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Cold-weather protective clothing must retain high thermal resistance in windy environments. 3D-printed lattice
structures present a novel approach to enhancing the thermal resistance of textile assemblies; however, their
potential for wind protection and airflow management remains largely unexplored. This study experimentally
investigates the heat transfer behavior of a hybrid insulating composite consisting of a bio-based nonwoven
textile integrated with a 3D-printed cubic lattice structure. Five lattice opening ratios (0 —100%) were integrated

with the nonwoven in two configurations with the lattice positioned either above the nonwoven or beneath it.
These configurations were evaluated to quantify how geometric arrangement influences airflow and thermal
resistance. Standardized ISO 11092 tests were performed under controlled horizontal wind (1 m-s™1) and under
vertical wind (4 m-s~1) to examine the role of forced convection. Under horizontal wind, all assemblies improved
thermal resistance by ~40%, with no significant differences among opening ratios or positions. Under vertical
wind, the nonwoven alone lost more than 80% of its insulation, while above-positioned lattices restored and
surpassed baseline performance. The lattice with a 25% opening ratio delivered a notable improvement,
increasing thermal resistance by over 350% while generating high airflow resistance. Pressure-drop results
showed that lower opening ratios impose higher airflow resistance, directly correlating with insulation gains.
Statistical analysis confirmed the strong effects of opening ratio and orientation on thermal performance. The
findings demonstrate that lattice geometry provides a tunable structural lever for controlling convective heat loss
in porous materials, offering fundamental insight into geometry-dependent thermal transport relevant to

advanced insulating systems.

1. Introduction

Working in cold environments poses both immediate and long-term
risks to human health and performance. Consequently, thermal protec-
tive clothing designed for cold temperatures must possess high thermal
resistance (R¢) to minimize heat loss from the body to the environment.
ISO 11092 standard [1], also known as the “Sweating Guarded Hot-
plate” test, described methods for measuring the thermal resistance of
textiles under steady-state conditions. The method involves placing a
test specimen on a heated metal plate set to human skin temperature
(35°C). A controlled environment, at 20°C, 65% relative humidity (RH),
and a horizontal airflow of 1 m-s~!, is maintained above the specimen.
The thermal resistance is calculated as the temperature difference be-
tween the two surfaces of the material, divided by the heat flux per unit

area, expressed in m%K-W~!. A more commonly used thermal resistance
unit in the textile industry is clo, where 1 clo is equivalent to
0.155 m2-K-W~1, which is the amount of insulation that allows a person
at rest to maintain thermal comfort in a room at 21°C with 50% RH [2].

Although ISO 11092 standard [1] measures thermal resistance under
a single, low-speed horizontal airflow, multiple studies have demon-
strated that real-world conditions, especially wind, have a profound
effect on thermal resistance. Ke et al. showed that wind speed and
penetration reduces insulation across different garments, highlighting
the role of design elements such as collars and hoods in reducing wind
infiltration [3,4]. Shen et al.’s computational fluid dynamics (CFD)
analysis revealed that higher wind velocities and air permeability sub-
stantially lower thermal resistance by enhancing convective heat
transfer in porous textile structures [5]. Zemzem et al. showed that in
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extreme-cold conditions, variations in temperature, humidity, and wind
affected insulation performance, offering guidance for optimizing pro-
tective gear [6]. Alakhdar et al. reported that wind speed and orienta-
tion affect the thermal resistance of nonwoven textiles, with increased
vertical wind having a more pronounced effect in reducing thermal
resistance [7].

Thermal protection provided by clothing is reduced by increased
body motion, wind pspeed, and moisture; the magnitude of the reduc-
tion depends on the fabric’s ppermeability [8-10]. Optimizing
cold-weather protective clothing requires improving thermal properties
of its constituent materials while maintaining physical comfort and
mobility [11]. Recent advancements in thermal protective clothing have
explored innovative structures. Dai et al. introduced a hollow
three-layer structure, with cavities and pillars, that outperforms other
structures in thermal protective performance and air permeability [12].
Du and Li integrated lightweight, breathable honeycomb structures into
the thermal liner of multilayer fabric systems, for firefighters’ protective
clothing, and demonstrated that they significantly enhanced thermal
protection compared to traditional fabric designs [13]. Building on this,
Dai and Li compared the influence of various hole shapes in honeycomb
structures, in the thermal barrier layer, on thermal protection perfor-
mance and moisture resistance. They identified the best geometry that
minimized radiant heat transfer while allowing moisture evaporation
[14]. Tu et al. showed that increased wind speed and fabric permeability
sharply reduce thermal resistance [15]. These studies, while innovative,
tested structures under single-condition environments that did not ac-
count for varying factors that occur in real-world settings, such as windy
conditions.

Emerging technologies offer new avenues for innovation. 3D printing
has gained significant attention for its ability to precisely engineer
textile structures, integrating functional materials and complex geom-
etries that can be tailored to enhance thermal performance. Jin et al.
showed that 3D-printed carbon fiber-reinforced polylactic acid (PLA)
monofilaments improved thermal conductivity and tensile strength,
though monofilaments aren’t representative of full-scale textile systems
[16]. Fajardo et al. examined the mechanical and comfort properties of
3D-printed structures, which offered valuable insights into tensile
behavior and wearability, but did not assess thermal performance [17].
Yang et al. embedded 3D-printed nonwoven lattices with phase-change
materials (PCMs) which successfully moderated temperature, though
concerns remain regarding their durability and performance [18].
Dhangar et al.’s comprehensive review of sustainable 3D-printed ma-
terials with thermal insulating properties lacked experimental and
practical case studies in textile applications [19]. Liu et al. used additive
manufacturing to create 3D-printed breathable, flexible lattice textiles
that improved air permeability, moisture management, and thermal
comfort, though their performance under variable environmental con-
ditions was not fully explored [20]. Li’s review of fused deposition
modeling (FDM) in textiles highlighted design flexibility and rapid
prototyping but noted that limited material options and functional
evaluations are barriers to further development [21].

While previous studies have explored the thermal behavior of ma-
terials and some 3D-printed structures, the combined impact of 3D-
printed cubic lattice geometry, wind speed and direction, and air
permeability on the thermal resistance of bio-based textile assemblies
has yet to be conducted. This study investigates the thermal resistance of
a composite assembly made from a technical bio-based nonwoven and a
3D-printed cubic lattice with five opening ratios (0, 25, 50, 75, and
100%), tested in two arrangements; one with the lattice positioned
adjacent to the skin model (DOWN), and the other with the lattice facing
the external environment (UP). Thermal resistances were evaluated
under standard ISO 11092 conditions (20°C, 65% RH, and 1 ms!
horizontal airflow), and under a vertical wind speed of 4 m-s~ L. Mea-
surements were conducted using a guarded hotplate system, coupled
with a controlled wind source. The pressure-drop across the cubic lattice
was also assessed and a statistical analysis of thermal resistance was
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performed.
2. Materials and methods

This section describes the materials used to prepare the texti-
le-lattice assemblies and the experimental methods employed to eval-
uate their aerodynamic and thermal performance. The materials
subsection details the characteristics of the bio-based nonwoven and the
cubic lattice structures, while the methods subsection outlines the
pressure-drop measurements, thermal resistance testing, uncertainty
analysis, and statistical procedures.

2.1. Materials

2.1.1. Nonwoven textile

In this study, a technical bio-based textile assembly (BTA) was cho-
sen as the textile structure for our experimental investigation. This
textile structure is commercially available and has already been char-
acterized [7,22]. The BTA is a nonwoven structure with a single layer of
milkweed, kapok, and polylactic acid (PLA) fibers. These are sand-
wiched between two films of solid PLA fibers, which maintain the
structural integrity of the fiber matrix, and are then covered with a layer
of nylon protective film on each side.

The physical properties of the BTA assembly are shown in Table 1,
where mass per unit area was determined using ISO 9073-1 [23], while
thickness and air permeability were determined according to ISO
9073-2 [24] and ASTM D737-18R23 [25], respectively.

2.1.2. Cubic lattice structure

The cubic lattice (CL) was modeled in SolidWorks® 3D CAD soft-
ware, with each unit cell measuring 9 x 9 x 10 mm. These cells were
tiled in both horizontal and vertical directions to create specimens of
varying size for different tests. Wall thickness was fixed at 1 mm to
preserve the lattice’s flexibility and low weight. Geometric details of the
cubic lattice are presented in Fig. 1.

Five distinct cubic lattices were each characterized by a unique
opening ratio (0, 25, 50, 75, and 100%) calculated using Eq. 1. The
opening ratio is defined based on the projected top surface of the
plattice. An opening ratio of 100% denotes a completely open lattice and
an opening ratio of 0% denotes a completely closed lattice, regardless of
the presence of the side walls of the unit cells. Thus, the total area (A¢¢q)
corresponds to the sum of the projected areas of the square popenings
within the top unit cells when they are all open; the open area (Agpen)
corresponds to Ay minus the sum of the projected closed areas.

Opening Ratio (%) :% x 100 (€]

total

The cubic lattices were printed via fused deposition modeling (FDM)
on a Qidi Tech I-Fast™ 3D printer. Printing parameters are detailed in
Table 2.

All lattices were produced using a flexible PLA filament from
ATARAXIA ART®. As a bio-based thermoplastic derived from renewable
resources like corn starch and sugarcane, PLA serves as a sustainable
alternative to petroleum-derived plastics, offering a lower carbon foot-
print during production [26]. Its widespread availability and low
melting point make it the primary material for FDM printers, providing
an accessible and cost-effective way for reproducible rapid prototyping

Table 1

Specifications of BTA assembly.
Specification Value
Mass per unit area (g-m~2) 271.6 £ 5.0
Thickness at 0.5 kPa (-10° m) 5.6 + 0.5
Air permeability (em®s t-em?) 6.9 + 0.5
Porosity (%) 98.2
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Isometric view
cubic lattice

Fig. 1. Cubic lattice structure and dimensions.

Table 2

Cubic lattice printing parameters.
Parameter Value
Filament diameter 1.75 mm
Nozzle diameter 0.6 mm
Printing temperature 210°C
Printing speed 50 mm-s~*
Bed temperature 40°C
Layer height (excluding first layer) 0.3 mm

[27]. Furthermore, PLA possesses a low intrinsic thermal conductivity
(0.13 -0.17 W-m LK) which, when paired with FDM's ability to
create porous cellular architectures, qualifies it as an excellent candidate
for thermal insulation [28]. In terms of end-of-life management, PLA is
industrially compostable and recyclable, which can significantly reduce
environmental toxicity and non-renewable energy demand compared to
traditional thermoplastics [29,30]. The mechanical properties of the
used filament are presented in Table 3.

Fig. 2 illustrates the five lattice geometries corresponding to the
selected opening ratios. To avoid geometric bias in airflow and heat
transfer, the arrangement of closed and open areas on the lattice’s top
surface was randomized using the online random number generator
Randomigzer (https://www.randomizer.org). Each square cell on the
lattice’s top layer was first assigned a unique identification number in
the CAD layout. For each target opening ratio, a specific fraction of these
cells was randomly selected and designated as closed surfaces, while the
rest remained open. For instance, in the 75% opening ratio configura-
tion, one quarter of the total grid cells were randomly chosen to be
closed, representing 25% of the total surface area.

The randomization process was repeated independently for each
target opening ratio to ensure statistical independence and avoid pattern
regularity that could influence the experiments. Additionally, three
random distributions of closed and open cells were generated for each

Table 3

Flexible PLA properties [31].
Property Value
Density 1.24 gcm™3
Tensile strength 6 —10 MPa
Bending strength 207 MPa
Elongation at break 580 —600%
Melting point 138°C
Shore hardness 89A

opening ratio, and all three were tested separately under all experi-
mental conditions. The variability associated with this randomization is
reflected in the reported standard deviations and is included in the
overall experimental uncertainty.

Only the top layer of the lattice was modified to maintain a low
surface density, as shown in Fig. 2. To ensure a consistent weight per
unit area among all lattices, except for the fully open CL100, the top-
layer thickness was adjusted to 0.1 mm, 0.13 mm, 0.2 mm, and
0.4 mm for CLOO, CL25, CL50, and CL75 respectively. As textile as-
semblies must exhibit non-zero air permeability, the fully closed (0%
opening ratio) lattice, being impermeable, was included as a reference
for comparison.

2.1.3. Assembly

To assess the influence of wind on the final assembly, composed of
the nonwoven BTA and the CL with varying opening ratios, two as-
sembly configurations were selected: the “UP” arrangement shown in
Fig. 3A (nylon protective film, cubic lattice, nonwoven, nylon protective
film), and the “DOWN” arrangement shown in Fig. 3B (nylon protective
film, nonwoven, cubic lattice, nylon protective film). In both arrange-
ments, the top surface of the lattice, i.e., the side where the cells are
partially open or closed, is oriented upward, facing away from the skin
model.

To ensure structural integrity during testing, all layers of the as-
sembly (nonwoven, lattice, and nylon films) were first sewn together
along their perimeter. The specimen was then secured to the skin model
using an impermeable adhesive tape applied exclusively along the outer
guard zone. The measuring zone remained completely free of tape or
external constraint, ensuring that no artificial compression or edge ef-
fects influenced the thermal resistance measurements.

2.2. Methods

2.2.1. Pressure-drop measurements

The pressure-drop (AP) across the cubic lattices alone, under a
constant air velocity of 4 m-s !, was measured using the apparatus
presented in Fig. 4. The cubic lattices were placed in the wind tunnel at a
distance equal to 10 times the diameter of the pipe to ensure the velocity
profile stays the same across the section of the pipe before entering the
structures. Upstream and downstream static pressures were recorded,
and their difference was used to calculate AP, as in Eq. 2.

AP =P, — P, 2)

Where AP is the pressure-drop in the cubic lattice, in Pa. P, and Py are
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100% open cubic lattice
Structure code: CL100

75% open cubic lattice
Structure code: CL75

Top layer thickness = 0.4 mm
Weight per unit area = 786 g-m™

50% open cubic lattice
Structure code: CL50

Top layer thickness = 0.2 mm
Weight per unit area = 786 g-m™

P 25% open cubic lattice
s > Structure code: CL25

Top layer thickness = 0.13 mm
Weight per unit area = 786 g-m™

P < 0% open cubic lattice
Structure code: CL0OO

Top layer thickness = 0.1 mm
Weight per unit area = 786 g-m™

Fig. 2. Cubic lattices with different opening percentages.

the upstream and downstream static pressures, respectively, in Pa.

2.2.2. Thermal resistance testing

The thermal resistance of the entire composite assembly, including
the nonwoven textile and the integrated cubic lattice structure, was
determined using a skin model apparatus, in two configurations pre-
sented in Fig. 5, designed and validated in accordance with the bench-
test protocol of ISO 11092 standard [1]. The skin model consists of
two plates; the top plate contains the measuring zone (203 x 203 mm)
surrounded by a ring-shaped guard zone, while the bottom plate serves
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as a guard zone beneath the measuring area. The total plate area was
0.09 m? (305 x 305 mm); the tested samples measured 305 x 305 mm
in order to cover the plate and guard ring. The skin model was main-
tained at 35°C + 0.2°C in a controlled environment at 20°C and 65%
RH.

Each specimen was preconditioned for at least 24 h at 20°C and 65%
RH, as specified by ISO 11092 standard [1]. Thermal resistance of each
test specimen was measured under two wind conditions: 1 m-s~! hori-
zontal wind and 4 m-s! vertical wind. The selection of these wind
conditions was guided by both standard testing protocols and prior
experimental evidence. The horizontal wind velocity of 1 m-s™! corre-
sponds to the reference condition defined by the ISO 11092 standard
[1], ensuring comparability with conventional thermal resistance mea-
surements. In contrast, the vertical wind condition at 4 m-s~! was cho-
sen to represent a more severe convective environment, where airflow
directly impinges on the textile surface and promotes air penetration
within the fibrous structure [6,7,32]. Alakhdar et al. have shown that
increasing wind speed from 1 to 4 m-s~! leads to a reduction in thermal
resistance of the textile of approximately 50% under horizontal wind,
compared to about 80% under vertical wind [7]. These results demon-
strate that vertical airflow induces significantly greater degradation due
to enhanced convective heat transfer and internal air movement.
Consequently, the present study contrasts a standardized baseline con-
dition with a high convection scenario, enabling the evaluation of
thermal resistance of the proposed structures under these conditions.

Once a thermal steady state of (35 + 0.2°C) was attained, data was
recorded every second for at least 20 min and then averaged to calculate
the thermal resistance using Eq. 3. Each assembly was tested in three
independent trials (three replicates) under identical testing conditions.

A x (T —T,)

Ry = H

—Ruo 3
Where:

R is the thermal resistance of the tested sample, in m2-°C-W’1;

A is the area of the tested sample, in m?;

Ty, the temperature of the measuring zone of the plate, in °C;

T, is the temperature of the air, in °C;

H is the heating power supplied to the measuring zone, in W;
calculated using Eq 4.

H =R (@)

where R is the electrical resistance of the heating element (Q), measured
once and assumed constant during all tests, and I is the measured elec-
trical current supplied to the heater (A).

Ry is the thermal resistance of the boundary layer above the tested
sample, in m2°C-W™!; As this parameter depends on wind speed and
direction, it was determined separately for each test condition using Eq.
5 where Hj is the heating power required to maintain the measuring unit
at T, in its bare state (W).

AX (Ty—T,)

Ruo = H,

(5)

2.2.3. Uncertainty analysis

The uncertainties associated with the experimental measurements
were evaluated following the method of propagation of error [33]. Two
sources of uncertainty were considered: the random variability observed
in repeated measurements (standard deviation), and the systematic
uncertainties associated with the instruments used to measure temper-
ature, electrical current, electrical resistance, airflow velocity, and
pressure-drop.

For each derived parameter (U), the propagated measurement un-
certainty (6U) was calculated using Eq. 6.
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Fig. 3. UP (A) and DOWN (B) assembly arrangements.

Axial fan

Air tunnel

CL structure

Differential pressure

manometer
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the
hotplate

Wind tunnel

Fig. 5. Testing setup with the horizontal wind tunnel (A), and vertical wind tunnel (B). Reproduced from [7] under the terms of Creative Commons Attribution

4.0 License.

(8U)* = Z (g—g)z(axi)z (6)

i=1

where Xx; represents each independent measured variable and dx; its
corresponding instrumental uncertainty.

To quantify the random error, each configuration was tested three
times, and the standard deviation (6y) of the repeated measurements
was used as the estimate of repeatability and was calculated using Eq. 7.

GU—(%i(UJ»—U)z)% %)

j=1

Because the propagated measurement uncertainty and the repeat-
ability error are statistically independent, they were combined using the
Root Sum Squared method to obtain the total uncertainty (6Uiota)

associated with each reported value using Eq. 8:

OUotal = (5U)2 + 0%] ®)

These total uncertainties were used as the error bars in all graphical
results, ensuring that both instrument accuracy and experimental
repeatability are consistently represented.

The measurement uncertainties associated with each instrument
used in this study are summarized in Table 4. These values reflect the
manufacturer specified accuracy of the instruments and were used as
input parameters in the propagation of error analysis.

2.2.4. Statistical analysis of thermal resistance

To determine whether the differences in mean thermal resistance
among the five cubic lattices of different opening ratios were statistically
significant, a one-way analysis of variance (ANOVA) was conducted
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Table 4
Measurement instruments, the parameters they recorded, and their associated
uncertainties.

Instrument / Sensor Measured parameters Uncertainty
Thermocouple Tm, Tq 1.1°C
Differential pressure manometer AP 3Pa

Hall effect current transducer I 1%

Digital multimeter R 0.9%

Hot wire anemometer Wind velocity 3%
Hygrometer Relative humidity 3%

using Minitab® statistical software (version 22, Minitab LLC, USA). This
analysis assessed whether the mean thermal resistance values differed
significantly across the groups. The null hypothesis (Hp) assumed that all
groups have equal mean thermal resistance values, while the alternative
hypothesis (H;) stated that at least one group differs significantly from
the others. Following the ANOVA, Tukey’s Honestly Significant Differ-
ence (HSD) post-hoc test was applied to identify specific pairwise dif-
ferences between the opening ratio levels. This approach allowed for a
detailed comparison of the groups and confirmed which differences
were statistically significant at the 95% confidence level (p < 0.05).

3. Results and discussion
3.1. Pressure-drop across CL structures

Fig. 6 presents AP measured across the cubic lattice structures with
varying opening ratios (CL100, CL75, CL50, and CL25) under a vertical
airflow of 4 m-s™ . The data reveals a clear inverse relationship between
the opening ratio of the CL and the measured AP, confirming that as the
opening ratio decreases, airflow resistance increases.

The CL100 configuration, characterized by maximum 100% opening
percentage, exhibited the lowest AP at 9.6 Pa, reflecting minimal
obstruction to airflow. As the opening ratio decreased to 75% (CL75), A
P increased to 20.3 Pa, indicating a moderate rise in airflow resistance
due to partial obstruction of the surface. The AP across the CL50
structure, with half of its surface area open, rose to 36.4 Pa. The CL25
structure demonstrated the highest AP, reaching 70.1 Pa, which repre-
sents an approximate seven-fold increase compared to the CL100
structure. This substantial resistance to airflow in the CL25 configura-
tion reflects its enhanced capacity to impede air penetration.

3.2. Thermal resistance

3.2.1. Effect of lattice position and opening ratio at 1 m-s~! horizontal
airflow

The thermal resistance of the base nonwoven structure (BTA) alone

80

70 ’%

60 | .

CL100 CL75 CL50 CL25

Fig. 6. Pressure-drop across the cubic lattices under air speed of 4 m-s~!.
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was 2.51 clo under horizontal wind of 1 m-s~!, as shown in Fig. 7. When
combined with the CL, an increase in thermal resistance (averaging at
3.52 clo or 40%) was observed across all configurations, regardless of
the CL opening ratio or position.

The thermal resistance of BTA+CL100 in the DOWN arrangement
increased by approximately 41% compared to the BTA alone. Similarly,
in the UP position, the resistance was still elevated, with an increase of
approximately 32%, but slightly lower than the DOWN arrangement.
This pattern suggests that under horizontal wind of 1 m-s~?, placing the
CL beneath the BTA provides a slightly better insulation effect, likely
due to reduction of convective losses from the bottom and enhancement
of air trapping within the BTA structure. As the opening percentage of
the CL decreased, the overall thermal resistance values remained high
and quite consistent. This indicates that once the CL structure disrupts
the airflow, further reductions in the opening ratio does not significantly
improve thermal resistance under this low-speed airflow condition.

3.2.2. Effect of lattice position and opening ratio at 4 m-s~! vertical airflow

In contrast, Fig. 8 shows the behavior of the same assemblies under
vertical airflow at 4 m-s™!, simulating forced convection as experienced
in windy environments. Here, the thermal resistance of BTA alone
dropped sharply to 0.46 clo, representing over 80% reduction compared
to its performance under horizontal airflow of 1 m-s~!. This substantial
decrease is due to forced vertical airflow enhancing convective heat
transfer, pushing air through the porous material and disrupting insu-
lating air layers within the structure [7].

Although the integration of the cubic lattice increases the total
thickness of the assembly, thickness alone cannot account for the
observed differences in thermal resistance. Assemblies with the same
thickness but different lattice opening ratios exhibited substantially
different thermal resistances under vertical wind, indicating that airflow
resistance and convective heat transfer suppression govern the thermal
response.

The AP measurements provided critical preliminary insight into the
airflow resistance characteristics of the CL structures, which directly
influenced the thermal performance of the assemblies under forced
convection conditions. As expected, a clear inverse relationship was
observed between lattice opening ratio and AP values, confirming that
lower opening ratios significantly impede airflow penetration. The fully
closed lattice (CLOO) functioned as an effective wind barrier, while the
highly permeable CL100 structure generated the lowest AP (9.6 Pa),
reflecting minimal resistance to airflow.

This aerodynamic behavior was strongly reflected in the thermal
resistance results under identical wind exposure. The BTA+CL0OO (UP)
configuration achieved a thermal resistance of approximately 3.3 clo,
corresponding to an increase of over 600% compared to the BTA alone.
The CLOO layer, acting as a continuous, non-porous surface, prevented
direct airflow infiltration, forcing the incident wind to divert laterally.
This lateral deflection created zones of stagnant air above the BTA,
preventing air movement in the assembly.

The BTA+CL25 (UP) assembly achieved a thermal resistance of
approximately 2.2 clo, an improvement of over 350% compared to BTA
alone. The corresponding AP of 70.1 Pa indicates substantial airflow
resistance despite the partial lattice openings. In this configuration, the
limited wind penetration is insufficient to disrupt the insulating air
pockets. Furthermore, the interaction of the airflow with the lattice
geometry induces velocity reduction, diminishing the convective
transport of thermal energy toward the BTA layer.

For assemblies incorporating CL50, CL75, and CL100 in the UP
configuration, a progressive reduction in thermal resistance was
observed, consistent with increasing opening ratio and decreasing AP
values. As the lattice opening ratio increased, the structure’s capacity to
obstruct or redirect vertical airflow diminished. In particular, the CL100
configuration still demonstrated a modest improvement in thermal
resistance relative to BTA alone. This improvement can be attributed to
geometric flow disruption within the lattice, which, even without
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Fig. 7. Thermal resistance of BTA+CL structures under horizontal wind of 1 m-s~".
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Fig. 8. Thermal resistance of BTA+CL structures under vertical wind of 4 m-s™".

significant blockage, introduces turbulence and partially deflects the
incident airflow, reducing the net heat transfer.

In the DOWN configuration, where the CL layer is positioned beneath
the BTA, thermal resistance values were markedly lower, ranging from
approximately 0.7 —1.5 clo across the different assemblies. In this
arrangement, the vertical airflow directly impacts the exposed BTA
nonwoven layer, which, due to its high porosity (~98%), permits sig-
nificant airflow infiltration. The CL layer offers limited mitigation of
convective effects, regardless of its opening ratio. Even in configurations
with lower lattice opening ratios, where the CL exhibits higher airflow
resistance, its downstream position relative to the wind renders less
effective as a primary barrier.

These findings emphasize the critical importance of CL placement. In
the UP configuration, the CL intercepts and disrupts the incident airflow
before it reaches the porous BTA layer, significantly reducing convective
heat loss. In contrast, the DOWN configuration allows airflow to pene-
trate the insulation layer before encountering any structural resistance,
leading to displaced internal air and accelerated heat transfer.

While the simple cubic lattice geometry was utilized in this study to
establish a fundamental baseline for wind-induced heat loss, alternative
topologies such as Gyroid or Diamond Triply Periodic Minimal Surfaces
(TPMS) may offer further optimization. Literature suggests that while
cubic lattices provide clear orthogonal pathways for airflow, more
tortuous TPMS geometries could potentially enhance thermal resistance
by further suppressing internal convection and increasing the path
length for heat transfer [20,34].

3.3. Statistical analysis of the thermal resistance

A one-way analysis of variance (ANOVA) was conducted to investi-
gate the effect of lattice opening ratio on the thermal resistance of

BTA+CL50

BTA+CL25  BTA+CL00

1

assemblies exposed to both horizontal and vertical wind, considering
two lattice positions relative to the nonwoven layer (UP and DOWN).
The assumptions of normality and homogeneity of variance were veri-
fied using the Kolmogorov-Smirnov and Levene’s tests, respectively,
with all p-values exceeding 0.05, confirming that the datasets met
ANOVA requirements.

Under horizontal wind exposure at 1 m-s~ with the lattice posi-
tioned beneath the nonwoven, the ANOVA model yielded p < 0.05 and
an R? of 94.1%, indicating that all lattice assemblies significantly
improved thermal resistance compared to the nonwoven alone (BTA).
The corresponding Tukey post-hoc comparisons are presented in Fig. 9A.
Although all lattice configurations enhanced thermal resistance relative
to BTA, differences among assemblies with varying opening ratios were
not statistically significant, as confidence intervals overlapped and
crossed zero. Similar results were obtained when the lattice was posi-
tioned above the nonwoven layer under horizontal wind, where ANOVA
indicated p < 0.05 with an R® of 94.7%. Again, all lattice assemblies
provided increased thermal resistance relative to BTA, yet no significant
differences were observed between the different lattice designs (Fig. 9B).

In contrast, under vertical wind exposure at 4 m-s~! with the lattice
positioned beneath the nonwoven layer, ANOVA results showed
p < 0.05 with an R? of 98.7%, confirming significant improvements in
thermal resistance for all lattice assemblies compared to BTA. As shown
in Fig. 9C, Tukey’s post-hoc analysis revealed significant statistical dif-
ferences between specific configurations. The assembly incorporating
the fully closed lattice (BTA+CLOO) provided the highest thermal
resistance, significantly outperforming the assembly with the fully open
lattice (BTA+CL100) and intermediate assemblies. However, over-
lapping confidence intervals between certain adjacent configurations (e.
g., BTA+CL25 vs. BTA+CL0OO and BTA+CL50 vs. BTA+CL25) suggest
minimal performance differentiation at specific opening ratios.
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Fig. 9. Tukey post-hoc analysis of thermal resistance across lattice assemblies.

Furthermore, under vertical wind with the lattice positioned above
the nonwoven, ANOVA results demonstrated p < 0.05 and an R? of
99.8%, with Tukey’s comparisons indicating significant differences
across all lattice configurations as shown in Fig. 9D. In this case, the fully
closed lattice (BTA+CL00O) again exhibited the highest thermal resis-
tance, significantly exceeding that of all other assemblies.

Overall, these results confirm that lattice structures consistently
improve thermal resistance across all tested conditions. However, the
influence of lattice opening ratio and positioning becomes increasingly
pronounced under vertical wind exposure, particularly when the lattice
is placed above the nonwoven layer.

4. Conclusion

This study demonstrates that integrating 3D-printed cubic lattice
structures into a bio-based nonwoven assembly can significantly miti-
gate wind-induced thermal losses by controlling convective heat trans-
fer. Under standard horizontal airflow conditions (1 m-s’l), all lattice-
integrated assemblies exhibited an average increase of approximately
40% in thermal resistance compared to the nonwoven alone, with
limited sensitivity to lattice opening ratio or placement. In contrast,
under vertical wind exposure (4 m-s~1), the nonwoven experienced a
severe degradation of thermal resistance, whereas lattice-integrated
configurations, particularly when the lattice was positioned above the
nonwoven, effectively restored and enhanced thermal resistance.

The results highlight the dominant role of airflow interception and

redirection in governing thermal performance under forced convection.
Pressure-drop measurements confirmed a strong inverse relationship
between lattice opening ratio and airflow permeability, directly corre-
lating with the observed thermal resistance trends. While fully closed
lattices provided the highest thermal resistance by preventing airflow
penetration, partially open lattices achieved substantial thermal im-
provements by suppressing convective heat transfer while maintaining
permeability. Even the fully open lattice demonstrated measurable
insulation gains, indicating that three-dimensional lattice geometry al-
ters airflow patterns through flow disruption and redirection, rather
than acting solely as a passive barrier.

Unlike traditional windproof layers based on dense, continuous
membranes, the lattice-integrated system provides a geometry-driven
approach to airflow control. By tuning lattice opening ratio and place-
ment, convective heat loss can be mitigated without fully eliminating
permeability, offering a flexible pathway for balancing thermal resis-
tance and pressure-drop in textile assemblies.

From a design perspective, although the fully closed lattice yielded
the highest thermal resistance, its impermeable nature limits applica-
bility in clothing systems requiring moisture transport. Considering both
thermal and aerodynamic performance, the 25% open lattice positioned
above the nonwoven emerges as a favorable compromise, delivering
substantial thermal resistance enhancement while preserving airflow
pathways. Overall, the findings establish cubic lattice geometry as an
effective structural lever for managing wind-induced heat loss and
provide a foundation for the development of advanced, multifunctional
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insulating systems for cold-weather protective applications.

From an economic perspective, additive manufacturing techniques
such as fused deposition modeling offer high design flexibility and
enable the fabrication of complex, tunable structures that are not
achievable with conventional textile processes. However, these advan-
tages are currently associated with longer production times and higher
costs, which may limit large-scale implementation. Ongoing advances in
additive manufacturing technologies are expected to improve scalability
and cost-efficiency, further supporting the potential integration of such
structures into future textile systems where tailored thermal behavior is
required.

5. Limitations

This study's limitations indicate several avenues for future research.
To gain a more accurate understanding of the cubic lattice and hollow
structures' performance, more testing environments that replicate real-
istic conditions like high humidity, temperature variations, and me-
chanical stress are essential. Furthermore, the long-term effects of wear
and washing, as well as their interaction with other garment layers,
require investigation. Additionally, the assessment of evaporative
resistance and moisture vapor transmission remains an area for future
consideration, as these properties are important for a comprehensive
view of physiological comfort. Future work could also explore alterna-
tive geometric patterns beyond the cubic structures and optimize
multilayer fabric systems tailored for specific applications.
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