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Healthcare workers often experience thermal discomfort when
using multilayer protective clothing, as barrier protection is often
prioritized over comfort. This study evaluated a Madaline®-
based multilayer textile system developed for medical
applications, consisting of an outer Madaline® layer, two
polyurethane membranes, and a quilted Nomex® Comfort liner.
Results showed that adding membranes increased thermal
resistance, with Membrane B performing slightly better than
Membrane A. The inclusion of the quilted liner further enhanced
insulation (65.43 mK-m?W) but reduced vapour permeability
(=21-23%) and increased RET (14.2-15.8 Pa-m*W), placing
both three-layer systems in the moderate comfort range. The
Membrane B + liner assembly is more suitable for high-risk
environments requiring maximum protection, while the
Membrane A + liner offers a better balance of comfort and safety
for moderate-risk or extended-wear conditions.
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Saglik ¢alisanlari, ¢ok katmanli koruyucu giysiler kullanirken,
genellikle koruyucu bariyer performansinin konforun oniinde
tutulmasi nedeniyle termal rahatsizlik yagamaktadir. Bu ¢aligsma,
tibbi uygulamalar igin gelistirilen, dig Madaline® katmani, iki
poliliretan membran ve kapitone Nomex® Comfort astardan
olusan ¢ok katmanli bir tekstil sistemini degerlendirmistir.
Bulgular, membran eklemenin termal direnci artirdigini ve
Membran B’nin Membran A’ya gore biraz daha iyi performans
gosterdigini ortaya koymustur. Kapitone astarin dahil edilmesi,
yaliimi daha da artirmis (65.43 mK-m?/W), ancak su buhari
gecirgenligini  azaltmis (=%21-23) ve RET degerini
yiikseltmistir (14.2—-15.8 Pa-m*W). Bu durum, her iki {g¢
katmanli sistemi de orta konfor kategorisine yerlestirmistir.
Membran B + astar kombinasyonu, maksimum koruma
gerektiren yiiksek riskli ortamlar i¢in daha uygunken, Membran
A + astar kombinasyonu orta riskli veya uzun siireli kullanim
kosullarinda konfor ve giivenlik arasinda daha iyi bir denge
saglamaktadir.
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Thermophysiological Insights Into Madaline®-Based Multilayer Textiles For Medical Protection

1. INTRODUCTION

Healthcare professionals frequently operate in thermally challenging environments where physiological
comfort, moisture management, and adequate protection against biological hazards are essential for
sustaining performance, safety, and well-being. Work in healthcare settings, such as wards, operating
rooms, or emergency environments, often requires wearing multilayered clothing systems that prioritize
barrier protection over thermal comfort, leading to increased thermal strain and discomfort [1-3]. Such
discomfort has been shown to reduce perceived work performance, impair concentration, and increase the
risk of heat-related illnesses, particularly under conditions of high physical activity or limited
environmental control [4-8].

Protective medical clothing is designed primarily to act as a barrier against pathogens and hazardous fluids;
however, these protective properties frequently come at the expense of breathability and moisture vapor
permeability [9]. Previous research has shown that surgical gowns, scrub suits, and cleanroom apparel differ
considerably in their thermal insulation and evaporative resistance values, directly affecting
thermophysiological responses and subjective comfort of the wearer [10-13]. Studies have emphasized the
necessity of balancing thermal insulation with vapor transmission to prevent excessive heat and moisture
accumulation within the clothing microclimate. Inadequate moisture management can increase skin
wetness and perceived clamminess, which in turn accelerates heat strain and impairs comfort [9-10].

A growing body of empirical work has evaluated thermal comfort of healthcare workers across diverse
environments and garment systems. For example, Wang et al. demonstrated that medical protective
clothing in hot and humid conditions significantly elevates skin temperature, sweat accumulation, and
cardiovascular strain, particularly during high-intensity tasks [14]. Abreu, et al. compared the thermo-
physiological behavior of single-use scrub suits and demonstrated significant differences in thermal
insulation, highlighting how ensemble design directly affects comfort [15]. Derks et al. showed that staff
in hospital wards often report “slightly warm” sensations that lower work performance [1], while
Khodakarami & Knight found that measured thermal comfort conditions in Iranian hospitals were often
unacceptable compared with international standards [16].

Recent research highlights the growing importance of advanced textile solutions for managing thermal
comfort in protective and functional clothing. Studies on personal thermal management garments show that
localized cooling strategies and adaptive garment designs can effectively address body-specific comfort
needs, improving both physiological stability and wearer perception [17]. Similarly, investigations into cold
intolerance emphasize how innovative textile engineering and multilayer constructions enhance heat
retention and user comfort in challenging conditions [18]. Research focused on high-thermal comfort
wearables for sports underscores the relevance of material selection, coatings, and system-level textile
design in enhancing breathability and heat dissipation [19]. Within medical contexts, pilot studies assessing
disposable protective clothing confirm that safe working durations are limited by physiological heat strain,
highlighting the need for improved thermal management in such garments [20]. Experimental
investigations have also demonstrated that personal protective equipment substantially elevates heat stress
in hot environments, affecting both physiological responses and subjective comfort [21]. To address these
challenges, targeted interventions such as water-absorbing resins and condensation—-dehumidification
technologies have been proposed, showing measurable reductions in heat burden and discomfort [22].
Finally, recent reviews synthesize advances in thermoregulatory clothing, noting that dual-mode and
responsive textile architectures offer promising pathways toward integrating protection with enhanced
comfort [23]. These studies demonstrate that innovation in textile engineering from sportswear applications
to medical protective clothing provides essential strategies for achieving both thermal comfort and
protective functionality in healthcare and other high-intensity settings.

Recent reviews emphasize that advances in nanomaterials, phase-change composites, and multilayer textile
architectures can significantly enhance thermoregulation without compromising protective performance
[24]. Similarly, research on smart clothing systems has demonstrated how responsive fabric technologies
can actively support personal thermal management, offering potential applications in healthcare apparel
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[25]. Hygroscopic and adaptive fibers can play a key role in buffering rapid changes in humidity and
temperature, thereby improving thermophysiological comfort during and after activity. For instance, Peng
et al. introduced an integrated cooling (i-Cool) textile that combines heat conduction and sweat
transportation, significantly enhancing perspiration management and thermal comfort [26]. Similarly, Chai
et al. demonstrated that thermoregulatory clothing incorporating temperature-adaptive, multimodal body
heat regulation can dynamically adjust to thermal loads, reducing heat stress while maintaining comfort
[27]. Together, these studies confirm that advanced fiber engineering and textile architectures provide
promising strategies to balance moisture management, thermal regulation, and comfort in protective
clothing systems.

Phase-change inserts and active cooling systems, such as ice vests and forced-air devices, have also
demonstrated effectiveness in reducing heat strain for healthcare personnel [28]. Experimental results
demonstrate that integrating phase-change cold storage into protective apparel leads to marked
improvements in both physiological and perceptual comfort [29]. Beyond garment engineering, several
field investigations have highlighted how contextual factors, such as hospital ventilation systems, ward
zoning, and local climate, affect comfort. For instance, Udom found that healthcare workers in remote hot-
arid clinics often faced conditions outside comfort limits, showing the need for climate-specific comfort
standards [30]. Likewise, indoor studies in Iran [31] revealed that standard PMV (Predicted Mean Vote)-
based indices often underestimate discomfort in hospital environments due to clothing and activity-specific
effects. These finding highlights the importance of integrating both environmental and clothing parameters
into comfort evaluation.

Given these complexities, standardized and quantitative evaluation methods are essential. Tools such as the
sweating guarded hot plate [ISO 11092] and thermal manikins [ASTM F1291, F2370] have been widely
applied to measure thermal resistance (Rct), evaporative resistance (Ret), and permeability index across
single and multilayer systems [32-33]. Studies using thermal manikins to assess surgical gowns, scrub suits,
and protective ensembles [28,32] provide objective metrics that, when combined with wearer trials, yield
valuable insights into how fabric density, membrane type, and air layer thickness influence thermal and
moisture transfer.

In light of these considerations, the present study focuses on the development and evaluation of a
Madaline®-based multilayer textile system specifically designed for medical protective applications. The
system integrates an outer Madaline® fabric with inherent liquid repellency, two types of polyurethane
membranes with different densities, and a quilted Nomex® thermal liner. This configuration was selected
to optimize the trade-off between thermal comfort and protective performance by enhancing moisture vapor
transmission, regulating heat flow, and ensuring effective liquid barrier protection. By systematically
assessing thermophysiological parameters such as thermal conductivity, resistance, and water vapor
permeability, this study aims to provide new insights into how Madaline®-based multilayer assemblies can
inform future standards for healthcare garment design and improve occupational comfort for medical
personnel working under demanding conditions. While previous studies have explored thermal comfort and
barrier properties of protective clothing in general, this work uniquely investigates the combined
performance of Madaline® fabric with polyurethane membranes and a Nomex® Comfort liner under
standardized 1SO 11092 testing. This integrated approach offers a novel perspective on optimizing both
comfort and protection in medical apparel.

2. MATERIALS AND METHODS
2.1. Materials

In this study, a multilayer textile system was developed to ensure user comfort, moisture regulation, and
protection against biological fluids. The system consists of three distinct layers: a functional outer
protective layer, a middle membrane layer for moisture management, and an inner quilted layer for thermal
insulation.
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Table 1 summarizes the detailed characteristics of the multilayer textile system components used in this
study, including key parameters such as material type, basis weight, thickness, and the functional role of
each layer. Figure 1 provides a visual representation of the multilayer textile system components, showing
the arrangement of the layers within the system.

Outer Layer (Functional Protective Layer):

The outermost fabric used was Madaline®, a nonwoven microfiber textile provided by Mogul Nonwoven,
composed of 70% polyester (PET) and 30% polyamide 6 (PA6), with a basis weight of 130 g/m*. Produced
using bi-component spunbond technology, this fabric combines softness, strength, and high dimensional
stability. It was treated to be blood- and alcohol-repellent, making it well-suited for use in protective
clothing intended for medical or hazardous settings.

Madaline® has a dense microfilament structure, which provides effective barrier and filtration properties
while remaining breathable and quick-drying. It also shows good moisture management, thermal insulation,
and wind resistance. In addition, its fabric-like handling characteristics allow for standard textile processes
such as dyeing, cutting, and sewing, making it versatile for garment manufacturing.

Middle Layer (Moisture Management):

To promote moisture vapor transfer and improve overall physiological comfort, two types of polyurethane
(PU) membranes were utilized in separate configurations. Membrane A is polyurethane membrane with a
basis weight of 145 g/m?, offering enhanced flexibility and improved moisture permeability. Membrane B
is polyurethane membrane with a basis weight of 859 g/m?, providing a more robust barrier effect and
structural support.

These membranes were placed between the outer and inner layers in various combinations to assess their
influence on comfort, moisture transport, and garment breathability.

Inner Layer (Thermal Insulation):

The innermost layer consisted of a two-layer nonwoven structure (55 g/m? + 55 g/m?) quilted to a Nomex®
Comfort fabric, forming the inner lining of the system. This multilayer configuration was selected to
provide thermal insulation, flame resistance, and wearer comfort. Nomex® Comfort offers inherent heat
and flame protection while maintaining breathability and a soft textile feel, which enhances user comfort
during extended wear. The quilted construction improves air permeability, contributes to thermal
regulation, and ensures mechanical stability, making the layer suitable for high-performance protective
garments.

Table 1. Characteristics of the multilayer textile system components

Basis weight Thickness
(g/m?) (mm)

Fabric type Function

Blood and alcohol repellent
barrier; primary defense
against biological fluids and
contaminants

Enhances moisture vapor

Madaline® fabric (70% PET/
Outer layer 30% PAS6, bi-component 130 0.51 (£ 0.02)
spunbond nonwoven)

Polyurethane (PU)

Membrane A lightweight membrane 145 0.31 (0.004) permeability

Membrane B Polyurethane (PU) 859 0.48 (£ 0.004) Enhance_s moisture vapor
dense membrane permeability

Thermal Two-layer nonwoven structure Provides thermal insulation,

- o-lay 55+ 55 1.73 (£ 0.05)  flame resistance, and wearer

liner quilted to Nomex® Comfort comfort
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— Moisture
barrier

Figure 1. Visual representation of the multilayer textile components used in the study:
Face and back surfaces of a) Outer layer (b) Membrane A (c) Membrane B (d)Thermal liner, and
e) Placement/stacking sequence of layers

2.2. Method

The thermal properties of the fabric samples and their multilayer assemblies were evaluated in accordance
with the ISO 11092 standard [34], which specifies the determination of thermal conductivity (1), thermal
absorptivity (b), thermal diffusivity (a), and thermal resistance (r).

The Alambeta instrument (Sensora, Czech Republic) was employed to precisely assess thermal
characteristics, while the Permetest device (Sensora, Czech Republic) was used to measure water vapour
permeability and evaporative resistance (RET), simulating skin perspiration under steady-state conditions.
These evaluations provided key thermophysiological parameters essential for understanding the
performance of different textile configurations. The calculations were based on standardized formulas and
widely reported methodologies in the literature [35], ensuring reliable and consistent results across all fabric
systems tested.

3. RESULTS AND DISCUSSION

3.1. Evaluation of Thermal Properties

The results of the thermal performance measurements are presented in Table 2, which summarizes the
thermal conductivity, diffusivity, absorption, resistance, thickness, and maximum heat flux values for each
fabric configuration. All measurements were conducted in accordance with related standard and average
values are accompanied by standard deviations to reflect measurement repeatability and material
uniformity. In addition, Figure 2 specifically illustrates the thermal conductivity and thermal resistance
values for the same fabric configurations, offering a complementary graphical representation of these two
key parameters.
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Table 2. Thermal performance parameters of the fabric combinations, Including thermal conductivity (La),
Thermal diffusion (a), Thermal absorption (b), Thermal resistance (r), Thickness (h), and
Maximum heat flux (gmx) Values measured for each sample configuration

Sample arou La a b r h Omax
PIEQIOUP  mwimK)  (mmZs)  (Ws¥2m2K)  (mK.mZW) (mm) (W/m?)
Outer layer 344+121  0.05:002 12;‘?2* 1477£021 051002 674.53+34.39

Membrane A 33.63+1.88  0.053+0.02  150.46+19.8 9.4+ 0.43 0.31+0.004 810.1+4.05

Membrane B 40.53+1.16  0.048+0.02 191.4+334 11.9+0.25 0.48 +£0.004 790.6 +52.3

Thermal layer 34.7+£2.76 180102(?8 97.1+5.83 50.03+5.6 1.73+£0.05 489.4+8.07
Outer layer + 131.67+
Membane A 41.03+1.06  0.08+0.06 2197 21.40+0.70  0.87+0.02 663.93+50.86

Outer layer +

Membrane A+ 41.47+0.98 0.12+0.01 122.33+4.60 61.33+1.29  2.54+0.05 618.07+15.45
Thermal layer
Outer layer +
Membane B
Outer layer +
Membrane B + 42.6 +£0.52 0.11+0.01 129.63+4.45 65.43+0.81 2.79+0.02 647.80+52.48
Thermal layer

44,93+ 0.91 0.10+ 0.02 140.77£9.73  23.07+0.50 1.04+0.004 689.77+22.34

80
65,43
70 61,33
60
20 41,03 41,4 44,93 42,6
40 34,4
30 21,4 3,07  La (mW/m.K)
20 A, 77 H r(mK.m2/W)
0
Outer layer Outer layer + Outer layer + Outer layer + Quter layer +
Membane A Membrane A Membane B Membrane B
+ Thermal + Thermal
layer layer

Figure 2. Thermal conductivity and thermal resistance of the fabric combinations

The outer layer alone, with the lowest basis weight of 130 g/m?, exhibited the lowest thermal conductivity
(34.4 £ 1.21 mW/m-K), which is expected for a single textile layer without any additional insulating or
structural components. This result reflects the relatively simple construction of the fabric, which limits its
ability to conduct heat and provides only a basic barrier to thermal transfer. When Membrane A (145 g/m?)
was added, the thermal conductivity increased to 41.03 + 1.06 mW/m-K. Despite being only slightly heavier
than the outer layer, its denser polymer matrix offers more continuous pathways for heat transfer, increasing
conduction. However, when the thermal liner (110 g/m?) was incorporated alongside Membrane A, the
conductivity value (41.47 £ 0.98 mW/m'K) remained almost the same as the membrane-only configuration.
The liner’s quilted structure traps air within its layers, reducing heat transfer and compensating for the
increase caused by the membrane [36]. This balance shows how lower-density, air-trapping components
like the liner counteract the conductive effects of slightly denser materials, maintaining stability in overall
conductivity [37,38].

The highest thermal conductivity was measured in the outer + Membrane B configuration (44.93 = 0.91
mW/m-K) which can be attributed to the high density (859 g/m?) and compact microstructure of Membrane
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B, facilitating more efficient heat conduction compared to other membrane type [39]. In contrast, the outer
+ Membrane B + thermal liner assembly exhibited a slightly lower conductivity (42.6 + 0.52 mW/m-K).
This reduction is likely due to the insulating effect of the quilted Nomex® thermal liner, which introduces
additional air gaps and reduces the direct conductive pathways present in the membrane-only configuration
[40]. The layered construction of the liner, combined with its inherent low thermal conductivity, counteracts
some of the conduction-enhancing effects of Membrane B, resulting in an overall decrease in measured
conductivity [41].

Thermal diffusivity, a key measure of how quickly a material responds to temperature changes [42], was
found to be 0.05 £ 0.02 mm?/s for the outer layer and ranged between 0.08 and 0.12 mm?/s in the layered
assemblies, exhibiting relatively low variation across samples. These values are consistent with typical
textile diffusivity ranges and indicate that the materials respond at a stable and controlled rate when exposed
to temperature fluctuations. The small standard deviations further suggest excellent repeatability and
uniformity in sample structure. The diffusivity trend aligns with material density: denser layers like
Membrane B react slightly faster to temperature changes due to their continuous, compact structure, while
lighter layers provide more buffering effects.

Thermal absorption (b), also known as thermal absorptivity, represents a material's ability to absorb heat,
especially in the initial contact phase, and is often associated with the feeling of immediate warmth or
coolness upon touch. In our measurements, the outer layer alone exhibited the highest thermal absorption
(154.50£22.16 W-s'/2/m*-K), which then decreased with the addition of layers. Incorporating Membrane
A reduced absorption to 131.67 W-s'/%m?-K, and the further addition of the thermal liner brought it down
to 122.33 W-s'/2/m?-K. A similar trend was observed with Membrane B combinations, where absorption
dropped from 140.77 W-s'/2/m*-K (outer + Membrane B) to 129.63 W-s!/2/m?-K when the liner was added.
This reduction is directly linked to the increasing total thickness and air entrapment in the lower-density
quilted liner, which slows heat uptake and creates a warmer tactile sensation. This behavior is supported by
the study reported by Sampath [43], which has demonstrated that fabrics with lower thermal absorptivity
impart a warmer sensation upon contact due to slower heat uptake from the skin, typically seen in materials
with thicker or more insulating structures.

For thermal absorption (b), the highest standard deviation was observed in the outer layer configuration (+
22.16 W-s'/2/m?-K), indicating greater variability in heat uptake due to the fabric’s unprotected, single-
layer structure. The addition of Membrane A slightly reduced the standard deviation to + 21.97
W-s!2/m?-K, while the inclusion of the thermal liner alongside Membrane A significantly lowered it to +
4.60 W-s'/2/m?-K. On the other hand, adding Membrane B to the outer layer reduced the standard deviation
to + 9.73 W-s'2/m?K, and combining it with the thermal liner yielded the lowest deviation of all
configurations (+ 4.45 W-s!/2/m?-K). The substantial reduction in standard deviation when the thermal liner
is incorporated can be attributed to its quilted, multi-layer structure, which increases measurement
consistency by minimizing localized variations in heat absorption and reducing the influence of surface
irregularities during testing [44].

Thermal resistance (r) increased progressively with material density. The outer layer (lightest, 130 g/m?)
had the lowest resistance (14.77 mK-m*W). Adding Membrane A (145 g/m?) raised resistance to 21.40
mK-m?W, while incorporating the liner significantly increased it to 61.33 mK-m*W. Membrane B’s dense
structure produced slightly higher resistance (23.07 mK-m?*/ W) than Membrane A. When the liner was
added, the value peaked at 65.43 mK-m?/W. This demonstrates the strong insulating synergy between dense
materials like Membrane B and lightweight, air-trapping layers like the liner, which together maximize
insulation [45]

The maximum heat flux (qm.x) vValues ranged from 618.07 W/m? to 689.77 W/m? across all configurations.
For the outer layer, gm.x was 674.53 W/m?, decreasing to 663.93 W/m? with the addition of Membrane A,
and further to 618.07 W/m? when the thermal liner was incorporated, reflecting a progressive reduction in
heat transfer capacity as insulation layers were added. In contrast, combining the outer layer with Membrane
B resulted in the highest gmax value of 689.77 W/m?, slightly exceeding that of the outer + Membrane A
combination. When the thermal liner was added to this configuration, gm.x decreased to 647.80 W/m?, but
remained higher than the equivalent Membrane A+liner assembly. This trend aligns with previous findings
showing that thermal resistance and maximum heat flux, while often inversely related, are not always
directly proportional. Thermal resistance describes a material’s overall ability to impede steady-state heat
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transfer over time, which improves with additional layers, trapped air, and low-conductivity components.
In contrast, qmax represents the peak instantaneous heat transfer rate and is strongly influenced by surface
density, intrinsic material conductivity, and contact characteristics. This occurs because qmax reflects the
transient surface heat transfer upon contact, which depends heavily on surface density and thermal
absorptivity, not just insulation [46,47]. Membrane B’s dense and compact microstructure enhances barrier
performance and increases thermal resistance but also provides more direct conductive pathways at the
surface, resulting in higher peak heat transfer. The addition of the quilted Nomex® thermal liner mitigates
this effect by introducing insulating air gaps and reducing both conductive and convective heat flow;
however, the influence of Membrane B’s higher intrinsic conductivity remains evident in the heat flux
measurements.

3.2. Evaluation of Water Vapour Permeability & Water Vapour Resistance Properties

Figure 3 summarises the water vapour permeability and resistance (RET) values for each fabric
configuration.

The results of the water vapour permeability and resistance (RET) measurements provide important insights
into the balance between barrier protection and physiological comfort in multilayer textile systems. The
outer layer alone exhibited the highest water vapour permeability (72.9%) and the lowest resistance to water
vapour transfer (RET = 1.7 Pa-m?/W). According to the ISO 11092 classification of comfort ranges, values
below 6 Pa-m?/W are considered to reflect very good to excellent breathability [34]. This confirms that the
outer layer, with its relatively simple structure and absence of additional membranes or liners, provides
minimal restriction to vapour transfer and is highly suitable for maintaining comfort during prolonged use.

Incorporating Membrane A reduced permeability to 44.4% and increased RET to 5.4 Pa-m*W, reflecting
the membrane’s barrier effect, which restricts moisture diffusion through the fabric system. Nevertheless,
its ability to maintain RET below 6 suggests that Membrane A still supports adequate moisture management
while enhancing fluid protection. When the thermal liner was added alongside Membrane A, permeability
further decreased to 21.2% and RET increased substantially to 15.8 Pa-m*W. This classifies the assembly
in the satisfactory but limited comfort category (13-20) [34]. The increase reflects the influence of the
quilted Nomex® liner, which adds bulk, increases thickness, and introduces more tortuous diffusion paths
for vapour. Consequently, although this configuration offers improved thermal insulation and protective
performance, it significantly compromises breathability, which may elevate wearer discomfort during
extended periods of activity.

90

80 72,9

70 W Water vapor
permeability (%)

60 50,9

50 44,4

40 B Water vapor
resistance

30 21,2 232 (RET/m2-Pa/W)

20 15,8 14,2

10 17 5,4 . 4,1 .

0 — [ [

Outer layer Outer layer+  Outer layer+  Outer layer+  Outer layer +
Membane A MembraneA+ MembaneB MembraneB +
Thermal layer Thermal layer

Figure 3. Water vapour permeability and resistance of the fabric combinations

The outer layer + Membrane B configuration demonstrated a water vapour permeability of 50.9% with a
corresponding RET value of 4.1 Pa-m?W, classifying it within the “very good breathability” category (RET
< 6) according to 1SO 11092 standards [34, 48]. The addition of the quilted thermal liner markedly reduced
permeability to 23.2% and increased RET to 14.2 Pa-m* W, which corresponds to “satisfactory but limited
comfort” (Ret value of 13—20). A similar decline was observed in the Membrane A combinations, where

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Pelin ALTAY

permeability dropped from 44.4% (RET = 5.4 Pa-m?/W) to 21.2% (RET = 15.8 Pa-m* W) with the inclusion
of the thermal liner. However, across both two- and three-layer configurations, Membrane B assemblies
consistently showed slightly higher vapour permeability and lower RET values compared with Membrane
A. This indicates that, although Membrane B is considerably heavier (859 g/m? vs. 145 g/m?) and denser,
its structural characteristics, likely related to its pore distribution and microstructural compactness, permit
marginally greater vapour diffusion than Membrane A. Previous textile studies have reported that
membrane morphology, including pore size and connectivity, exerts a dominant influence on moisture
vapour transfer, sometimes overriding thickness effects [49-50]. The dense but potentially more
interconnected microstructure of Membrane B may therefore facilitate limited vapour transmission while
still ensuring a high barrier effect against liquids.

In both membrane types, the addition of the thermal liner significantly reduced permeability and increased
RET. This effect is due to the liner’s quilted nonwoven Nomex® structure, which increases thickness,
introduces additional air gaps, and creates more tortuous diffusion paths, thereby impeding vapour transfer
[48,51].

These results emphasize the inherent trade-off in multilayer protective textiles. While the integration of
membranes and quilted liners improves thermal insulation and protective capacity, it also restricts moisture
transmission and increases evaporative resistance. This dual effect highlights the importance of careful
design optimization to achieve adequate protection while maintaining acceptable levels of wearer comfort
in medical and other high-risk settings.

4. CONCLUSION

This study examined the thermophysiological performance of Madaline®-based multilayer textile systems
for medical protective clothing, emphasizing the balance between thermal insulation, liquid barrier
protection, and wearer comfort. The multilayer system consisted of a Madaline® outer layer, two
polyurethane membranes with different densities, and a quilted Nomex® thermal liner. Results
demonstrated that incorporating the membranes significantly improved thermal resistance and barrier
performance compared to the outer layer alone. Notably, the outer + Membrane B + liner configuration
provided the highest insulation (65.43 mK-m?W) and superior barrier protection. However, this
improvement was accompanied by a marked decrease in water vapor permeability (23.2%) and an increase
in evaporative resistance (RET = 14.2 Pa-m* W), placing it in the moderate comfort range according to ISO
11092 standards.

While the Membrane B + liner assembly offers maximum thermal protection and liquid barrier
performance, making it highly suitable for high-risk medical applications such as surgical procedures or
emergency response duties in contaminated environments, it compromises breathability during extended
wear. In contrast, the outer + Membrane A + liner system demonstrated slightly lower insulation (61.33
mK-m?*W) but provided a more favorable balance between comfort and protection, making it better suited
for moderate-risk healthcare settings or long-duration activities, particularly in warmer climates.

These findings emphasize the inherent trade-off between protection and comfort in multilayer protective
textiles. They also highlight the importance of selecting fabric configurations based on specific healthcare
contexts, environmental conditions, and activity levels. Ultimately, this work provides practical guidance
for optimizing Madaline®-based protective garments, supporting the development of future standards
aimed at improving both safety and occupational comfort for healthcare professionals.
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