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Abstract

We present a nanovoid-assisted ring-core fiber designed for low-bending-loss few-mode
transmission. We develop a 3D model that accounts for stress-induced perturbation in
bending-loss evaluation. Our model yields closer agreement with published experimental
data compared to conventional conformal mapping. The nanovoid ring-core fiber reduces
the bending loss of higher-order modes by up to three orders of magnitude, and improves
the degeneracy of the higher-order pair nearly ten-fold at tight bending radii. The proposed
fiber maintains the same intermodal separation compared to the reference ring-core fiber
across all investigated radii.

Keywords: bending loss; FEM; nanovoid silica; ring-core fibers; orbital angular momentum

1. Introduction

The rapid growth of cloud computing, video streaming, and artificial intelligence is
driving a continuous increase in global data traffic, creating a demand for higher-capacity
optical communication systems. Space-division multiplexing (SDM) using few-mode
fibers (FMFs) has emerged as a promising approach to increase transmission capacity by
enabling multiple spatial channels within a single optical fiber. In particular, ring-core fibers
(RCFs) supporting orbital angular momentum (OAM) modes are highly promising due to
their high channel density and low inter-modal crosstalk [1,2]. For practical deployment,
however, RCFs must maintain low levels of bending loss under the tight routing conditions
commonly encountered in data centers and access networks.

RCFs have demonstrated significantly better bending performance than conventional
single-mode fibers (SMFs). At a bend radius of approximately 5 mm, experimental results
show that the fundamental mode of RCFs exhibits negligible bending loss, typically below
0.01 dB/turn [3,4], and reaches 2.4 dB/turn for the highest-order mode at the same bending
radius [3]. Numerical studies often report extremely low bending-loss values approaching
101 dB/turn, even at a bending radius of 2 mm [5]. These values are maintained at a very
low level, even in the case of higher-order modes [6-8]. However, due to bending-induced
birefringence and symmetry breaking, OAM mode purity degrades, and higher-order
modes are cut off [5,8]. As a result, the performance of RCFs is limited not only by loss, but
also by the degradation of modal integrity; the minimum usable bend radius is determined
by both effects.

These observations highlight two key challenges. First, there is a significant discrep-
ancy between experimental and numerical bending-loss results in RCFs, particularly as
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most numerical models only evaluate confinement loss. The most widely used approach is
conformal mapping [9], which transforms a bent fiber into an equivalent straight fiber with
a modified refractive-index distribution. This method neglects mechanical stress induced
by bending. Through the photoelastic effect, this stress modifies the refractive index and
contributes to the total bending loss. Other approaches to modeling fiber bending loss
include analytical methods based on ray optics and power-flow modeling [10], as well as
studies that consider thermal effects on bend-induced loss [11].

Second, higher-order mode groups exhibit higher bending sensitivity, and require
novel fiber designs. Trench-assisted fibers [12,13], hole-assisted fibers [14-16], and nanos-
tructured claddings [17,18] have been widely used to reduce bending loss in single-mode
and few-mode fibers [19-21]. Among these, nanovoid-engineered claddings have shown
ultra-low bending-loss values due to simultaneous optical confinement enhancement and
effective mechanical modification of the fiber structure [17,18]. However, to our knowledge,
their application to RCFs has not yet been explored.

In this work, we address both challenges. First, we develop a fully coupled
mechanical-optical bending model that considers stress-optic and geometric contribu-
tions to bending loss at room temperature. A three-dimensional mechanical solver is used
to compute bending-induced stress, which is mapped to a refractive-index perturbation
into an optical model. This framework captures leakage due to geometric bending and
mechanical stress, enabling improved prediction of bending loss for all guided modes. Sec-
ond, we propose a nanovoid ring-core fiber (NV-RCF) incorporating an annular nanovoid
silica layer in the cladding. Its effective optical and mechanical properties are derived
from unit-cell simulations, and its bending performance is evaluated through parametric
analysis relative to a reference RCF.

The remainder of this paper is organized as follows: Section 2 presents the coupled
bending model and validation. Section 3 describes the NV-RCF design and discusses
bending performance and modal properties. Finally, the conclusions are presented in
Section 4.

2. Materials and Methods
2.1. Bending Model and Validation

To accurately evaluate the loss « of a bent optical fiber, as shown in Figure 1a, two dis-
tinct phenomena must be considered: the radiative loss caused by the geometric curvature
of the fiber, and the loss caused by the stress-induced modification of the refractive-index
profile. The most widely used approach for calculating « is the conformal mapping trans-
formation following the equation n’ = n(1+r/R;,), where r is the transverse coordinate
and Ry, is the bend radius [9]. The resulting index profile is shown in Figure 1c. In contrast
to the straight fiber index in Figure 1b, the conformal mapping transformation introduces
a significant tilting across the fiber cross-section. To include stress effect, an empirical
elasto-optic correction is typically used by substituting Ry, with an effective bend radius
Reff = 1.28Ry, for silica fibers [22]. Another approach is to use geometrically exact beam
theory (GEBT) to calculate the bending-induced strain tensor [23].

In this work, we propose a 3D bending model that calculates mechanical stress. The
optical fiber is modeled as a composite cylinder comprising a silica cladding and a GeO,-
doped core. A prescribed displacement is applied in the solid mechanics module of
COMSOL Multiphysics 6.0 to induce an actual bend of the optical fiber with a radius Ry,;
moreover, the normal stress components oy, 0, and o, are sampled at the mid-span
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cross-section (6}, = 71/2) to avoid boundary artifacts. The stress distribution is converted to
refractive-index perturbation via the stress-optic law [24]:

ny=mn-— [Cla'rr +C (Uga(p + Uzz)] @
Ny =N — [Clmpq; + Cz(Urr + Uzz)] @)
n; =n— [Ciozz + G (0pg + orr) ] ®)

where C; =0.69 x 10712 Pa=1, C, =4.19 x 10712 Pa~! are the stress-optic coefficients, and
n is the isotropic refractive index of the unstressed fused silica glass material. The resulting
anisotropic index profile is shown alongside the conformal mapping profile in Figure 1c.
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Figure 1. (a) [llustration of an optical fiber bend. Index profile of a (b) straight fiber and a (c) bent
fiber at Ry, = 5 mm with the conformal mapping from our proposed 3D model.

The three index components are incorporated as an anisotropic permittivity tensor
into the optical model solver. A perfectly matched layer (PML) is applied at the outer
boundary of the computational domain to absorb radiated fields and suppress unphysical
reflections. The resulting complex effective index is used to evaluate the bending loss per
turn, as follows:

20 2m
a (dB/ turn) = mTlm{neff}zmzb @)

Figure 2a,b present the bending loss of SMF-28 and three different RCFs at 1550 nm,
respectively, calculated using different approaches mentioned in the previous section. The
results are compared with published numerical [22,23] and experimental [3,17,25] data.
For SMF-28, xcy underestimates bending loss at large bend radii. At a 5 mm bend radius,
acm predicts a loss of approximately 5 dB/turn, which is nearly three-fold lower than
the experimentally measured value of about 15 dB/turn [17]. We also observe that the
previously reported corrected models [22,23] tend to overestimate the loss over a wide
range of bend radii.

Our proposed model demonstrates more accurate prediction and achieves a high-
fidelity correlation with experimental data across the entire R}, range. At a 5 mm bend
radius, asp predicts 18 dB/turn, closely matching the experimental value. A similar trend
is observed for three different RCFs [3,25], as shown in Figure 2b: Ry, = 10 mm for RCF [25],
and Ry, = 4.4 mm for RCFs [3] for different OAM mode orders 1. The results for ozp closely
match and are within a physically reasonable range with the experimentally reported data
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for all three fibers. This further supports the validity of our approach beyond its application
to SMF-28. An additional limitation of the conformal mapping approach arises under tight
bending conditions. The linearly increasing equivalent index profile eventually exceeds
the core refractive index beyond a critical boundary known as the radiation caustic [22].
Beyond this boundary, the modal field transitions from evanescent to oscillatory, requiring
an artificial truncation of the computational domain that introduces significant error as the
bend radius decreases. In contrast, our model formulates propagation directly along the
azimuthal direction of the true bent geometry, resulting in an index profile that remains
physically realistic. Figure 1c compares the two index profiles. The conformal mapping
profile increases unphysically with r, whereas the profile obtained with our 3D model
remains bounded. For this reason, the proposed model is adopted throughout this work
for the design and optimization of the NV-RCFE.
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Figure 2. Bending loss « (a) as a function of bend radius Ry, for SMF-28 [17, 22, 23], and (b) as a
function of OAM mode order 1 for three reference ring-core fibers: RCF [25] at R, = 10 mm, and
RCF [3] and RCF2 [3] at R, = 4.4 mm.

2.2. Nanovoid Ring-Core Fiber Design (NV-RCF)

The proposed nanovoid ring-core fiber (NV-RCF) is based on a previously reported
OAM stable RCF design. This fiber supports 10 vector modes; thus, the propagation of the
OAM_ ;1 and OAM.,; mode groups follows the equations below:

OAMil,m = HEfieln,m + iHE;)fﬁ,m (5)
OAMI,,, = EH{™, +£iEH™ , (6)

where 1 is the topological charge of the OAM mode.
The geometry of the NV-RCF is derived from RCF #4, presented in [26]. The geometri-
cal and optical parameters of the baseline RCF are summarized in Table 1.

Table 1. RCF parameters.

Description Symbol Value
Inner core radius a 1.24 um
Outer core radius b 3.56 pm
Cladding radius Relad 62.5 um

Wavelength A 1.55 ym

Figure 3 illustrates cross-sections of the NV-RCF and the reference RCEF. In the NV-RCE,
a nanovoid silica layer forms an annular ring positioned at a distance d; from the outer
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ring-core and has a thickness t. This additional layer provides a new degree of freedom to
tailor optical confinement and reduces bending-induced loss.

(@) (b)
Figure 3. Cross-sections of the (a) NV-RCF and (b) reference RCF [26].

The nanovoid layer can be fabricated using two methods based on the outside vapor
deposition (OVD) [17,18], or by using silica powder with gas-producing powders (GPP) [27].
In the OVD-based approach, nanovoids are formed by trapping low-permeability gases
during the consolidation of silica soot. In the second approach, GPP generates nanovoids
in situ during the high-temperature drawing stage. In both methods, the final morphology
of the voids, size, density, and distribution is governed by processing parameters such as
gas type and diffusivity, sintering conditions, and drawing tension.

At 1550 nm, the refractive index of fused silica cladding is np = 1.444. The ring-core
consists of silica doped with m = 19 mol % GeO,, resulting in a refractive index of n; = 1.474.
The Young’s modulus, Poisson’s ratio, and density of the Ge-doped silica are estimated
using the empirical relations reported in [28]. The material parameters used in this work
are summarized in Table 2.

Table 2. NV-RCF core and cladding material parameters.

Parameter SiO; Cladding GeO;-Doped Silica Core
Real refractive index 1.444 1.474
Young’s modulus E (GPa) 72.5 61.48
Poisson’s ratio 0.17 0.175
Density (kg/m?) 2202 2581.62

Nanovoid Silica as an Effective Material

The nanovoid silica layer is modeled as a homogeneous effective medium consisting
of fused silica and randomly distributed spherical air voids. The void diameters dy follow
a normal statistical distribution ranging from 10 nm to 350 nm, with a mean diameter
of approximately 150 nm and a standard deviation of approximately 65 nm, a compo-
sition that is consistent with SEM image analysis of a fabricated nanovoid-trench silica
fiber [18]. The full derivation of the effective optical and mechanical properties for the
void fraction f ranging from 0% to 5% is provided in Appendix A, and the key results are
summarized below.
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The effective refractive index nny(f) decreases monotonically with increasing void
fractions, since silica is progressively replaced by air. The effective index contrast between

2 2
. .1 . . . ns—n .
the nanovoid layer and the silica cladding is defined as A;;; = "%, and increases from

approximately 0.002 at f = 0.5% to 0.028 at f = 5%. The effectivezYoung’s modulus Eny
and effective density pny of the nanovoid layer decrease by 4% and 5%, respectively, as f

increases from 0.5% to 5%. Poisson’s ratio remains relatively constant. These values are
implemented into the 3D structural mechanics model described in Section 2.1 to evaluate
mechanical stress and bending loss.

3. Results and Discussion

We evaluate the bending performance of the proposed NV-RCF at a bending radius of
5 mm and an A = 1550 nm operating wavelength using the 3D bending model described in
Section 2.1. The bending performance of the NV-RCF is evaluated through a parametric
sweep of the nanovoid ring thickness t, the radial distance from the outer core d;, and the
void fraction f.

3.1. Influence of the Nanovoid Ring Thickness t and Distance dy, for f=2.5%

We first investigate the influence of t and d; on bending loss at a fixed void fraction
of 2.5%. The bending loss & (dB/turn) as a function of t and d; for the modes HE{T*",
HE, EHSYe, EHSY, HESY®" , and HESS is displayed in Figure 4a—f. For all investigated
modes, the bending loss is primarily governed by d;, and the influence of t remains weak
within the considered parameter range. For the fundamental HESY®" and HE{9Y modes, the
loss decreases monotonically as d; increases, dropping from approximately 7 dB/turn to
0.011 dB/turn, with no localized optimization region observed. This behavior is attributed
to the high confinement provided by the large index contrast of the RCF. Similar trends
were observed for the HES}®", HESY, TEy;, and TMy; modes.

On the other hand, the higher-order modes, namely EH{{*", EHi’fd, HEST*", and
HES4, exhibit a much stronger dependence on the nanovoid ring parameters. As shown
in Figure 4b,ce f, increasing d; and t produces a reduction in bending loss for these modes
at an optimal window identified as around d; = 10 pm and t > 4 um. In this range, bending
loss « drops from approximately 45 dB/turn to around 0.1 dB/turn for EHEY®", EHS{,
HES}®", and HES(Y. These values are relevant for spatial multiplexing in few-mode fibers,
since it is the higher-order modes that generally limit the bending-loss performance of such
specialty fibers.

An optimal NV-RCF design with the lowest bending-loss values is selected with
nanovoid ring parameters of t =8 pm and d¢ = 10.5 um. The red box in Figure 4 indicates that
a £ 10% deviation from this design point remains within the same low-loss region for all
six modes, meaning that the selected optimum is not narrowly peaked, and that moderate
fabrication tolerances in t and d; are not expected to significantly degrade bending-loss
performance. The bending-loss data at Ry, = 5 mm for the selected NV-RCF are listed in
Table 3.

Table 3. Bending-loss (dB/turn) values of the selected NV-RCF design at a 5 mm bend radius and
1550 nm wavelength.

NV-RCF (t = 8 um, d; = 10.5 um)
Mode EHSyen EHg{d HES}*" HEgd

« (dB/turn) 9.97 x 1072 9.07 x 1072 1.11 x 1071 112 x 107!
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Figure 4. Calculated bending loss « of (a) HESY®", (d) HESS!, (b) EHSY®?, (e) EHSJ, () HES}®", and
(f) Hngld modes as functions of d; (um) and t (um) at f = 2.5%, R, =5 mm, and A = 1550 nm. The red
box marks a & 10% tolerance region around the selected optimal design (t = 8 um and d; = 10.5 um).

3.2. Influence of the Nanovoid Fraction f

We next investigate the effect of f on the bending performance of the optimal NV-RCF
(t =8 um, dt =
A = 1550 nm, respectively. Figure 5 presents bending-loss values for all guided modes of

10.5 pm). The bend radius and wavelength remain fixed at R, = 5 mm and
the NV-RCF as function of f, together with the corresponding refractive-index contrast
A. The « values of the HE ;, HEy;, TE(;, and TMj; modes remain nearly constant at
around 0.0011 dB/turn, and are not affected by the change in void fraction. As discussed in
Section 3.1, the strong core confinement of these modes is dominated by the core-cladding
index contrast.

Higher-order mode groups, namely HE3; and EHj;, exhibit a strong dependence
on f. As f increases from 0.5% to 5%, the bending loss decreases by nearly two orders
of magnitude, reaching approximately 0.03 dB/turn at f = 5%. This reduction closely
follows the increase in Ay and the index depression provided by the nanovoid layer, which
improves the confinement of the modes and reduces radiation leakage. We also observe
that at low void fractions, both even and odd pairs of HE3; and EH;; witness a variation in
loss of approximately 4 dB/turn. This variation in loss decreases and becomes negligible
after a 1% void fraction.

These results represent a fundamental advantage of the nanovoid approach over con-
ventional fluorine-doped trench designs. As shown in Figure 5, the maximum achievable
index depression is AT ~ 5.8 x 1072 due to dopant solubility limits and the mechan-
ical instability of the glass matrix at higher doping concentrations [29]. The nanovoid
layer can exceed this limitation by increasing the void fraction, providing a wider design
space for fiber bending-loss optimization. Furthermore, the chromatic dispersion slope
of the nanovoid layer closely follows that of fused silica [17], which creates additional
opportunities for broadband spectral optimization.
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Figure 5. Bending loss o (dB/turn) as a function of (f) for the ten guided modes of the NV-RCF
(t=8 um, d¢ = 10.5 um) at R, =5 mm and A = 1550 nm (right axis). Left axis: relative index contrast
between trench and cladding as a function of (f).

3.3. Influence of the Bending Radius Ry, Wavelength A, and Comparison with Basic RCF

To quantify the effectiveness of the nanovoid layer, we introduce an improvement
factor I', defined relative to a reference RCF without a nanovoid layer:

o
I = RCF
XNV —-RCF

where arcp and ony.rcr represent the bending loss of the standard RCF (f = 0%) and
the proposed NV-RCF (f = 2.5%), respectively. Figure 6 shows I' as function of Ry, for all
propagating modes at 1550 nm. For the fundamental mode HE;; and lower-order modes
HEj;, TEp;, and TMys, I' remains close to unity over all the bend radii investigated. This
result is expected since these modes are already strongly confined in the reference RCF, and
therefore benefit little from the additional confinement provided by the nanovoid layer.

In the case of the higher-order mode groups, HE3; and EH; 4, significant improvements
are observed under tight bending conditions. For bend radii between 3 and 8 mm, the
improvement factor ranges from approximately one to three orders of magnitude. The
largest enhancement occurs near Ry, = 6 mm, where I' exceeds 102 for all higher-order modes
and reaches values above 10° for HES? and EH{4?. The large improvement observed for
the even polarized modes originates from their high bending loss in the reference RCF
due to polarization sensitivity to bending, which is reduced when the nanovoid layer is
introduced, as discussed and shown in Figure 5.

To assess whether this bending-loss advantage extends beyond the design wavelength
of 1550 nm, we further evaluate I' as a function of wavelength across the C and L band,
at Ry = 5 mm, for the higher-order mode groups (Figure 6b). I' remains well above unity
across the entire C and L bands for both HE3; and EHj;. The improvement provided by

the nanovoid layer is therefore maintained throughout the investigated wavelength range.
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Figure 6. Improvement factor I' of the NV-RCF (t = 8 um, d¢ = 10.5 pum, f = 2.5%) (a) compared to
RCE (f = 0%) for all propagated modes as a function of the bending radius Ry, at 1550 nm, and (b) as a
function of the wavelength across the C and L bands for Ry, = 5 mm.

3.4. Influence on the Modal Separation

Figure 7 shows the intensity profiles of the vector modes supported by the NV-RCF at
Rp = 5 mm. Although the lower-order modes exhibit some distortion under bending, their
intensity remains well confined within the core region, which explains the low bending
loss observed.

HEGI™  HESI™  EHF{™  HESI™  TE,,

HED{C

Figure 7. Propagated mode profile intensity of the NV-RCF under a 5 mm bending radius and
1550 nm wavelength. Arrows demonstrate the electric field direction.

Stable propagation of the OAM modes requires two conditions: first, a modal degener-
acy between the paired hybrid modes dngg < 10~%; second, a sufficient separation between
adjacent vector modes Angg > 10~%. Both conditions are evaluated for the optimized NV-
RCF and compared against the reference RCF for bending radii ranging from 3 to 20 mm at
a 1550 nm wavelength.

Figure 8a shows dn. for the hybrid mode groups as a function of Ry,. At bend radii
above 10 mm, all mode groups satisfy the degeneracy criterion and can be coupled into
OAM modes. At Ry, < 10 mm, dn.g increases for all mode groups and the polarization
degeneracy is progressively lifted. In particular, én.¢ between the HE;; pair approaches
10~* at Ry, = 3 mm in both fiber types, a value commonly found in birefringent fibers. For
the higher-order HE3; pair, however, the NV-RCF demonstrates a ten-fold improvement in
degeneracy compared to a basic RCE
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Figure 8. (a) 61,7y between hybrid mode pairs and (b) An,¢f between adjacent mode groups in the
optimized NV-RCF (triangles) compared to RCF (dashed line with cross marker) as a function of the
bend radius Ry, at a 1550 nm wavelength.

Figure 8b shows An,¢ between adjacent mode groups (TE y;, HEp), (HE»;, TMp; ) and
(HE31,EHy1) as a function of Ry, for both NV-RCF and RCFE. All separations in effective
indices remain above the 10~ threshold across the full range of bend radii investigated. The
introduction of the nanovoid layer therefore does not compromise intermodal separation.
A marginal increase in Angg is observed for mode group pairs involving HE3jandEH;; in
the order of 10~7.

4. Conclusions

We proposed and numerically designed a nanovoid-assisted ring-core few-mode
fiber (NV-RCF) for ultra-low bending loss and introduced a fully coupled mechanical-
optical modeling framework to evaluate its performance. Our proposed 3D model achieves
the closest agreement with reported experimental SMF-28 and RCF bending-loss data
compared to the conformal mapping approach.

The optimized NV-RCEF, with nanovoid ring parameters t = 8 um and d¢ = 10.5 pm,
was found to reduce bending loss of the higher-order EH;1 and HE3; mode groups from
approximately 45 dB/turn to near 0.1 dB/turn at a bend radius of 5 mm and a 1550 nm
wavelength. The proposed NV-RCF reduces the bending loss by up to three orders of
magnitude at tight-bending radii compared to a standard RCF; this improvement remains
above unity through the entire C and L bands. The fundamental mode group, HE;;, and
lower-order mode groups, HE;1, TEy;, and TMy1, remain weakly affected, as they are well
confined in the high-contrast ring-core. At void fractions up to 5%, bending loss for the
higher-order groups decreases more, reaching values near 0.03 dB/turn.

Modal analysis confirms that the NV-RCF preserves the modal properties of the
original RCF across bending radii that are 3 mm to 20 mm in size. The intermodal effective-
index separation remains above 10~# between the adjacent modes, and the polarization
degeneracy of the HE3; pair is improved by one order of magnitude compared to the
reference RCE.

These results highlight the NV-RCF as a strong candidate for high-density space-
division multiplexing in tight fiber routing. The design parameters also fall within the
range of previously fabricated fibers [15,25], making the design viable and practical.
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Appendix A
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Figure A1. Illustration of the representative unit cell composed of a cubic silica and spherical air
void used for the homogenization model. The unit cell is replicated into a slab of total length T for
optical homogenization.

Appendix A.1. Effective Optical Parameters

The effective optical permittivity of the nanovoid silica is obtained using the
S-parameter retrieval method [30]. A cubic unit cell containing a single spherical air
void is modeled in CST Microwave Studio and replicated into a slab of total thickness T,
as shown in Figure A1l. The structure is excited by a normally incident plane wave using
waveguide ports. PEC/PMC boundary conditions enforce periodicity on the transverse
faces, and PML boundaries are applied along the propagation direction. Only the transmis-
sion coefficient S21 is extracted. The slab is treated as a homogeneous layer of thickness T,
and 521 is expressed as follows [31]:

(1- R)%Xp(—j@koT)
1- Rzexp(— jz\/WkoT)

Sy1 = (A1)

where the interface reflection coefficientis R = (1 — \/W) /(1 + \/@)

The complex effective permittivity e is retrieved by inverting these relations for each
void diameter dy and void fraction f. To account for the statistical distribution of void sizes,
the retrieved permittivity values are weighted by the normal probability density function
associated with the void size distribution:

euo(f) = [ eery(do, f)p(do)ddy (A2
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where dy is the normal probability density function with a mean p = 150 nm and a stan-
dard deviation o = 65 nm. The real and imaginary parts of ¢,y are plotted in Figure A2
below. The resulting permittivity is compared to permittivity obtained from the standard
Maxwell-Garnett theory [29]:

3f(€air B ssilica)

(A3)
(€air + 2€sitica) — f(€air — Esilica)

Env = Esilica | 1 +

Our results agree well with Maxwell-Garnett theory for the real part of ¢,,. How-
ever, unlike the standard Maxwell-Garnett theory, the CST full-wave method takes into
consideration the size of the voids and also yields the imaginary part of eny, which the
Maxwell-Garnett theory cannot predict.

%1074
2.09 8
q
2.08
2.07} X I
"% 2.06 3
v T 1a &
@ 205 R E
—e—Re(c, ) - 521 method RN
204} - -Re(cnv) - Maxwell-Garnett N N 12
—e—Im(c, ) - S21 method D <3
2.031 - = =Im(e_ ) - Maxwell-Garnett AN
e
2.026—————— e eSS 0
1 2 3 4 5

Void fraction f (%)

Figure A2. Real and imaginary parts of nanovoid silica effective permittivity as functions of the void
fraction at 1550 nm obtained using the S21-retrieval method and the Maxwell-Garnett mixing theory.

Appendix A.2. Effective Mechanical Parameters

The effective mechanical properties of the nanovoid silica are extracted from unit-cell
simulations performed in COMSOL Multiphysics. A cubic silica matrix containing a freely
deformable spherical void is used as the representative volume element (RVE) (Figure Al).
Periodic boundary conditions are applied on all faces of the unit cell to enforce mechanical
periodicity. Simulations are performed for each pair (dy, f) by applying controlled strain
states; the resulting Von Mises stress distribution around a representative nanovoid of size
dy =100 nm and at f = 5% is plotted in Figure A3 below.

The homogenized elastic properties Eeg(dy, f) are extracted from the resulting
stress—strain response. To account for the void size distribution, the stiffness tensors
are weighted by the probability density function of the void diameter distribution:

~ YiEeg(dyi, f)p(dy, i)
En(f) = Y p(do, 1) (A9

where E, is the effective stiffness tensor of the nanovoid silica at void fraction f, and the

normalized weights p(dy, i) follow the same normal distribution defined in Appendix A.1.
The effective density is computed using a simple volume-fraction mixture rule, neglecting
the mass contribution of the air voids:

an(f) = (1 _f)Psilica (A5)
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The resulting properties are normalized and plotted in Figure A4 below.
x10* x10* ) x10°
200 Load case ¢ | 10 200 |Load case Gy 12 200 Load case e, 2
1 10§ §
P~ s = =] =
| 5 150 8 150 8
2 2 2
6 - - -
100 6 %100 6
.8 § :
g 4 45
5 50 5 50 H
28 2 8 28
0 0 0
0 50 100 150 200 " 0 50 100 150 200 4 0 50 100 150 200 4
x10 x10 x10
200|Load case ¢, 200 Load case ¢ , 10 ,00|Load caseeg 6
S £ o€ °g
s s s
150 =150 =150 \ i
s o § o f
5100 2 100 '3 100 8 ﬁ
N 4§ 4 § H
- - v 28
50 5 50 5 50 5
22 2 - 18
0 — 0 0 .
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
X (nm) X (nm) X (nm)

References

Figure A3. Von Mises stress distribution (MPa) around a single nanovoid (dy = 100 nm, f = 5%) in the

XZ plane for each of the six unit-cell strain-load cases (exx, €yy, €zz, Exys €yz/ Exz)-
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the void fraction.
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