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ABSTRACT

Existing functional textile materials for building shading lack effective methods for parameter coordination and optimi-
zation across multiple performance objectives, making it difficult to simultaneously meet comprehensive requirements
for shading, light transmission, and energy savings. To address this issue, this paper proposes a parameter optimization
framework based on a multi-objective genetic algorithm (MOGA). It constructs a performance model with fabric density,
coating thickness, and fiber thermal conductivity as variables, and shading efficiency, visible light transmittance, and
thermal resistance as objective functions. MOGA is employed to optimize these parameters and obtain an optimal solu-
tion set that achieves coordinated multi-performance. Experimental results show that changes in coating thickness and
thermal conductivity significantly affect visible light transmittance and thermal resistance, verifying the effectiveness of
the multi-objective genetic algorithm for optimizing building shading materials. This has important engineering applica-

tion value.
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INTRODUCTION
In the context of increasing demand for building energy conservation and indoor thermal environment con-
trol, shading systems play a key role in energy conservation as well as light and heat control. Functional textile

materials [1,2] are widely used in building shading systems [3] due to their light weight, flexibility, ease of
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processing, and adjustable performance, and have become the core medium for controlling building thermal
and light performance. These materials must balance multiple properties to adapt to complex building envi-
ronments [4,5]. However, functional textile materials for shading have many parameters, complex coupling
relationships, and significant difficulties in performance optimization [6,7]. Currently, most studies ignore the
synergy between multiple properties and lack systematic multi-objective optimization methods [8,9]. Addi-
tionally, traditional optimization methods are mostly based on empirical judgment or single-objective search
[10], making it difficult to obtain design solutions with balanced overall performance when multi-objective
conflicts exist, thereby limiting the maximum utilization of material performance in practical applications.

In recent years, innovations in the integration of materials and structural design have continued to demon-
strate the potential of textile materials in architectural regulation [11,12]. Procaccini et al. [13] clarified the
comprehensive advantages of textile membranes for sunshading by examining their characteristics and es-
tablishing a classification framework. Cui et al. [14] introduced multi-objective optimization and modeling
analysis, proposed a lightweight sunshade prototype, and optimized both sunshade efficiency and structural
adaptability. Denz et al. [15] developed adaptive sunshade materials by embedding shape memory alloys.
Although these studies have made positive progress in structural innovation and parametric optimization [16],
there is still a lack of in-depth modeling and system integration of the trade-offs and synergy mechanisms
among multi-dimensional performance indicators for functional textile materials [17,18].

In research on the performance optimization of functional textile materials [19,20], MOGA has become an
important tool for improving the comprehensive performance of materials [21]. Zani et al. [22] used a multi-
objective genetic algorithm to optimize sunshade performance and enhance comfort and visual connectivity.
Das et al. [23] constructed an SVR-genetic algorithm model to demonstrate the advantages of MOGA in multi-
index coordination. Ahlawat et al. [24] combined neural networks with MOGA to optimize 3D-printed carbon
fiber nylon materials. Although MOGA has performed well with various materials, there is still a lack of dedi-
cated models and design frameworks for coordinated optimization of thermal and optical properties in sun-
shade textile materials [25,26].

To fill this research gap, this paper proposes a parameter optimization method for functional textile materials

for building shading based on MOGA, focusing on the needs for light and heat regulation. Using fabric density,
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coating thickness, and fiber thermal conductivity as variables, the objective function is constructed; the cou-
pling relationships with shading efficiency, transmittance, and thermal resistance are clarified; the MOGA
evaluation mechanism is adapted through standardization. During the optimization process, a thermal and
optical performance trade-off function is constructed, and a stable Pareto frontier solution set is obtained
through non-dominated sorting and crowding control. A multi-attribute decision-making method is further
introduced to select representative configurations and improve the synergy of thermal comfort, energy sav-
ings, and visual performance. This method provides both theoretical and practical support for research and
development of functional textile materials in the field of building energy conservation. The optimization
framework introduces a parameter normalization strategy based on performance response curvature, and a
dynamic weight allocation mechanism that enhances the algorithm’s convergence stability under conflicting
thermal and optical performance objectives. The nonlinear correlation of fabric structural parameters under
the optical-thermal coupling mechanism, and their sensitivity in the medium and high value ranges, make it
difficult for the standard MOGA algorithm to maintain a balanced distribution on the Pareto front without
improvements. This framework effectively addresses this issue by jointly controlling convergence accuracy

and solution sparsity.

CONSTRUCTION AND ALGORITHM IMPLEMENTATION OF THE MULTI-PERFORMANCE OPTIMIZATION

MODEL FOR SUNSHADE FABRIC

Establishment of the Parameter System for Functional Fabrics for Building Shading

This study takes fabric density x4, coating thickness x,, and fiber thermal conductivity x; as the three core
design variables of sunshade fabrics and constructs a structural parameter vector. To achieve unified scale
processing, the following methods are used for normalization:

Fabric density is expressed in g/m? to ensure consistency with Figures 1-4 and related descriptions. Fabric

density x;:the valuerangeis[ x; ., x;, ] The power function is normalized, and the unit is g/m?:

* xX1-x1 .
X]_ min (1)

X max 1 min

Coating thickness x,:the value rangeis[ x, ., X, ], using power function normalization:

min’ max
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* XX . \%
X — ( - min ) 2
2 %2 max X2 min ( )

Where, a isthe mapping curvature adjustment factor. The value of a is based on nonlinear response curve
fitting results for shading efficiency and transmittance at different coating thicknesses, and is set to 1.35 by
least squares regression, making the normalized curve more sensitive to performance changes in the medium
and high value range.

Fiber thermal conductivity x;:the domainis [x3 _, x3__ ], using reciprocal mapping:

¥_ 1
X3_ 1+AX3 (3)
Where,A controls the smoothness of the mapping function. In this study, smoothness is determined by the
normalized interval endpoints and the reciprocal function form, without introducing additional parameters.
The three standardized variables XI, x;, and x; constitute the structural parameter input vector, providing

a consistent scale input basis for subsequent multi-objective function modeling and optimization.
Modeling and Normalization of Multiple Performance Objective Functions

Modeling Expressions for Shading Efficiency, Transmittance, and Thermal Resistance

Optimizing the performance of shade fabrics involves three key objective functions:

Shading efficiency f; measures the ability of fabric to block direct solar radiation and is defined as:
E
h=1-% (4)

Where, E; is the incident solar radiation energy per unit area, and E; is the radiation energy transmitted
through the fabric. E; is calculated using a modified radiation transfer model based on fabric density, coating
thickness, and thermal conductivity. Fabric density affects porosity; coating thickness changes the scattering
and absorption path length for light; thermal conductivity indirectly affects optical absorption characteristics
through the material composite ratio. To support this mechanism, the optical model introduces complex re-

fractive index parameters (n, k) measured from representative fiber samples, combined with an interface
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scattering correction based on Fresnel reflection at fabric—coating boundaries. These parameters are inte-
grated into regression fitting to link thermal conductivity variation with changes in reflectivity and absorption
efficiency. The function is determined by the design variables x;, x;, x3.

Visible light transmittance f, indicates the average transmittance of fabrics in the visible light band and is

defined as:

fjf (4,%)-1(A)dA

(5)

2= ;2 K2)da
Where, t(A,x) is the spectral transmittance at wavelength A, and /(A) is the spectral irradiance in the visible
band: A;=400 nm, A,= 760 nm. The weighting process adopts the CIE 1924 photopic visual function V(A)
rather than spectral irradiance, ensuring consistency with the standard definition of visible light transmittance.
Before measurement, the spectrophotometer was calibrated using a certified reference white plate to correct
baseline drift. Spectral transmittance has an exponential decay relationship with fabric density and a piece-
wise linear decay relationship with coating thickness. Changes in thermal conductivity alter the transmission
efficiency of certain bands through the material interface structure. These relationships are obtained by re-
gression fitting to experimental data.

Thermal resistance f; reflects the resistance of the fabric to heat conduction and is defined as:
=12 (6)

Where, dgq isthe equivalent thickness, and k., is the equivalent thermal conductivity, both determined by
the physical parameters and structure of the fabric and coating. Equivalent thickness is determined by the
sum of the fabric substrate thickness and the coating thickness. Equivalent thermal conductivity is deter-
mined by a series thermal resistance model, in which the fabric substrate and coating layers transmit heat
sequentially along the thickness direction. This approach reflects the actual stacking structure of the fabric
system and avoids assuming simultaneous heat transfer in parallel. Fabric density affects the density of fiber
arrangement. Coating thickness and thermal conductivity jointly determine the thermal conduction path and

resistance of the composite system.
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The three performance functions use the structural design variables X=[x,x,,x3] as independent variables

and constitute the objective vector of the multi-objective optimization problem:
F®)=[f3),5®,5X)] (7)

The above functions combine physical mechanism modeling and experimental fitting to ensure each perfor-

mance objective in the optimization responds appropriately to variable changes.

Standardization and trade-off methods for multi-objective functions

To unify the scale of the objective function and avoid interference from differences in physical dimensions
during fitness evaluation, the three objective functions f,, f,, and f,;—need to be standardized.
Standardization: Assuming that the minimum and maximum values of the objective function f, are]“l.“in and

£, respectively, the standardized form is as follows:
iy (8a)

For visible light transmittance f,, which needs to be minimized, the inverse transformation is used to ensure
directional consistency:

fz‘fénin

Aoorm_q _ '
2 fénax_fénm

(8b)

Performance trade-off processing: The weighted comprehensive performance function is introduced as fol-

lows:
3
F;:omp= 21’:1 Wj'f}lorm (9)

Where, w; is the weight coefficient of the i-th objective, satisfying > w; =1.
A dynamic weight strategy o; is used to calculate the weight according to the standard deviation of each

objective function in the current population:
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(10)

The crowding distance calculation is used to measure the sparsity of non-dominated solutions in the objective
space. Suppose that, for the objective function, the adjacent values of the current individual before and after

are ﬁ and f;, respectively. The crowding degree in this dimension is:

CD,:I—{', (11)

The sum of the three-dimensional crowding degrees is used for individual priority sorting, assisting in diversity

preservation and elite selection.
Multi-objective Genetic Algorithm Optimization Process Design

Real Number Coding and Initial Population Construction

In the initialization stage, to achieve accurate representation of continuous design variables, real number
coding is used to numerically represent the fabric density (x1), coating thickness (x;), and fiber thermal con-
ductivity (xs).

The population size is set to P, and each individual is a parameter vector x = (x1, x2, x3) of length 3, where the
domains of the variables are [ X1 min leax]’ [ X2 min XZmax]' [ X3 i XsmaX]. The initial population is gener-

ated by pseudo-random uniform sampling, and the expression is as follows:

X;=X

i=Ximin+Ti (X ), €(0,1) (12)

=X .
max “lmin

The above method ensures the uniform distribution of the initial solution set in the parameter space. The
continuous individuals generated by real number coding do not require discretization or bit weight conversion
and can be directly used for fitness evaluation, making them suitable for subsequent simulated binary cross-
over and normal mutation operations.

The multi-objective genetic algorithm used in this study employs a population size of 200, 300 evolutionary
generations, a simulated binary crossover probability of 0.9, a mutation probability of 0.05, a distribution

exponent of 20, and a standard deviation adjustment factor initialized at 0.1 and linearly decreased to 0.01
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over the course of the iterations. These parameters were determined after comparing convergence speed

and distribution uniformity across multiple pilot experiments.

Non-dominated Sorting, Fitness Evaluation, and Evolutionary Mechanism

Non-dominated sorting is used to determine the quality of individuals in multi-objective optimization and to
construct a Pareto hierarchy structure. Assume the current population size is N, and the objective function
vector of the i-th individual is F; = (fy, f2, f3), corresponding to the maximization objectives of shading effi-
ciency and thermal resistance, and the minimization objective of transmittance (equivalently, maximization
of shading efficiency defined as 1 - transmittance). If an individual A satisfies: fj(A) = fi(B), and at least one
objective is strictly greater, it is called A dominant B, denoted as A > B. All individuals are divided into mul-
tiple non-dominated levels according to the dominance relationship Fy, F, ....

To maintain the diversity of solutions, crowding distance is introduced as an evaluation indicator. Let the max-

imum and minimum values of the j-th in the current level is f;nax and fm respectively. For the i-th indi-

in’

vidual, its crowding distance under this objective is calculated as:

dj (D) =6 i+ 1) 6 (-1)) / By i) (13)

max “min
The total crowding distance for the three objectives is:
CDM)=3,; 4;() (14)

The larger the crowding distance, the more sparsely located the individual is in the target space and should
be retained first.

The evolution process adopts a fast tournament selection strategy, selecting individuals according to the pri-
ority of non-dominated level and the order of crowding distance. The crossover operation uses the simulated
binary crossover method. Let the two parent individuals be x;and x»; the j-th dimension variable generates

two offspring expressions as:

C]J=05[(]+ﬁ)X]J+(]-,B)X2J] (15)

CZJ=05[(]-ﬂ)X]J+(]+,B)X2J] (16)
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B=Coa{l/(n+1)}re(0,1) (17)

Where, n is the distribution exponent, which controls the interpolation density of the solution.
The mutation operation adopts the Gaussian perturbation model. Assume that the mutation of the i-th di-

mension variable of the j-th individual is:

I

x;=x;+0;N(0,1) (18)

Where, gjis the standard deviation adjustment factor, which is gradually reduced with evolutionary genera-
tions to enhance local convergence.

Each generation iteration merges the parent and offspring populations, re-performs non-dominated sorting
and crowding evaluation, and selects the first N individuals to form a new generation population.

This process maintains the co-evolution of optimal solutions among multiple objective functions, ensuring
that fabric parameter configuration achieves global optimization of a reasonable structure under the goals of

sun shading, light transmittance, and heat insulation.

Elite Retention Strategy and Pareto Frontier Extraction

In the optimization process of the multi-objective genetic algorithm, the elite retention mechanism is used
to ensure the continuous inheritance of high-quality solutions and the stable evolution of non-dominated
solutions. In each generation, the parent population P.and the child population Q; are merged into an in-
termediate population R:, which is then divided into multiple level sets after non-dominated sorting Fy, F, Fs.
When updating the population, Findividuals of each level are added to the next generation population in
sequence from the beginning P..juntil the set size N is approached. When the total number of individuals
Frof a certain level exceeds the upper limit, the level is sorted from large to small according to crowding
distance, and the top-ranked individuals are retained to fill the vacancies. The crowding distance is used as a
measure of the boundary representativeness of individuals in the target space, and solutions located in sparse
areas or boundary positions are preferentially retained to maintain the diversity and structural integrity of
the population distribution.

After each generation of iteration, the solutions Fiwith level are extracted to form the contemporary Pareto
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frontier solution set, which is then merged with the frontier solution set of the historical generation, and the

global optimal solution set is formed through re-sorting and redundant elimination.

Solution Set Screening and Optimal Parameter Identification Method

Multi-Attribute Decision-Making Method for Representative Solution Selection

To select a representative structural combination with balanced performance from the non-dominated solu-
tion set, this paper adopts the approximate ideal solution sorting method to perform multi-attribute decision
analysis. First, the objective function matrix of the candidate solutions is vector-normalized to obtain a stand-

ardized matrix R, whose elements r; are calculated as follows:

ry=ty=\ @ttt ) (19)

Where, i represents the i-th solution; jrepresents the j-th objective function; m is the total number of
candidate solutions.
The weight vector is determined according to the importance of each target w;, objective, satisfying > w; =

1. The elements of the weight matrix V are calculated as follows:

W XTI (20)

F=W

Negative a~ ideal solutions are constructed using the maximum and minimum values of each column a* in
the objective matrix. The distances from solution i to the positive and negative ideal solutions are calculated

as:

df =\/ [(v1ia1)? +(vi2-a3)? +(V13a3)°] (21)
di=\(vy-a;) 2 +(viz-az)?+(vi3-az)? (22)

The proximity index is then computed based on this Ci: these distances:

Ci=d;+(d} +d}) (23)
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Finally C, the solution with the largest proximity index is selected, and its structural parameter vector is re-
garded as the representative solution: X..,=X(;..../)-
After screening representative combinations with balanced performance, it is necessary to further evaluate

the feasibility of these combinations in engineering applications to ensure that the optimization results can

be smoothly translated from the theoretical stage to actual production and use.

Logic for Determining the Engineering Suitability of the Optimal Parameter Combination

To ensure that the representative solution is not only optimal in mathematical terms but also possesses en-
gineering practicality, a joint assessment is required from two perspectives: performance index satisfaction
and structural parameter processability. The three structural parameters constituting the representative so-
lution are fabric density, coating thickness, and fiber thermal conductivity, which correspond to shading effi-
ciency, visible light transmittance, and thermal resistance performance, respectively.

These thresholds are derived from building shading design guidelines and ISO 15099 standard recommenda-
tions, which specify reference values for acceptable solar shading efficiency, visible light transmittance, and
thermal resistance in fagade applications. In terms of performance, the minimum acceptable thresholds are
shading efficiency not less than 0.85, transmittance not higher than 0.25, and thermal resistance not less than
0.030 m%-K/W. If all three performance criteria are met, the solution is considered effective; if some values
are slightly below the standards, the solution is evaluated based on the degree of deviation and the corre-
sponding target weight to determine its potential for adjustment, and it is classified as a suboptimal solution.
The adaptability of structural parameters is determined by comparing whether they fall within the feasible
range of current weaving and coating processes. Fabric density must balance yarn distribution and the integ-
rity of light holes; coating thickness should be controlled within the limits of hot melt or heat-setting treat-
ments; and the thermal conductivity coefficient must be within the range typical for common fiber raw ma-
terials (such as polyester and composite fibers). If all three variables meet the actual process requirements
and do not cause structural instability or failure in the thermal conduction model, the solution is deemed
structurally adaptable.

In summary, if both performance and structural criteria are satisfied, the solution can proceed directly to

sample preparation and engineering verification. If performance is suboptimal but the structure is suitable,
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it is included in the fine-tuning optimization sequence. This two-level discrimination system ensures that the
optimized solution not only offers theoretical performance advantages but also practical feasibility for man-
ufacturing and application, achieving effective integration from parameter design to engineering implemen-

tation.

OPTIMIZATION PERFORMANCE ANALYSIS OF SUNSHADE FUNCTIONAL FABRICS

Experimental Setup and Measurement Method

To verify the effectiveness and reliability of the established multi-objective optimization model, a compre-
hensive test platform operating under constant temperature and humidity conditions was built. The labora-
tory temperature was maintained at 25 + 1 °C, and relative humidity was kept at 50 + 5%. No external light
sources or air flow interfered during testing. The specimens comprised three levels of fabric density, three
coating thicknesses, and three fiber thermal conductivities, resulting in a total of 27 combinations. Each fabric
combination used a plain weave structure and underwent standardized heat-setting treatment to eliminate
dimensional stress differences caused by weaving and coating processes. The coating was applied using a hot
melt process with thicknesses ranging from 100 pum to 500 pum. Thermal conductivity was controlled by se-
lecting different fiber types and composite ratios.

Shading efficiency was measured using a DHI-3000 solar simulator with a light intensity of 1000 W/m? and a
spectral range of 300-2500 nm. Incident light was directed perpendicularly to the center of each specimen.
Transmitted light energy was measured with an integrating sphere and spectral analysis system, and shading
efficiency was calculated based on incident energy. Visible light transmittance was measured using a UV-3600
spectrophotometer covering the 400—-760 nm wavelength range. During testing, specimens were clamped
flat in the optical path, and the spectral transmittance curve was scanned point by point. The average trans-
mittance was calculated using a normalized weighted method. Thermal resistance was measured with a
YG(B)606E fabric thermal resistance tester under a test pressure of 49 Pa and a measurement area of 100
cm?. The temperature differential was maintained at 10 + 0.2 °C. The instrument automatically recorded the
steady-state heat flow and calculated the corresponding thermal resistance value.

All tests were conducted under identical environmental conditions, with each parameter combination re-

peated three times and the average value taken to minimize random errors. The preprocessed test data were
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then compared with the model calculation results to verify the accuracy of the performance response curves
and optimization outcomes. The surrogate model was constructed using a support vector regression ap-
proach trained on the 27 experimental points. Five-fold cross-validation was performed to assess prediction
stability, and the extrapolation range was restricted to within the convex hull of the sampled data to reduce

overfitting risk.

Optimization effect of shading efficiency and structural influence mechanism

To analyze the mechanism by which fabric structural parameters influence sunshade performance, fabric den-
sity is selected as the primary variable. Various parameter combinations and algorithmic strategies are em-

ployed to compare performance response trends, as illustrated in Figure 1.

) (2)
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Figure 1. Trend of shading efficiency for building shading functional fabrics under multiple configuration parameters and optimiza-
tion strategies. Figure 1(1): Changes in shading efficiency at different coating thicknesses; Figure 1(2): Changes in shading efficiency
under varying thermal conductivity; Figure 1(3): Changes in shading efficiency under different optimization strategies; Figure 1(4):

Changes in shading efficiency of different schemes along the optimized path

Figure 1 demonstrates that increasing the coating thickness from 100 um to 500 um raises the shading effi-

ciency from 80.1% to 86%, indicating that greater thickness enhances the fabric’s ability to block radiation.
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This improvement is attributed to the extended scattering path and enlarged absorption cross-section result-

ing from increased coating thickness, which significantly reduces direct transmittance in the visible and near-

infrared regions. Additionally, increased thickness enhances the fabric’s reflection of long-wave radiation,

thereby reducing the rate of surface temperature rise. In contrast, higher thermal conductivity allows heat to

be conducted more rapidly along the fiber axis, which weakens the radiation-blocking effect and decreases

interfacial reflectivity in the short-wavelength range, ultimately lowering shading efficiency. Specifically, when

thermal conductivity increases from 0.15 W/m:K to 0.25 W/m-K, shading efficiency drops from 85.1% to

80.4%. These variation trends are analyzed under a medium fabric density of 200 g/m?, which serves as a

baseline for consistent comparison across different coating thickness and thermal conductivity conditions.

Improvement in the Ability to Control Visible Light Transmittance

To investigate the regulation mechanism of visible light transmittance, quantitative optical response data for

each parameter were obtained through testing in the 400-800 nm wavelength band. This provides support

for optimizing fabric functionality in sun shading, balanced light transmittance, and high transmittance appli-

cations, as depicted in Figure 2.
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Figure 2. Comparative analysis of wavelength characteristics of visible light transmittance for fabric structural parameters and

multi-objective optimization solutions. Figure 2(1): Changes in visible light transmittance at varying fabric densities and wave-

lengths; Figure 2(2): Changes in visible light transmittance at different coating thicknesses and wavelengths; Figure 2(3): Changes in
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visible light transmittance at varying thermal conductivities and wavelengths; Figure 2(4): Changes in visible light transmittance

under different solution combinations and wavelengths

Figure 2 reveals that fabric density and coating thickness are significantly negatively correlated with visible
light transmittance. When density increases from 100 to 300 g/m?, transmittance at the 500 nm band de-
creases by 17.9%. Furthermore, each 5 pm increment in coating thickness leads to an average transmittance
reduction of 3.55% at 400 nm and 3.68% at 700 nm. The five optimized solutions exhibit marked differences
across wavelength bands: the high-transmittance solution achieves 28.5%—29.1% transmittance in the 400-

500 nm region, while the shading solution reaches as low as 18.9% transmittance in the 700—800 nm region.

Parameter Response Characteristics of Thermal Resistance Enhancement

In the assessment of the thermal performance of building sunshade fabrics, the response characteristics of
thermal resistance are evaluated with respect to four variables: coating thickness, fabric density, thermal
conductivity, and optimization strategy. Four typical treatment combinations are selected: C1 (cotton-plain-
UV-resistant), C2 (polyester-twill-hydrophobic), C3 (linen-satin-hydrophilic), and C4 (nylon-plain-UV-resistant).

Figure 3 presents the thermal resistance response results for various factor changes.
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Figure 3. Radar chart of thermal resistance response characteristics for building sunshade fabrics. Figure 3(1): Thermal resistance

response at different coating thicknesses; Figure 3(2): Thermal resistance response at varying fabric densities; Figure 3(3): Thermal
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resistance response at different thermal conductivities; Figure 3(4): Thermal resistance response for different treatment combina-

tions

Figure 3 indicates that thermal resistance increases with both coating thickness and fabric density. For exam-
ple, in C1, thermal resistance rises from 0.026 to 0.035 m2-K/W when the coating thickness increases from 20
to 80 um, while C4 reaches 0.037 m?-K/W under the same conditions, reflecting the superior thermal insula-
tion of synthetic fibers. C3, featuring a dense satin weave, exhibits an increase in thermal resistance to 0.035
m2-K/W with increased density. Moreover, reducing thermal conductivity enhances thermal resistance: in C2,

lowering thermal conductivity from 0.045 to 0.030 W/m-K raises the thermal resistance to 0.033 m?2-K/W.

Coupling Effects of Fabric Structural Parameters on Multiple Performance Indicators

To comprehensively assess the influence of fabric structure and material parameters on multiple performance
indicators, Figure 4 presents the effects of various parameters and compares typical combination perfor-
mances. In Figure 4(4), G1-G5 represent the following configurations: medium-density, medium-thickness,
medium-conductivity; high-density, medium-thickness, medium-conductivity; high-density, high-thickness,
low-conductivity; medium-density, medium-thickness, high-conductivity; and extremely high-density, ex-

tremely high-thickness, extremely low-conductivity, respectively.

(1)
10

o — Shading efficiency — Shading efficiency
g 081 ~__ o // _— — Visible light transmittance — Visible light transmittance
ﬁ 0.6 /:\ — Thermal resistance performance — Thermal resistance performance
= 4 _— S~
E 0
202

0.0-— T ‘ T ‘

100 150 200 250 300
Fabric density (g/m?) Coating thickness (um)
(3) (4)

1.0 ! 1.0
o _ Shading efficiency o P — Shading efficiency
T 08 — Visible light transmittance ———— — Visble light transmittance
706 ) i — Thermal resistance performance — Thermal resistance performance
T04{ ~—~ I
E 0
202

00 T T T T T DU T T T T T

0.05 0.07 0.09 0.11 013 Gt G2 G3 G4 G5
Fiber thermal conductivity (W/m-K) Parameter combination

https://doi.org/10.31881/TLR.2026.807 822



GUOL TEXTILE & LEATHER REVIEW | 2026 | 9 | 807-827

Figure 4. Effects of fabric structure and material parameters on multiple performance indicators and analysis of optimized combina-
tion performance. Figure 4(1): Effect of fabric density on multiple performance indicators; Figure 4(2): Effect of coating thickness on
multiple performance indicators; Figure 4(3): Effect of thermal conductivity on multiple performance indicators; Figure 4(4): Impact

of typical optimization parameter combinations on multiple performance indicators

Figure 4 indicates that increasing fabric density substantially enhances shading efficiency (from 0.55 to 0.90)
and thermal resistance (from 0.40 to 0.78), while reducing transmittance (from 0.80 to 0.40). Increasing the
coating thickness from 5 um to 25 um elevates shading efficiency to 0.88, decreases transmittance, and in-
creases thermal resistance, underscoring its positive effect on infrared blocking. Conversely, higher thermal

conductivity has the opposite effect on these performance metrics.

Engineering Suitability and Performance Comparison Evaluation of Optimized Fabric Configurations

To optimize building shading systems, a four-dimensional evaluation framework encompassing performance
matching, process adaptation, stability, adjustability, and comprehensive proximity is established. Four rep-
resentative solutions are selected: S1 (balanced optimal), S2 (shading dominated), S3 (lighting dominated),

and S4 (insulation dominated). Figure 5 summarizes the relevant data.
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Figure 5. Comprehensive evaluation table of multi-objective shading system performance and adaptability. Figure 5(1): Perfor-
mance matching evaluation; Figure 5(2): Process suitability evaluation; Figure 5(3): Evaluation of stability and adjustability; Figure

5(4): Comprehensive proximity evaluation

Figure 5 shows that S1 performs well across all dimensions, with a comprehensive performance score of 0.88,
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process score of 0.93, and stability of 0.91, reflecting a high degree of balance among shading, light transmis-
sion, and thermal resistance. S2 achieves the highest shading efficiency (0.92), but its transmittance and ther-
mal resistance scores are lower, resulting in limited versatility. S3 excels in transmittance (0.91), though its
thermal resistance and process adaptability are slightly lower, prioritizing lighting applications. S4 demon-

strates higher thermal resistance (0.88) and moderate stability (0.87).

CONCLUSIONS

This study introduces a multi-objective genetic algorithm (MOGA)-based optimization framework for archi-
tectural weft functional textile materials, focusing on the simultaneous optimization of key parameters such
as fabric density, coating thickness, and fiber thermal conductivity. Experimental results indicate that increas-
ing the coating thickness from 0.1 mm to 0.5 mm boosts shading efficiency from 80.1% to 86%, while raising
thermal conductivity from 0.15 W/m-K to 0.25 W/m-K decreases shading efficiency by approximately 4.7%.
The research verifies the coupling relationships between parameters and the balance among multiple perfor-
mance metrics. However, the model is constructed under steady-state laboratory conditions and does not
account for dynamic climate variations, long-term aging, or variable loading scenarios. The optimization scope
is limited to the specific fabric—coating system used in these experiments. To improve physical accuracy, the
thermal resistance calculation was revised to a series model, reflecting the real stacking structure of fabric
and coating layers. Future research should expand the framework to include a broader range of textile struc-
tures and composite material systems, integrate dynamic environmental simulations and long-term durability
assessments, and apply parallel or multi-scale optimization strategies to address large and complex parame-
ter spaces. Such advancements would support the development of adaptive facade systems and intelligent
thermal—optical regulation solutions, thereby extending the practical impact of this work to sustainable build-

ing applications and contributing to next-generation energy-efficient architectural design.
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