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Abstract: The formulation of requirements for special clothing systems is a
multidimensional engineering challenge that bridges materials science, ergonomics, human
factors, and regulatory compliance. Despite its critical importance for occupational safety across
military, emergency response, medical, and industrial sectors, no unified framework for
systematically deriving and validating special clothing requirements currently exists in the
literature. This systematic review analyzes 312 peer-reviewed studies indexed in Scopus and
Web of Science (2010-2024) to synthesize a hierarchical requirement formulation framework
encompassing seven primary domains: mechanical protection, thermal resistance, chemical
barrier function, ergonomic comfort, smart/electronic integration, biological protection, and
sustainability. Meta-analysis of quantitative performance data reveals significant heterogeneity
(I = 28-68%) across requirement domains, underscoring the context-specificity of requirement
formulation. A radar-based multi-criteria weighting model is proposed for domain-specific
application. Critical gaps in current international standards coverage are quantified, with smart
textile durability (38% coverage) and multi-threat combined testing (42% coverage) identified as
most urgent priorities. The proposed framework provides a structured, evidence-based tool for
designers, safety engineers, and standards bodies engaged in the development and certification of
special clothing systems.

Keywords: special clothing requirements; protective garment design; multi-criteria
framework; PPE standards; textile engineering; smart textiles; hazard assessment; ergonomic
comfort.

AnHoTanusi: Pazpaborka TpeOoBaHMI K CHCTEMaM CHEIHMAIbHON OJEKIBI MPEICTABISET
co00if MHOTOMEPHYIO MH)KEHEPHYIO 3ajlauy, OObEAUHSAIONIYI0 MaTepHaIOBEeICHUE, SPTOHOMUKY,
YeNI0BEYECKHI (akTop M coOII0IeHue HOPMATUBHBIX TpeboBaHuil. HecMoTpst Ha e€ BaxkHeiiee
3Ha4YeHue NI obecreueHus: 0€30MacCHOCTU TpyZa B BOGHHOH cdepe, ciyk0ax 3KCTPEHHOro
pearupoBaHus, MEAULUHE U IPOMBIIUICHHOCTH, B HAy4YHOW JIATEpaType 10 HACTOSILEro
BPEMEHHU OTCYTCTBYET €JMHAas METOJOJOIMs CUCTEMaTHYeCKOro (popMUpOBaHUS U BaluJalMU
TpeOOBaHU K CIIELIUATILHON OJIEXKE.

B nanHOM cucremarnyeckoM 0030pe MpoaHanu3upoBaHbl 312 peLeH3UpyeMbIX HayYHBIX
nyOauKanuil, HHIeKCUpyeMbIX B 06a3ax maHHbIX Scopus u Web of Science 3a nepuon 2010-2024
IT., C IEJIbIO Pa3pabOTKU U 000O0IIECHHS HePAPXHUUECKON CTPYKTYPHI (POpMUPOBaHHS TPEOOBAHUIA,
BKJIIOYAIOILIEH ceMb OCHOBHBIX HalpaBIECHUIH: MEXaHMYECKas 3allluTa, TEPMUYECKas CTOMKOCTb,
OappepHas 3amUTa OT XUMHYECKHUX BEIIECTB, APrOHOMUYECKHH KOM(OpT, HHTETrpanus
UHTEJUICKTYaJIbHBIX/3JIEKTPOHHBIX ~KOMIIOHEHTOB, OMOJIOTHYECKas 3alluTa U yCTOMYMBOE
pa3BuUTHE.

MeraaHann3 KOJMYECTBEHHBIX IOKa3aresneil 3(P(EeKTUBHOCTH BBISBWI 3HAYUTEIHHYIO
HeogHopoaHocth (I2 = 28-68 %) Mexay pa3iuyHbIMH TpynnamMu TpeOOBaHUM, dYTO
HOATBEPKIACT KOHTEKCTHO-3aBHCUMBIN XapakTep HX (opMupoBaHMsA. I NpaKTHYECKOTO
NPUMEHEHHS B Pa3JIMYHBIX IPEIMETHBIX OONACTSIX MPEJIOKEHA paJualbHO-OpUEHTUPOBAHHAS
MHOTOKPUTEPHAIbHASI MOJIE)Tb B3BEIIMBAHUS ITOKA3aTEIEH.
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KonuuecTBeHHO OIleHEHBI KPUTHYECKHE TIPOOEITB B OXBATE JIEHCTBYIOMIMX MEXyHapOIHBIX
cragmaproB. Hawmbomee  aKkTyaJdbHBIMH  HANpaBICHUSMH  OPU3HAHBI  JOJTOBEYHOCTD
UHTEIJICKTYyaJbHBIX ~TEKCTUJIBHBIX MarepuanoB (oxBar craHgapraMu — 38 %) wu
KOMOMHUPOBAaHHbIE UCIIBITAHUS Ha BO3/ICHCTBHE HECKOIBKUX YIPO3 OAHOBPEMEHHO (42 %).

IIpemyiaraemast CTpyKTypa IMpelCTaBisieT COOOH cHCTEMaTU3MPOBAHHBIA HHCTPYMEHT,
OCHOBAHHBIM Ha JOKa3aTeJIbHOH 0a3e, MpenHa3HAuYeHHBIN JUISl MPOSKTUPOBIIMKOB, WHKEHEPOB
1o 0e30IaCHOCTH TPyJa M OpraHu3alMi Mo CTaHIapTU3alUH, Y4acTBYIOLIMX B pa3paboTke U
CepTU(UKAIIMH CHCTEM CIICIUAIBHON OJIEKTIBI.

KiroueBble cioBa: TpeOOBaHUS K CIELUAIBHOW OJEX[E; MPOEKTUPOBAHME 3AIUTHOU
OJIeXK/Ibl; MHOTOKpUTEpHalibHAsi CTpyKTypa; crannaprel CUW3; TekcTuibHas WHXKEHEpHS;
UHTEJUIEKTYaJIbHbIC TEKCTUIIbHBIE MaTEPHAJIbl; OLIEHKA OMACHOCTEH; SprOHOMUYECKHI KOMGOPT.

Introduction. Special clothing systems—encompassing military combat gear, firefighter
protective suits, chemical hazmat garments, medical personal protective equipment (PPE), and
industrial safety apparel—form a critical technological interface between human workers and
occupational hazards [1,2]. The global market for such garments exceeded USD 11.8 billion in
2024, with compound annual growth rates of 6.3% projected through 2030, driven by expanding
occupational safety legislation, military modernization, and heightened awareness of pandemic
preparedness [3].

Despite this significance, the formulation of requirements for special clothing remains
largely empirical, domain-specific, and poorly harmonized across international regulatory
frameworks. Current practice typically begins with threat characterization followed by material
selection, often without a structured methodology for translating operational hazard profiles into
quantifiable design requirements [4,5]. This fragmentation leads to garment systems that may
excel on a single protection criterion while failing to adequately address comfort, durability, or
multi-threat scenarios—factors increasingly cited as determinants of user compliance and
operational effectiveness [6,7].

The publication landscape reflects growing research momentum: our bibliometric analysis
reveals a 38% annual growth in smart textile-related publications (Fig. 3) and a 580% increase in
total special clothing research output between 2010 and 2024. Yet systematic, cross-domain
requirement formulation methodologies have not kept pace with this material innovation [8,9].
Existing reviews address isolated aspects: specific material categories [10], particular hazard
types [11], or individual standards frameworks [12], but no comprehensive hierarchical model
exists.

This study addresses this gap through a systematic review and quantitative synthesis of
special clothing requirement formulation methods. We present a validated hierarchical
framework (Fig. 4) covering seven requirement domains, a multi-criteria weighting model
calibrated for four primary application sectors (Fig. 1), and a quantitative gap analysis of current
standards coverage (Fig. 6). The findings provide both a practical design tool and a research
agenda for the field.

For the purposes of this review, 'special clothing' is defined as any garment engineered to
provide protection against one or more identifiable hazards beyond those addressed by
conventional apparel, conforming to at least one recognized international standard [13].
'Requirement formulation' refers to the systematic process of deriving, quantifying, prioritizing,
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and validating performance specifications for such garments, encompassing both functional and
non-functional requirements [14].

Results. Figure 3 presents the publication trend across the study period. Total output grew
from 142 publications in 2010 to 962 in 2024 (6.8x increase). Smart textile integration and
nanotechnology sub-domains demonstrated the steepest growth curves, consistent with broader
materials science innovation trajectories. Phase change material research showed more moderate
but steady growth (142% increase), reflecting maturation of the technology rather than early-
stage exploration.
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Fig. 3. Publication trends in special clothing requirements research indexed in Scopus and
Web of Science (2010-2024), disaggregated by key technology sub-domain.

The proposed framework (Fig. 4) organizes special clothing requirements into four
hierarchical tiers: (1) primary requirement domains (operational, material/performance,
ergonomic/comfort, and regulatory); (2) requirement sub-categories; (3) measurable indicators;
and (4) integration and validation pathways. The framework achieved 94.8% coverage of the 97
distinct requirement types identified in the literature, with the remaining 5.2% representing
emerging or highly sector-specific requirements not yet formalized in standards.
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SPECIAL CLOTHING REQUIREMENTS
FORMULATION FRAMEWORK

Operational Material & Ergonomic & Regulatory &
Requirements Performance Req. Comfort Req. Standards

Threat Mission Mechanical Thermal Fit & Microclimate  ISO/EN ASTM/NFPA

Assessment Profile Props. Props. Mobility Mgmt. Standards Standards
Ballistic Chemical Temp. Tensile TPP ROM MVTR EN ISO NFPA
level agents range strength value angles (g/m?/24h) 11612 2112

INTEGRATED REQUIREMENT VALIDATION - Prototype Testing — Certification —» Feedback Loop

Fig. 4. Hierarchical framework for formulating special clothing requirements, showing
primary domains, sub-categories, measurable indicators, and the integrated validation loop.

The Delphi-derived weighting model (Fig. 1) reveals distinct requirement profiles across
application sectors. Firefighter garments demonstrated the highest weighting for thermal
resistance (9.8/10) and mechanical protection (7.5/10), with relatively lower ergonomic priorities
(6.0/10). Military applications showed more balanced profiles with high mechanical (9.2/10) and
electronic integration weights (8.0/10). Medical garments prioritized biological protection
(9.5/10) and ergonomic comfort (8.5/10) above mechanical and thermal criteria. Industrial PPE
showed the most balanced profile across all domains.
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Fig. 1. Multi-criteria requirement weighting profiles for four special clothing application
sectors, derived from Delphi expert consensus panel (n=24 experts, W=0.71). Scale: 1 (lowest)
to 10 (highest priority).

Table 1 presents the comprehensive classification of requirement domains with quantitative
performance metrics and applicable standards. The table covers 12 sub-categories across six
primary domains, with performance thresholds derived from meta-analysis of identified studies
and cross-referenced against current international standards.

Table 1.

Hierarchical classification of special clothing requirements with quantitative metrics,
applicable standards, and priority levels.
Metric

Requirement Key

Indicator

Primary
Standard

Priority

Sub-category | PSS |

Domain

Mechanical Ballistic V50 velocity (m/s), NIJ-0101.06, EN Critical
Protection resistance NI1J level 1523
Mechanical Cut/puncture ISO 13997 TDM-100 EN 388, ISO Hich
Protection resistance N) 13997 &
Thermal Flame ) NFPA 2112, EN .
Protection resistance TPP 2 35 cal/em ISO 11612 Critical
Thermal Heat stress ) ISO 11092, ..
Protection management LRSS e ASTM F1868 b
Chemical Permeation BT > 30 min, SPLF < EN 374, ASTM Critical
Protection resistance 1% F739
Chemical Repellency Contact angle > 120°, ISO 4920, Hich
Protection (liquids) AATCC 22> 90 AATCC 22 &
Ergonomic Range of ROM > 90% ISO 13688, EN Hich
Comfort motion unrestricted movement 340 &

. MIL-PRF-44259,
CIEOROMIC  Weight / bulk a‘gﬂbﬁ‘;’mem <3.5ks NaTO Medium

STANAG

Smart Sensor Function retention IEC 62368, EN Medium
Integration washability after 30x wash 61340-5

https://ijmri.de/index.php/jmsi
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Metric /| Primary

Standard

Priority
Level

Smart — SE > 40 dB (1-10 EN 61000-4, ..
mgrion | LA SR a MIL-STD-461  1igh
Biological Pathogen BPF > 99.9% (viral EN 14126, ISO Critical
Protection barrier penetration) 16603

Sustainabilit End-of-life Recyclable fraction > ISO 14040, EN Low
us y recyclability 60% 13432

Table 2 summarizes the meta-analysis results across seven primary requirement domains.
Ballistic protection achieved the highest pooled performance score (8.7/10, 95% CI: 8.4-9.0),
reflecting decades of standardization and material development. Smart integration showed the
lowest score (5.8/10) with the highest heterogeneity (I = 68%), consistent with the nascent state
of e-textile standards. Egger's test found no evidence of publication bias for five of seven
domains (all p > 0.10); mild asymmetry was detected for ergonomic comfort (p = 0.04) and
smart integration (p = 0.03), likely reflecting selective reporting of positive outcomes in these

areas.

Table 2.

Random-effects meta-analysis summary of performance scores across special clothing
requirement domains (n = 285 studies contributing quantitative data).

Requirement Studies (n) Pooled
Type Score
Ballistic 52 8.7/10
Protection

Thermal 48 8.2/10
Resistance

Chemical 41 79/10
Barrier

Ergonomic 38 6.5/10
Comfort

Smart 29 5.8/10
Integration

https://ijmri.de/index.php/jmsi

95% CI Heterogeneity
)
8.4-9.0 32% <0.001
7.9-8.5 28% <0.001
7.5-8.3 41% <0.001
6.1-6.9 55% 0.002
5.2-6.4 68% 0.007
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Requirement Studies (n) Pooled 95% CI Heterogeneity
Type Score 1)

Biological 7.4/10 7.0-7.8 38% <0.001
Protection
Environmental 44 7.1/10 6.7-7.5 44% < 0.001
Durability

Figure 2 presents the compliance scores across eight special clothing categories against four
major standards systems (ISO, EN, ASTM, NFPA). High-visibility garments demonstrated the
highest overall compliance (EN: 92%), reflecting the maturity of EN ISO 20471 requirements.
Firefighter suits showed exceptional NFPA compliance (95%) but lower ISO scores (85%),
reflecting the historically North American orientation of NFPA standards development. Smart
uniforms and anti-static suits showed below-threshold compliance (< 80%) across multiple
systems, reinforcing the gap analysis findings.

N SO
s EN
100 1 B ASTM
[ NFPA

Min. threshold

Compliance Score (%)

Ballistic Firefighter Chemical Medical Industrial ~ High-Visibility Cold-Weather Anti-static
Protection Suits Hazmat Gowns PPE Garments Military Suits

Fig. 2. International standards compliance scores (%) across eight special clothing
categories and four standards systems. Red dashed line indicates minimum acceptable threshold

(80%).

Figure 5 illustrates the fundamental protection-comfort trade-off across garment categories.
A statistically significant inverse relationship was confirmed (r = —0.74, p < 0.001), with
firefighter suits occupying the high-protection/low-comfort quadrant (protection: 9.5/10; comfort:
4.0/10) and high-visibility garments showing the inverse profile (protection: 4.3/10; comfort:
8.8/10). Military combat garments clustered at high protection with moderate-low comfort (mean
comfort: 3.7/10), highlighting the ergonomic deficit that several reviewed design interventions
sought to address through advanced material architectures [21,22].
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Fig. 5. Protection—comfort trade-off plot across special clothing categories (n=30 data
points per category derived from reviewed studies). Dashed line represents the theoretical ideal
trade-off curve.

Figure 6 quantifies the gap between current standards coverage and full requirement
specification for eight identified need areas. Biomechanical fit assessment (55% coverage),
multi-threat combined testing (42%), smart textile durability (38%), and digital twin validation
(18%) emerge as the most critical gaps. The total weighted gap across all areas was calculated at
47.3%, indicating that fewer than half of all identified special clothing requirements are fully
addressed by current international standards—a finding with direct implications for product
safety assurance and regulatory harmonization efforts.
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Digital Twin Validation Gap: 82%

End-of-Life Sustainability 30% Gap: 70%
Microbiome Interaction Gap: 75%
Chemical Permeation (Mixed agents) 70% Gap: 30%
Thermal-Comfort Modeling
Smart Textile Durability Gap: 62%
Gap: 58%

Multi-threat Combined Testing

55% B Current Standards Coverage (%)
Gap to Full Coverage
1

Biomechanical Fit Assessment

0 20 40 60 80 100
Standards Coverage (%)

Fig. 6. Standards coverage gap analysis across eight identified requirement areas. Blue
bars show current coverage (%); gray extension shows gap to full coverage. Red dashed line:
minimum acceptable threshold (80%,).

Conclusions. This systematic review and meta-analysis has produced the first evidence-
based hierarchical framework for the formulation of requirements for special clothing systems.
Five principal conclusions are advanced:

1. The proposed four-tier hierarchical framework, covering 97 requirement types across
seven primary domains, achieves 94.8% coverage of all literature-identified requirement
categories and demonstrates validity across independent procurement specifications.

2. Requirement weighting profiles differ significantly across application sectors, with
firefighter garments prioritizing thermal resistance (9.8/10), medical garments prioritizing
biological protection (9.5/10), and military garments demonstrating the most balanced multi-
domain profile—confirming the inadequacy of universal performance thresholds.

3. A statistically significant inverse relationship between protection and comfort (r = —0.74,
p <0.001) was confirmed across all garment categories, supporting the integration of mandatory
comfort thresholds into requirement specifications alongside protection criteria.

4. Current international standards address fewer than 53% of identified requirement areas
adequately (>80% coverage), with the most critical gaps in smart textile durability (38%), multi-
threat testing (42%), and digital twin validation (18%).

5. Immediate priorities for ISO TC 38 and CEN TC 248 are the development of harmonized
smart textile durability protocols, multi-threat combined testing standards, and acceptance
criteria for computational (digital twin) validation methods.
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