac {\pi }{4e_{1}} \right ) - \zeta (w) + \frac {1}{2}\zeta \left ( w - \frac {i}{2} \right ) \right ), \label {eq:costa-parametric} \\ z &= a\,\sqrt {\frac {c}{e_{1}}}\ln \left | \frac {\wp (w) - e_{1}}{\wp (w) + e_{1}} \right |. \notag \end {align}
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\begin {equation}e_1 = \wp \left ( \frac {1}{2}; 0, g_3 \right ) = \wp \left ( \frac {1}{2} \big | \frac {1}{2}, \frac {i}{2} \right ) \approx 6.87519, \label {Xeqn17-A.2}\end {equation}


$(g_2, g_3) = (189.072772\ldots , 0)$
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$e_1 = \frac {\sqrt {c}}{4}$


$f(z) = \wp (z)$


$g(z) = \frac {- 2\sqrt {2\pi e_{1}}}{\wp '(z)}$


\begin {align}x &= \mathfrak {R}\left ( \int _{0}^{w} \left ( 1 - g(z)^{2} \right )f(z)\, dz \right ), \nonumber \\ y &= \mathfrak {R}\left ( - i \int _{0}^{w} \left ( 1 + g(z)^{2} \right )f(z)\, dz \right ), \label {eq:weierstrass-coords} \\ z &= \mathfrak {R}\left ( 2 \int _{0}^{w} g(z)f(z)\, dz \right ). \nonumber \end {align}
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In an effort to overcome this limitation, various recent approaches have explored the use of sonic crystals and acoustic metama-
terials[6–9]. Nevertheless, the field of acoustic diffuser design has progressed at a comparatively slower pace than other branches of 
acoustics. Although the benefits of QRD (Quadratic Residue Diffuser) [10,11] and Schroeder sequence-based [4] diffusers are well 
established, recent advances in diffuser geometry and functionality have been modest. For instance, between the introduction of 
curved diffusers in the late 1990s [3] and more recent developments such as those by Ballesteros et al.[12] and Brandão et al.[13], 
no major breakthroughs in diffuser design have occurred, apart from the use of Sonic Crystals [6,14], metadiffusers [8] and spiral 
ones [15]. Furthermore, It is also worth highlighting the improved architectural integration of diffusers during this period [9,16], 
along with gradual gains in their overall efficiency.

On the other hand, although the first studies on new periodic minimal surfaces date back to the 1970s for use as lightweight 
structural materials [17], recent research has focused on Triply Periodic Minimal Surfaces (TPMS) manufactured through 3D-printing, 
highlighting them as promising alternatives to conventional geometries in architectural acoustics [18]. These surfaces, characterized 
by zero mean curvature and smooth, continuous topologies, are especially well-suited for additive manufacturing and exhibit a 
range of advantageous physical behaviors[19–22]. Their use has garnered traction across multiple engineering disciplines including 
biomechanics[23,24], heat transfer [25], and structural mechanics [26–28], and more recently, acoustics[29–34]. Their smooth 
geometric continuity enables efficient 3D-printing and provides acoustic behaviors that are just beginning to be explored.

Studies conducted in recent years have shown promising results regarding the acoustic response of TPMS. For example, Guo et 
al.[31] demonstrated topological properties TPMS-based crystals and Guan et al.[30] conducted experiments on TPMS geometries to 
evaluate their sound absorption capabilities. However, there remains a clear gap in the literature concerning the diffusion performance 
of these structures, an essential property in the design of acoustically optimized spaces. The main contribution of this study is to 
provide clear information about the acoustic diffusion properties of some of the most common TPMS. In this way, when choosing one 
of the TPMS designs for integration into indoor partitions or wall installations, selection can be guided by their diffusion properties, 
in addition to other already well-studied criteria such as aesthetics, thermal and mechanical properties.

The remainder of this paper is organized as follows. Section 2 describes the implementation of the three-dimensional (3D) Finite-
Difference Time-Domain (FDTD) method used to model sound wave propagation and interaction with complex surfaces. Section 3 
introduces the six selected TPMS, including their implicit or parametric definitions. Section 4 outlines the methodology, including the 
two simulation models based on ISO 17497-2: a high-resolution “Big Model” and a computationally efficient Near-Field to Far-Field 
(NFFF) transformation model. Section 5 presents the numerical results, comparing the diffusion performance of all TPMS and analyz-
ing their best and worst frequency responses. Section 6 proposes potential architectural applications for these geometries as acoustic 
partition panels, particularly in office environments. Finally, Section 7 concludes the study with suggestions and recommendations 
for future research.

2.  Three-dimensional (3D) finite-difference time-domain (FDTD) simulation technique

The FDTD method is a powerful computational technique used to solve wave equations in acoustics [35,36]. It involves discretizing 
the time and space domains to simulate the propagation of sound waves through different media. FDTD is particularly useful for 
modeling the interaction of sound with complex structures, making it an essential tool for this research. This work employs three-
dimensional FDTD simulation to analyze and optimize the diffusion properties of periodic acoustic structures such as the TPMS. In 
this section, the steps followed for the implementation of the FDTD simulation method are described, adapting the two-dimensional 
FDTD model used, as previously reported by J. Redondo et al.[37]:

The equations for momentum conservation and continuity provide the basis for an acoustic FDTD model without any sound 
sources. These models may be expressed as follows in a homogeneous medium with no losses:

𝜕𝑝
𝜕𝑡

+ ∇⃗ ⋅ 𝑢 = 0, (1)

∇⃗𝑝 + 𝜌0
𝜕𝑢
𝜕𝑡

= 0, (2)

where ⃗𝑢 = (𝑢𝑥, 𝑢𝑦, 𝑢𝑧) is the vector denoting the particle velocity field, 𝑝 represents the pressure field, 𝜌0 stands for the mass density 
of the medium and  = 𝜌0𝑐2 is the Bulk modulus, where 𝑐 is the speed of sound in the host medium. The central finite difference 
technique is used to approximate the spatial and temporal derivatives of pressure and particle velocity.

For the sake of readability and to avoid repeating very similar equations, the variable 𝜉 = (𝑥, 𝑦, 𝑧) can be used to represent the 
three spatial coordinates. In this way, the governing equations of FDTD apply to both 2D and 3D cases.

For instance, we can use this technique to estimate the derivative of sound pressure with respect to any spatial coordinate, which 
can be expressed by the following equation:

𝜕𝑝
𝜕𝜉

|

|

|

|𝜉=𝜉0
≈

𝑝
(

𝜉0 +
Δ𝜉
2

)

− 𝑝
(

𝜉0 −
Δ𝜉
2

)

Δ𝜉
. (3)

In particular, the spatial interval denoted by Δ𝜉 represents the distance between closely-spaced points along the 𝜉-axis. In 𝐷
dimensions, we must define 𝐷 + 1 grids: 1 for pressure and 𝐷 for the different components of particle velocity. To minimize the 
influence of higher-order terms in Eqs. (4)–(7), these grids are ’staggered’. For instance, the mesh for the 𝜉 component of particle 
velocity is shifted by Δ𝜉∕2 relative to the pressure mesh. The same principle applies to the time intervals, the particle velocity meshes 
are shifted by Δ𝑡∕2 in time compared to the pressure mesh. By adopting this approach, we can derive a set of updated equations that 
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Fig. 1. Two-dimensional FDTD scheme for pressure and particle velocity fields.

allow us to determine the values of pressure and particle velocity after iterating for a specified number of steps. These equations are 
the following:

𝑝𝑛+1∕2𝑖,𝑗,𝑘 = 𝑝𝑛−1∕2𝑖,𝑗,𝑘 − Δ𝑡

(

𝑢𝑥𝑛𝑖+1∕2,𝑗,𝑘 − 𝑢𝑥𝑛𝑖−1∕2,𝑗,𝑘
Δ𝑥

+
𝑢𝑦𝑛𝑖,𝑗+1∕2,𝑘 − 𝑢𝑦𝑛𝑖,𝑗−1∕2,𝑘

Δ𝑦
+…+

𝑢𝑧𝑛𝑖,𝑗,𝑘+1∕2 − 𝑢𝑧𝑛𝑖,𝑗,𝑘−1∕2
Δ𝑧

)

(4)

𝑢𝑥𝑛+1𝑖+1∕2,𝑗,𝑘 = 𝑢𝑥𝑛𝑖+1∕2,𝑗,𝑘 −
Δ𝑡
𝜌

⎛

⎜

⎜

⎝

𝑝𝑛+1∕2𝑖+1,𝑗,𝑘 − 𝑝𝑛+1∕2𝑖,𝑗,𝑘

Δ𝑥

⎞

⎟

⎟

⎠

(5)

𝑢𝑦𝑛+1𝑖,𝑗+1∕2,𝑘 = 𝑢𝑦𝑛𝑖,𝑗+1∕2,𝑘 −
Δ𝑡
𝜌

⎛

⎜

⎜

⎝

𝑝𝑛+1∕2𝑖,𝑗+1,𝑘 − 𝑝𝑛+1∕2𝑖,𝑗,𝑘

Δ𝑦

⎞

⎟

⎟

⎠

. (6)

𝑢𝑧𝑛+1𝑖,𝑗,𝑘+1∕2 = 𝑢𝑧𝑛𝑖,𝑗,𝑘+1∕2 −
Δ𝑡
𝜌

⎛

⎜

⎜

⎝

𝑝𝑛+1∕2𝑖,𝑗,𝑘+1 − 𝑝𝑛+1∕2𝑖,𝑗,𝑘

Δ𝑧

⎞

⎟

⎟

⎠

. (7)

The superscripts denote the time index, and the subscripts denote the spatial indices as follows:
𝑝𝑛+1∕2𝑖,𝑗,𝑘 = 𝑝(𝑖Δ𝑥, 𝑗Δ𝑦, 𝑘Δ𝑧, (𝑛 + 1∕2)Δ𝑡) (8)

𝑢𝑥𝑛𝑖+1∕2,𝑗,𝑘 = 𝑢𝑥((𝑖 + 1∕2)Δ𝑥, 𝑗Δ𝑦, 𝑘Δ𝑧, 𝑛Δ𝑡) (9)

𝑢𝑦𝑛𝑖,𝑗+1∕2,𝑘 = 𝑢𝑦(𝑖Δ𝑥, (𝑗 + 1∕2)Δ𝑦, 𝑘Δ𝑧, 𝑛Δ𝑡). (10)

𝑢𝑧𝑛𝑖,𝑗,𝑘+1∕2 = 𝑢𝑧(𝑖Δ𝑥, 𝑗Δ𝑦, (𝑘 + 1∕2)Δ𝑧, 𝑛Δ𝑡). (11)

To have a better understanding of the update equations, Fig. 1 represents the two-dimensional FDTD scheme.
With aim of guaranteeing the numerical convergence, it is important that the time step is sufficiently small to accurately simulate 

wave propagation. This relationship between the spatial steps and the time step is determined by the Courant-Friedrichs-Levy number 
𝑠, which can be defined as follows in three dimensions:

𝑠 = 𝑐Δ𝑡

√

( 1
Δ𝑥

)2
+
(

1
Δ𝑦

)2
+
( 1
Δ𝑧

)2
≤ 1 (12)

Another limitation of the FDTD method is that the maximum allowable element size in the spatial discretization is determined by the 
highest frequency being simulated. This limitation is shared with other numerical techniques.The standard criterion suggests using 
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at least four elements per wavelength: in the related literature by A. Taflove et al.[36] it is shown that for a high level accuracy 
a minimum of 10 elements per wavelength is needed. Consequently, at high frequencies, solving the numerical problem becomes 
computationally intensive. In this work, we employed a spatial step small enough to ensure accurate results up to 5 kHz.

In order to remove unwanted reflections from the boundaries of the computational domain, an absorbing boundary condition is 
used. The technique, known as “Perfectly Matched Layers” (PML) [38] is chosen. PML introduces a lossy medium near the boundaries, 
requiring modifications to Eqs. (1) and (2) to incorporate attenuation factors for each dimension considered (denoted as 𝛾𝜉 in 𝐷
dimensions). This adjustment is expressed as follows:

𝜕𝑝𝜉
𝜕𝑡

+ 𝛾𝜉𝑝𝜉 + 𝐵
( 𝜕𝑢𝜉

𝜕𝜉

)

= 0 (13)

𝜕𝑝
𝜕𝜉

+ 𝜌
( 𝜕𝑢𝜉

𝜕𝑡
+ 𝛾𝜉𝑢𝜉

)

= 0 (14)

In Eqs. (13) and (14) the sound pressure 𝑝 is divided into 𝐷 separate components 𝑝𝜉 being 𝜉 = (𝑥, 𝑦, 𝑧) . These components do not 
have any physical significance and are defined merely for the purpose of optimizing the sound absorption performance. The actual 
pressure is the sum of the three components 𝑝𝑥, 𝑝𝑦 and 𝑝𝑧.The attenuation factors are set to zero within the integration area but are 
heightened in regions near the boundaries.

3.  Triply periodic minimal surfaces (TPMS)

A TPMS is defined implicitly by a scalar function 𝑓 (𝑥, 𝑦, 𝑧). To turn the infinitely thin surface into a 3D volume of thickness 𝑡
within a periodic lattice of size 𝑎, we define the solid domain as:

|𝑓 (𝑥, 𝑦, 𝑧)| ≤ 𝜀 (15)

where:

𝜀 = 𝜅 ⋅
𝑡
𝑎

(16)

with:

• 𝑎 is the lattice constant, i.e., the periodicity of the unit cell.
• 𝑡 is the desired thickness of the structure (in the same units as 𝑎).
• 𝜅 is a scaling factor (typically 𝜅 ∈ [1, 2]) to adapt the threshold to the functional range of 𝑓 .

For each TPMS, in Table 1 we express 𝑓 (𝑥, 𝑦, 𝑧) using scaled variables 𝑥′, 𝑦′, 𝑧′ = 2𝜋
𝑎 𝜉, with 𝜉 = (𝑥, 𝑦, 𝑧) as in the previous section, 

so the surface is periodic over a cubic cell of size 𝑎 × 𝑎 × 𝑎.
In this study, we compare six TPMS (Schoen’s Batwing [23], Scherk’s Tower [39,40], Gyroid [26], Diamond [41], Schwarz Primi-

tive [24], Costa Surface [42,43]), two of which are particularly unique: Scherk’s Tower and Costa Surface. Scherk’s Tower is periodic 
in only two axes and replicated along the 𝑧-axis, which is why it is referred to as Scherk’s Second Surface in its definition for creating 
the Tower. On the other hand, the Costa surface is an extremely complex surface in mathematical terms, which continues to present 
a challenge for its parametric definition [44]. The Costa surface does not have a simple trigonometric implicit function. It is generally 
defined parametrically or numerically via Weierstrass data. For a deeper explanation of the Costa Surface equation and Weierstrass 
functions (℘, 𝜁), the reader is referred to Appendix A.

4.  Methodology

4.1.  FDTD simulations and near-to-far field transformation

To evaluate the time-domain acoustic behaviour of the TPMS structures, we conducted three-dimensional simulations using the 
FDTD method. This volumetric technique enables broadband analysis from a single simulation and provides direct access to the 
temporal evolution of reflected sound fields [37]. The pressure and particle velocity fields were computed using staggered grids to 
enhance numerical stability, and the boundaries were treated with PMLs to prevent spurious reflections [45,46].

We used a total-field/scattered-field (TF/SF) formulation to isolate the scattered wave field, which is essential when analyzing 
time spreading. The incident signal was injected with a plane transparent source[47]. Excitation was performed using Ricker wavelets 
centered at 250 Hz, 500 Hz, 1 kHz and 2 kHz, ensuring wideband coverage without introducing large-amplitude frequency components 
near zero frequency (D.C. frequency) which can cause resolution problems in the audible part of the spectrum. These wavelets are 
widely adopted in geophysical and acoustic applications for their compact temporal support and spectral neutrality [48].

This simulation framework enables the quantification of time spreading, a phenomenon associated with temporal dispersion of 
reflected energy due to geometric features. Surfaces that promote spatial diffusion also tend to exhibit strong time spreading, as 
evidenced in prior studies [49,50].

To overcome computational limitations associated with far-field evaluations, we applied a NFFF Transformation. Pressure and 
velocity values recorded on a closed surface Γ above the TPMS structure (see blue plane in Fig. 3b) were used to reconstruct the 
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Table 1 
TPMS solid domain equations for a cubic unit cell with lattice constant 𝑎. The solid domain is defined by 
|𝑓 (𝑥, 𝑦, 𝑧)| ≤ 𝜅 ⋅ 𝑡

𝑎
.

 Implicit Equation  TPMS Name  Unit Cell Image
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far-field response. In the time-domain formulation, the pressure at a far-field point 𝐫′ can be obtained by:

𝑝(𝐫′, 𝑡) = 1
4𝜋 ∫Γ

[

1
𝑅𝑐0

𝜕
𝜕𝑡
(

𝐮(𝐫, 𝑡 − 𝑅∕𝑐0) ⋅ 𝐧
)

− ∇ ⋅
(𝐧 𝑝(𝐫, 𝑡 − 𝑅∕𝑐0)

𝑅

)

]

𝑑Γ,

(17)

where 𝑅 = ‖𝐫′ − 𝐫‖, 𝐧 is the local outward normal, and 𝑐0 is the speed of sound in air. This procedure, derived from the equivalence 
theorem, is analogous to those applied in electromagnetic and aeroacoustic applications [51,52].

4.2.  Parametric modelling of TPMS-based solids

Using a Grasshopper visual script combined with the Millipede plugin, we generated TPMS through a customizable three-step 
process based on isosurface three-dimensional modeling. First, a single TPMS cell was generated as the base unit. Next, the cell was 
replicated and arranged into a larger periodic structure. Finally, the mesh was thickened and converted into solid geometry for further 
use.

Step 1: The process begins with the definition of a three-dimensional domain ranging from −𝜋 to 𝜋 along the 𝑥, 𝑦, and 𝑧 axes using 
the Construct Domain and Range components. This domain is discretized into a uniform grid by specifying a resolution parameter 
through the ISOResSteps input, which controls the number of subdivisions along each axis. Mathematical expressions corresponding 
to canonical TPMS types, such as Schwarz P., Gyroid, Diamond, Scherk’s Tower, and Batwing, are embedded as selectable functions. 
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The isosurface component of the Millipede plugin converts these mathematical expressions into three-dimensional meshes, enabling 
the visualization and further manipulation of the resulting TPMS geometries.

Step 2: Once the single TPMS geometry is generated by the isosurface component, spatial repetition is achieved using components 
such as Domain Box and Box Array, enabling the structure to be replicated along the 𝑥, 𝑦, and 𝑧 directions.

Step 3: In the final stage of the script, the mesh is thickened through offsetting operations. A series of mesh-processing components 
(including Align Vertices, Combine & Clean, and SubD) are applied to refine the geometry and convert it into a clean, closed 
polysurface suitable for further applications such as fabrication or analysis. Fig. 2 shows, on the top, the mathematical formulations 
and three-step workflow used for TPMS generation, and on the bottom, an example of a TPMS geometry created using the Box Array 
component with tiling parameters 𝑥 = 1, 𝑦 = 3, and 𝑦 = 3.

Since the Costa Surface does not have a trigonometric implicit function, as previously discussed, its generation required a different 
approach. Employing the MATLAB Engine API for Python [53] in combination with available elliptic function scripts [54], the Costa 
Surface was first computed in MATLAB. Subsequently, it was integrated into the modeling workflow via a Python script that enabled 
communication with Grasshopper [55]. This integration occurred at Step 2 of the Grasshopper workflow, replacing the isosurface-
generation phase used for standard TPMS geometries. From this point onward, the same procedural steps—including spatial arraying 
and solid generation—were applied to the Costa geometry, enabling seamless integration into the broader parametric design pipeline 
[55].

4.3.  International standard ISO 17497-2

ISO 17497-2 specifies a method for measuring the diffusion coefficient of surface treatments using a three-dimensional goniomet-
ric measurement system in an anechoic or semi-anechoic chamber[56]. The setup consists of a rotating loudspeaker and microphone 
mounted on a mechanical arm or frame that allows them to move independently around a fixed sample in a hemispherical arrange-
ment[57]. Measurements are made at various incident and reflection angles to evaluate how uniformly the surface scatters sound 
energy compared to a perfectly reflective flat surface. This directional data enables a detailed angular analysis of the reflected field.

The diffusion coefficient (𝛿) is computed by evaluating the homogeneity of the angular distribution of the reflected sound energy. 
It can be further normalized by comparison with a flat reference surface. Specifically, it quantifies how evenly sound is scattered in 
different directions, and it is calculated for each frequency band using the measured impulse responses. The goal of this method is to 
objectively assess the diffusivity of a surface — that is, its ability to redistribute sound uniformly.

To evaluate the diffusion coefficient, a 3×3×1 structure of the selected TPMS will be placed at the center of a cubic room with 
PML walls. We will use two three-dimensional FDTD models, both following the procedure outlined in ISO 17497-2. The chosen size 
of 3×3×1 is necessary because the ISO 17497-2 standard requires three repetitions of the structure in the plane of incidence to be 
analyzed. The first model will emulate a large anechoic chamber, in which the reflected acoustic pressure values will be measured 
using the goniometer with the two red arcs. This model is called Big Model (see Fig. 3a).

The second model will consist of a smaller box surrounding the TPMS structure, and the NFFF transformation will be performed 
according to Eq. (17).This second model is called NFFF (see Fig. 3b). For the large room simulations, the domain representing the room 
measures 7.00 × 7.00 × 4.20 meters, with a PML thickness of 0.20 meters. The TPMS diffuser used in the simulation has dimensions 
of 0.60 × 0.60 × 0.20 meters. The radius of the measurement arcs is set to 3.20 meters. For the NFFF simulations, the domain is a 
cube with dimensions 1.20 × 1.20 × 1.20 meters, also surrounded by a PML of 0.20 meters thickness. The TPMS diffuser maintains the 
same dimensions of 0.60 × 0.60 × 0.20 meters. The measurement plane is placed at a distance of 0.05 meters above the top surface 
of the diffuser. In the simulations called “with backing” a rigid backing is imposed behind the TPMS to emulate a rigid wall where 
the diffuser would be placed. The computation times on a 12-core Intel i7 processor were as follows: the Big Model required 9.5 
hours, while the NFFF model took approximately 3 minutes. This reduction from 9.5 hours to 3 minutes represents a time savings of 
approximately 98.95%.

5.  Results

Due to the large volume of data, this section divides the numerical analysis into two parts: first, a comparison of the TPMS 
structures using the two different 3D models, and second, an evaluation of their acoustic diffusion performance highlighting optimal 
and suboptimal frequency ranges.

5.1.  Model comparison analysis

Since our TPMS are placed in a square lattice and they can be scaled, we should keep in mind the size of the cubic unit cell and 
the related wavelength frequency of interest. For a square lattice with a periodicity of 𝑎 = 0.2 m, the Bragg frequency is given by 
𝑓Bragg =

𝑐
2𝑎 = 343

0.4 = 857.5 Hz, assuming the speed of sound in air is 𝑐 = 343 m/s[58]. In addition to showing the diffusion coefficient 
(𝛿) normalized with respect to a flat surface, the legend in Figs. 4 and 5 also indicates the average value over the entire frequency 
range covered by the ISO 17497-2 standard (100–5000 Hz).

In Fig. 4, negative values (below zero) indicate that the diffusion coefficient underperforms relative to a flat surface at that fre-
quency, suggesting the TPMS structure focuses reflections. In terms of average performance (𝛿𝑎𝑣𝑔), all geometries exhibit similar 
behavior, with values clustering around 0.2. Costa, Diamond, and Gyroid have an average value of 𝛿𝑎𝑣𝑔 = 0.25, while Scherk’s T. 

Applied Mathematical Modelling 157 (2026) 116867 

6 



D. Ramírez-Solana et al.

Fig. 2. Three-step workflow for TPMS generation (top), example of the TPMS generated surface (bottom).
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Fig. 3. 3D FDTD models used to calculate the diffusion coefficient 𝛿. a) Big Model with the three-dimensional goniometer represented with the 
two red arcs. An acoustic Incident Plane Wave (IPW)is the excitation. b) NFFF model with the blue surface where the NFFF transform is made.All 
geometric dimension units are meters.

Fig. 4. Normalized diffusion coefficient (𝛿) with respect to a flat surface, evaluated using the big FDTD model with a rigid backing placed behind 
the TPMS. Also, experimental values of a QRD diffuser with the same depth (0.2m) [11]. Different colors and markers are used to represent each 
TPMS. The average value of the normalized diffusion coefficient is indicated in the legend.

exhibits the lowest 𝛿𝑎𝑣𝑔 = 0.17. Nevertheless, spectral variations are observed in some cases. The Batwing TPMS shows large fluctu-
ations in diffusion. At 315 Hz, a maximum value of 𝛿 = 1 is observed, which then sharply drops, becoming worse than a flat surface 
at 630 Hz and 800 Hz. Scherk’s T. also shows a pronounced diffusion peak at 1250 Hz, but in the 500–1000 Hz range it focuses the 
reflection, as indicated by negative values compared to the flat surface. The 𝛿 of the Gyroid increases steadily, reaching values above 
0.8 at high frequencies (4000–5000 Hz). Scherk’s T. surface maintains relatively low diffusion values across the frequency spectrum, 
with the exception of a distinct peak at 1250 Hz, while demonstrating focused reflection behavior in the 500–1000 Hz range. Finally, 
one of the most well-known geometries, Schwarz P., shows relatively consistent diffusion across the spectrum, surpassing 𝛿 = 0.6 at 
5000 Hz.

In the case of Fig. 4, the QRD values that have been experimentally measured in Cox’s work [11] are given by a black line with 
cross-shaped markers. Since there is a large number of curves in the figure, it appears visually dense and a new comparative table 
(Table 2) has been added to help the reader. In this table, the values that are smaller than those for a flat surface are underlined 
whereas the values that are greater than the normalized QRD performance are highlighted in bold text. There are numerous inferences 
from this comparison. Primarily, TPMS structures indicate better diffusion performance concerning the QRD in the low-frequency 
bands of 125, 160, and 200 Hz, and also in the high-frequency bands defined by the standard, i.e., 4000 and 5000 Hz. In addition, 
it can be noted that, although a sharp diffusion peak for Scherk’s T. can be seen near the 1250 Hz band, this structure has the worst 
sound diffusion performance overall. This finding corroborates the low average diffusion coefficient (0.17) of the Scherk’sT that has 
already been pointed out in the legend of Fig. 4.
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Table 2 
Normalized diffusion coefficient (𝛿) evaluated using the big FDTD model with a rigid 
backing placed behind the TPMS and experimental values of a QRD diffuser with the 
same depth (0.2m) [11]. Values exceeding the QRD are shown in bold, while negative 
TPMS values are shown in underline.
𝑓 (Hz)  Costa  Batwing  Diamond  Gyroid  Scherk’s T.  Schwarz P.  QRD
 100 -0.031  0.309  0.126  0.104  0.051 -0.046  0.000
 125  0.113  0.105  0.122  0.086  0.054  0.123  0.000
 160  0.070  0.062  0.113  0.077  0.057  0.075  0.000
 200  0.068  0.069  0.101  0.075  0.054  0.069  0.033
 250  0.064  0.266  0.080  0.066  0.059  0.064  0.444
 315  0.343  0.986  0.106  0.050  0.088  0.046  0.312
 400  0.481  0.586  0.611  0.156  0.113  0.079  0.400
 500  0.418  0.240  0.280  0.269 -0.024  0.223  0.313
 630  0.329 -0.116  0.065  0.099 -0.084  0.092  0.391
 800  0.285 -0.034  0.063  0.090 -0.011  0.102  0.325
 1000  0.010  0.247  0.510 -0.008 -0.017  0.030  0.457
 1250  0.088  0.066  0.502  0.169  0.679  0.412  0.567
 1600  0.245  0.092  0.493  0.221  0.451  0.272  0.189
 2000  0.426  0.275  0.500  0.339  0.249  0.215  0.468
 2500  0.383  0.375  0.457  0.449  0.250  0.458  0.423
 3150  0.412  0.409  0.394  0.560  0.145  0.625  0.000
 4000  0.413  0.460  0.398  0.715  0.628  0.628  0.000
 5000  0.398  0.396  0.265  0.811  0.629  0.628  0.000

Fig. 5. Normalized diffusion coefficient (𝛿) with respect to a flat surface, evaluated using the NFFF FDTD model with a rigid backing placed behind 
the TPMS. Different colors and markers are used to represent each TPMS. The average value of the normalized diffusion coefficient is indicated in 
the legend.

Moreover, while Costa, Diamond, and Gyroid have the same average diffusion coefficient (0.25), Diamond is the only one that 
doesn’t show any negative values. Therefore, it is the only TPMS that consistently has better performance than a flat surface throughout 
the analyzed frequency range.

Fig. 5 shows the results obtained with the NFFF model. While many peak values from the full-resolution model remain visible 
in the spectrum, all TPMS structures demonstrate 𝛿 values approaching 0 above 2000 Hz, effectively converging with flat surface 
performance. All average diffusion coefficients 𝛿𝑎𝑣𝑔 are lower than those obtained with the full model, with Batwing standing out 
as the highest at 0.21, very close to the 0.22 obtained with the full model. The variations in all TPMS are smoother, exhibiting less 
abrupt curves, fewer sharp peaks, and more gradual changes across the evaluated frequency range.

The mean absolute error (MAE) between the reference “Big Model” and the low-computational cost model “NFFF” was computed 
for each TPMS geometry across the full frequency range (100–5000 Hz). The resulting per-geometry MAEs are as follows: Costa: 0.163,
Batwing: 0.188, Diamond: 0.173, Gyroid: 0.208, Scherk’s T: 0.247, Schwarz P.: 0.159. The overall MAE across all frequencies and 
geometries is: 0.190. Despite exhibiting an overall mean absolute error (MAE) of  0.2, the NFFF model achieves remarkably accurate 
approximations of the full-resolution simulation results across broad frequency ranges. This level of accuracy is particularly notable 
considering the dramatic reduction in computational cost: from 9.5 hours to 3 minutes, meaning that the NFFF takes only 0.53% 
of the time required by the big model. This performance demonstrates that the NFFF method is particularly well-suited for rapid 
parametric studies, preliminary design screening, and large-scale optimization problems, where moderate precision trade-offs are 
justified by substantial gains in computational efficiency.

Applied Mathematical Modelling 157 (2026) 116867 

9 



D. Ramírez-Solana et al.

Fig. 6. Three-dimensional polar scattering patterns for the Batwing TPMS and a flat surface at 315 Hz and 630 Hz. At 315 Hz (a)the Batwing 
enhances diffusion with a nearly hemispherical pattern compared to the flat surface (b). At 630 Hz (c), the Batwing exhibits forward scattering and 
angular focusing, resulting in lower diffusion than the flat reference (d).

Fig. 7. Three-dimensional polar scattering patterns for the Scherk’s T. TPMS and a flat surface at 1250 Hz and 630 Hz. At 1250 Hz (a), Scherk’s 
T. shows enhanced diffusion with eight secondary lobes in orthogonal and diagonal directions, outperforming the flat surface (b). At 630 Hz (c), it 
exhibits angular focusing and reduced diffusion compared to the flat reference (d).

5.2.  TPMS comparison analysis

In this subsection a comparison between each TPMS and a referenced flat surface is discussed. Figs. 6 through 11 present the 
optimal and suboptimal frequency ranges for acoustic diffusion performance by evaluating the scattered pressure fields in their 
three-dimensional polar patterns. The square insets displaying the unit cell represent the optimal and suboptimal cases for both flat 
surfaces and TPMS structures. Green colour shows when the TPMS has a high 𝛿 and red colour when the TPMS is focusing or when 
the flat surface is worst than the TPMS. Fig. 6 shows the three-dimensional polar scattering patterns for the Batwing TPMS and a flat 
surface at two representative frequencies: 315 Hz and 630 Hz. At 315 Hz (see Fig. 6a), which lies well below the Bragg frequency 
(𝑓Bragg = 857.5 Hz), the Batwing surface demonstrates enhanced diffusion compared to the flat reference (see Fig. 6b), resulting in a 
nearly uniform hemispherical distribution (with 𝛿 = 1). By scaling the Batwing TPMS surface according to its lattice periodicity 𝑎 and 
unit cell dimensions, the frequency at which maximum diffusion (𝛿 = 1) occurs can be tuned. Since the peak appears at 315 Hz for 
𝑎 = 0.2 m, the relationship 𝑓𝐵𝑎𝑡𝑤𝑖𝑛𝑔𝑀𝐴𝑋 = 0.1837 𝑐

𝑎  shows that the diffusion peak depends on the periodicity. This means that adjusting 
𝑎 allows for direct control of the operating frequency, enabling application-specific tunability of the diffusive behavior. In contrast, at 
630 Hz (see Fig. 6c), which approaches the Bragg regime but is still subwavelength with respect to the lattice constant, the Batwing 
exhibits strong forward scattering, indicating angular focusing rather than diffusion. This behavior leads to lower diffusion than the 
flat surface (see Fig. 6d) and produces a back-reflection acoustic focusing phenomenon.

Fig. 7 presents two representative frequencies for the Scherk’s T. structure. At 1250 Hz (see Fig. 7 a and b), Scherk’s T. exhibits 
superior diffusion compared to the flat surface, displaying a striking three-dimensional scattering pattern characterized by eight 
secondary lobes: four propagating along orthogonal directions in the azimuthal plane (𝜙), parallel to the surface, and four additional 
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Fig. 8. Three-dimensional polar scattering patterns for the Gyroid TPMS and a flat surface at 5000 Hz and 1000 Hz. At 1000 Hz (c), the Gyroid 
begins to show angular spread compared to the directional flat reflection (d). At 5000 Hz (a), the Gyroid produces a rich multi-lobed diffusive 
pattern, while the flat surface (b) retains a narrow specular response.

Fig. 9. Three-dimensional polar scattering patterns for the Diamond TPMS and a flat surface at 400Hz(a,b) and 800Hz(c,d). The Diamond shows 
superior diffusion in both cases, maintaining positive diffusion coefficients across the full frequency range analyzed.

lobes along diagonal directions at 𝜃 = 45◦. In contrast, at 630 Hz (see Fig. 7 c and d), Scherk’s T. performs worse than the flat reference 
surface, showing slight specular reflection and angular focusing.

Fig. 8 displays the three-dimensional polar scattering patterns for the Gyroid TPMS and a flat surface at two different frequencies: 
1000 Hz and 5000 Hz. At 1000 Hz (see Fig. 8c and d), both the Gyroid and the flat surface present relatively directional scattering 
patterns, though the Gyroid already exhibits signs of reduced diffusion in the lower blue part spread. The normalized diffusion 
coefficient 𝛿 of the Gyroid at 1000 Hz is only -0.008, which explains the visual similarity between its scattering pattern and that of 
the flat surface. In contrast, at 5000 Hz (see Fig. 8a and b), the Gyroid structure shows a highly complex and diffusive scattering 
pattern with multiple lobes distributed across a wide angular range. This significant diffusion enhancement contrasts markedly with 
the flat reference surface, which maintains a narrow, specular reflection pattern.

Diamond is the only TPMS that maintains positive normalized diffusion coefficients(𝛿) across the entire frequency range analyzed. 
Based on this behavior, and in contrast to other TPMS, Fig. 9 displays the two representative frequencies corresponding to its best 
(400 Hz) and worst (800 Hz) diffusion performance. Even at 800 Hz (see Fig. 9c), with more focused scattering pattern, the Diamond 
structure still outperforms the flat reference (see Fig. 9d), confirming its consistently diffusive nature across the spectrum.

Fig. 10 illustrates the three-dimensional angular diffusion behavior of the Schwarz P. compared to a flat reference at two rep-
resentative frequencies. At 5000 Hz (see Fig. 10a and b), the Schwarz P. structure displays remarkable diffuse reflection, with a 
rich lobed pattern indicating multidirectional scattering across both azimuthal (𝜑) and polar (𝜗) angles. In contrast, the flat surface 
exhibits a narrow specular response concentrated at normal incidence, demonstrating limited diffusion capability. At 100 Hz (see 
Fig. 10c and d), both Schwarz P. and the flat panel exhibit similar nearly hemispherical scattering, dominated by specular reflection 
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Fig. 10. Three-dimensional polar scattering patterns for the Schwarz P. TPMS and a flat surface at 5000 Hz (a,b) and 100 Hz (c,d). The Schwarz P. 
exhibits strong angular diffusion at high frequency, while both structures show comparable specular behavior at 100 Hz. (c) Schwarz P. is slightly 
worse with normalized diffusion coefficent (𝛿 = −0.046) compared with flat surface(d).

Fig. 11. Three-dimensional polar scattering patterns for the Costa TPMS and a flat surface at 2000 Hz (a,b) and 100 Hz (c,d). The Costa structure 
shows rich directional diffusion at high frequency, while both surfaces behave similarly at 100 Hz, dominated by specular reflection.

with minimal angular features. Schwarz P. (see Fig. 10c) has only -0.046 𝛿 compared with the flat surface.These results highlight the 
frequency-dependent diffusive capabilities of the Schwarz P. TPMS.

Fig. 11 presents the angular scattering performance of the Costa TPMS compared to a flat surface at two representative frequencies. 
At 2000 Hz (see Fig. 11a and b), the Costa structure generates a complex three-dimensional scattering pattern, characterized by four 
prominent lobes oriented perpendicularly in the azimuthal plane (𝜑) and slightly tilted upward in the polar direction (𝜗). This 
multidirectional scattering clearly outperforms the flat surface, which exhibits a narrow specular response. At 100 Hz (see Fig. 11c 
and d), both the Costa and the flat surface show similar hemispherical profiles dominated by specular reflection and minimal angular 
diffusion. Costa TPMS has a -0.03 𝛿, which represent a small focalizacion compared with the flat reference.

6.  Potential application: indoor acoustic partition panels

The design and evaluation of TPMS-based diffusive surfaces is not only of academic interest but also holds promise for real-world 
applications going further than already extended acoustic diffusers placed on walls. One new example is the development of acoustic 
partition panels (Fig. 12a), which are increasingly used in open-plan office environments to enhance speech clarity and reduce auditory 
distractions[59]. These lightweight and visually permeable structures can be optimized and scaled to scatter sound effectively within 
the vocal frequency range, particularly between 300 and 500 Hz, where speech intelligibility is most sensitive[60,61].

Our findings show that specific TPMS geometries exhibit strong frequency-dependent diffusion in this range, suggesting that their 
integration into architectural acoustic panels could contribute to improved acoustic comfort in shared workspaces. This opens a 
new avenue for combining functional performance with aesthetic design, leveraging the natural periodicity and three-dimensional 
complexity of TPMS. To obtain a more detailed analysis of the diffusive properties of each TPMS, we use the “Big model” without 
placing a rigid backing behind the structure, only a PML was used to simulate a non-reflective boundary, as if the structure were 
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Fig. 12. TPMS-based surfaces adapted designs to improve speech clarity. a) Schwarz P. acoustic partition panel used in office environments. b) 
Batwing TPMS diffuser with rigid backing on an office wall. c) Schwarz P. TPMS diffuser with rigid backing on an office wall.

Fig. 13. Normalized diffusion coefficient (𝛿) with respect to a flat surface, evaluated using the big FDTD model without any backing behind the 
TPMS. Different colors and markers are used to represent each TPMS. The average value of the normalized diffusion coefficient is indicated in the 
legend.

placed directly in front of a wall that does not reflect sound. Fig. 13 shows the normalized diffusion coefficient 𝛿 for the TPMS 
without any rigid backing. At low frequencies (100–300 Hz), all surfaces exhibit relatively flat and low diffusion curves, indicating 
minimal angular scattering and limited frequency selectivity in this range. As the frequency increases, diffusion generally improves 
across all structures, although the enhancement and peaks are less pronounced than in the rigid-backed case depicted in Fig. 4. The 
Batwing structure still presents the most prominent peak in diffusion, now shifted from 315 Hz to 400 Hz, suggesting a change in 
resonant behavior in the absence of a backing layer. Meanwhile, Costa and Scherk’s T. maintain superior performance in the mid- 
and high-frequency ranges, both reaching the highest average diffusion value of 𝛿avg = 0.27. Diamond, Gyroid, and Schwarz P. follow 
with more moderate performance, particularly at higher frequencies. These results emphasize the influence of the backing condition 
on both the frequency response and diffusive efficiency of TPMS.

The presence of a rigid backing helps the diffusion behaviour of TPMS structures greatly. Because of the high contrast in acoustic 
impedance, the backing can be considered as almost a perfect reflector, which means that the transmission is very low. Acoustic 
waves going through the TPMS are reflected at the backing interface and meet the waves scattered by the structure, thus constructive 
and destructive interferences occur that determine the strong frequency-dependent sound diffusion response. On the other hand, if 
there is no backing, the transmitted waves are absorbed by the PMLs and only the direct scattering contribution of the TPMS is taken 
into account, which leads to overall smoother and lower sound diffusion.

7.  Conclusion

In this study, we performed a detailed acoustic diffusion properties evaluation of six triply periodic minimal surfaces (TPMS), using 
two different three-dimensional FDTD simulation approaches aligned with ISO 17497-2. The results confirm the frequency-selective 
scattering behavior of TPMS and highlight their potential as efficient diffusive elements in architectural acoustics. The Batwing TPMS 
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demonstrated a tunable diffusion peak around 315 Hz when backed by a rigid surface, which shifted to 400 Hz in the absence of 
backing, confirming its resonant nature. Other geometries like Costa and Scherk’s Tower also exhibited strong diffusion in the mid-
to-high frequency range.  Diamond-shaped TPMS was the only one overpassing the sound diffusion performance of flat surface over 
the whole frequency range of 100–5000 Hz as stipulated in the ISO 17497-2 standard.

A comparison between full-domain simulations and the Near-Field to Far-Field (NFFF) model revealed a high correlation, with an 
average mean average error (MAE) of 0.19 and a computation time reduction of over 98%, making the later a compelling tool for 
acoustic diffusion, fast screening and optimization. Finally, the integration of TPMS in acoustic partition panels presents a promising 
application, particularly in the frequency range of 300–500 Hz, where Batwing’s diffusion behaviour can enhance speech clarity and 
spatial sound distribution in shared indoor environments.

As a proposal for future continuation of this research, the numerical model framework will be extended to include elastic wave 
propagation within the TPMS material, to account for potential vibroacoustic effects in thin-walled sound diffusers. Moreover, psy-
choacoustic tests will be run to examine whether the perceptual enhancement caused by these diffusers results in a qualitative 
influence.
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Appendix A.  The costa surface

We define a periodic unit cell based on the Costa minimal surface, using the Gray parametrization scaled by a lattice constant 𝑎. 
As discovered by Gray and Ferguson [62,63], the Costa surface can be parametrically represented, see Eq. (A.1).

𝑥 = 𝑎ℜ
(

𝜁
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)
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where 𝑤 = 𝑢 + 𝑖𝑣, with 𝑢 > 0, 𝑣 ≤ 1, and 𝜁 refers to the Weierstrass zeta function (WeierstrassZeta[z, {c, 0}] in Mathematica). 
The function ℘ denotes the Weierstrass elliptic -function [54]. This function is also associated with the pair (𝑐, 0) (WeierstrassP[z, 
{c, 0}] in Mathematica).

The invariants of the Weierstrass functions correspond to the half-periods 12  and 
𝑖
2 , and the first root is given by

𝑒1 = ℘
( 1
2
; 0, 𝑔3
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( 1
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1
2
, 𝑖
2
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≈ 6.87519, (A.2)

as listed in OEIS entry A133748 [64]. The values of the invariants are approximately (𝑔2, 𝑔3) = (189.072772… , 0) (listed in OEIS entry 
A133747[65]). The constants 𝑐 and 𝑒1 =

√

𝑐
4  are associated with the Weierstrass functions, with approximate values 189.7272…and 

6.87519…, respectively.
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Until 1982, it was conjectured that the only complete (i.e., without boundary), non-periodic minimal surfaces without self-
intersections were the plane, the catenoid, and their associated surfaces. The discovery of Costa’s surface disproved this conjecture.

The Costa surface can also be obtained via the classical Weierstrass parametrization of a minimal surface, by setting 𝑓 (𝑧) = ℘(𝑧)

and 𝑔(𝑧) = −2
√

2𝜋𝑒1
℘′(𝑧) , leading to:

𝑥 = ℜ
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0
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)

.

To generate a solid structure with a physical thickness 𝑡, the surface is defined as the zero level set of a scalar field 𝜙(𝑥, 𝑦, 𝑧), 
constructed from the parametric representation. The corresponding solid shell is defined as the set of points satisfying:

|𝜙(𝑥, 𝑦, 𝑧)| ≤ 𝑡
2
, (A.4)

where 𝜙(𝑥, 𝑦, 𝑧) approximates the signed distance to the Costa surface.
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