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PREFACE:

Welcomecolleagues to the fB3international Conference on Environmental Ergonor(ic&E).
It is a pleasure to welcome you to Boston, Massachusetts.

Theconference is divided into thirteeassions, each comprising oral andtpopreserdtions.
We have four kynote presentations and one rggmposium. The sessions are:
Thermal Protectiv€lothing

NBC and First Responder Ensembles

Indicesof Thermal Stress and Strain

Cold Environments

Cooling Systems

Fluids andHydration

Thermal Manikins

ThermalModelling

Methods

Thermal Control

PhysiologyandPerformance

Hypoxic Environments

Cognition, PerceptioandComfort

We would like to thank our partners and sponsors this Yéar. Gore and AssociatestheU.S.

Army Research Institute of Environmental Medicine / U.S. Army Medical Research &

Materiel Command andMeasurement Technology NorthWestTheir sponsorship has

ensured a successful meeting. We would also like to thank our exhibitor, Humanikin. Many
special thanks to thdew England Chapter of the American College of Sports Medicine

(Dino Costanzo & Donna Murphy) for all the administrative support that they have given. This
conference would not have been possible without their hard work. Thank you also to the Session
Chairpesons for all their hard work and dedicatiorthe ICEE.

We hope that you have a wonderful meeting and have a chance to see all that Boston has to offer.

John W. Castellani
Thomas L. Endrusick

USARIE.

Warfiahter Health & Pecformance
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Cardiff, UK
Organisers: Neil Thomasandlgor B. Mekjavic

Whistler, British Columbia, Canada

Organisers: Igor B. MekjavicandNaoshi Kakitsuba

Abstracts pubBhed inAnnals Physiological Anthropolog§ol. 5@3)
Selected papers published Bavironmental Ergonomics
Editors: I.B.Mekjavic, EW. BanisterandJ.B. Morrison,

ISBN 0-85066400-4

Publisher: Taylor & Francis, London, 1988.

Helsinki, Finland and Viking Ferry Line

Organisers: Raija lImarinen and Arvid Pasche

Selected papers published 8cand.J. Work Envrion & Health Vol 15 (Suppl 1) 1989.
Proceedings of the®lInternational Conference on Environmental Ergonomics

Austin, Texas, USA.
Organisers: EugeneH. WisslerandSarahA. Nunneley.
Proceedings of the™international Conference on Environntal Ergonomics

Maastricht, The Nethentals

Organisers: WouterA. Lotens andseorge Havenith

Proceedings of the"bBinternational Conference on Environmental Ergonomics
Editors: W.A. LotensandG. Havenith.

ISBN 906743227-X

Publisher: TNO-Intstitute of Perception, The Netherlands, 1992.

Montebello, Quebec, Canada

Organisers: John Frim, MicheB. DucharmeandPeter Tikuisis

Proceedings of the"Binternational Conference on Environmental Ergonomics
Editors: J. Frim, MB Ducharme ad P. Tikuisis.

ISBN 0-662-216504

Publisher: Defense & Civil Inst of EnvriormentalMed., Canada.

Jerusalem, Israel.

Organisers: Yair Shapiro, Daniel S. Moran arvbram Epstein
ProceedingsEnvironmental Ergonomics: RecdPitogress and New Frdiers
Editors: Y. Shapiro, D.S. Moran and Y. Epstein.

ISBN 9652941239

Publisher: Freund Publishing bluse, Tel Aviv
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1998 San Diego, California, USA.
Organisers: James A. HodgdoandJay H. Heaney
Proceedings published iBnvironmental Ergoomics VIII
Editors: J.A. Hodgdm, J.H. Heaney anil.J. Buono.
ISBN 0-96669531-3. San Diego, 1999.

2000 Dortmund, Germany.
Organisers: Jirgen WerneandMartin Hexamer
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Publisher: Shaker Verlag, Aachen, 2000.

2002 Fukuoka, Japan.

Organisers: Yutaka TochiharandTadakatsu Ohnaka

Proceedings published d@&nvironmental Ergonomics.
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Editors: Y. TochiharaandT. Ohnaka.

ISBN 4-99013580-6

Publisher: Elsevier, Amsterdam2005.

2005 Ystad, Sweden.
Organisers: Ingvar Holnér, Kalev KuklaneandChuansi Gao
Environmental Ergonomics XProceedings of th&1" International Conference on
Environmental Ergonomics
Editors: I. Holmér, K. KuklaneandC. Gao.
ISBN 91-:631-70620
Publisher: Lund University, Lund, Sweden, 2005.

2007 Piran, Slovenia.
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Environmental Ergonomics XIProceedings of th&2" International Conference on
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ISBN 978961-905451-2
Publisher: Biomed d.o.o., Ljubljana 2007.

2009 Boston, USA
Organisers: John W. CastellarandThomas L. Endrusick
Environmental Ergonomics XlIProceedings of th&3" International Conference on
Environmental Ergonomics
ISBN 9781-741281781 (CD ROM) and ISBN9781-741281798 (online)
Publisher: University of Wollongong, Australia, 2009.
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2011

2013

Future | nternational Conferences on Environmental Ergonomics

Nafplio, Greece

Organisers: Maria KoskoluandNickos Geladas
Date: June 2011

Web site http://www.planica.eu/icee2011/
Email: icee2011@planica.eu

i
2
g
&

QueenstownNew Zealand

Organiser: Jm D. Cotter University of Otago, New Zealand
Date: February 2013

Email: jim.cotter@otago.ac.nz
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INTELLIGENT T EXTILES FOR CHEMICAL BIOLOGICAL

PROTECTIVE CLOTHING
Eugene Wilusz
US Army Natick Soldier RDE Center
Natick, MA 01760 USA

For many years chemical biological (CB) protective clothing usatidynilitary has relied on
activated carbon as an integral component of the textile system. The carbon does an excellent
job as an adsorbent for hazardous chemicals. In an effort to develop CB clothing which is lighter
weight, more comfortable, and migsifriendly, materials research has been ongoing to reduce

the quantity of carbon used or even eliminate it altogether. During the past several years
membranes have been developed that have the potential to form the basis of the next generation
of protecive clothing. Membranes for this purpose can be of two typegroporous or

nonporous. Microporous membranes can be used in conjunction with a carbon layer.

Nonporous membranes can be used without any carbon or with a minimal amount. Among the
many dallenges is the need for the membrane to serve as a barrier to hazardous chemicals while
still allowing a significant degree of moisture vapor transport. It is essential that the
permselectivity of the membrane be optimized. Several approaches tptitmization have

been examined, and two are particularly promising. lon implantation has been used. In addition,
monolayers and bilayers of cyclic molecules of controlled pore size have been applied to the
surface to regulate diffusion into the membraBeth techniques have led to prototype

membranes with improved permselectivities. Ensembles fabricated from nonporous membranes
face the issue of being susceptible to compromise at the interfaces in the clothing system because
of pumping action. Carefiyl designed closure systems are needed to overcome this concern.
Research is also underway to develop filter fabrics and to incorporate catalytsts and
antimicrobial treatments into these textile systems eventually leading-teseXifying CB
protectiveclothing. Additional research is focusing on developing fabrics with controllable,
variable permeability. Such fabrics will ideally respond to an external stimulus, act as a barrier

in the presence of a threat, and otherwise serve as a breathablendordatxbe fabric. Chemical

and biological sensors are being developed for incorporation into CB fabrics. Personal cooling
fabrics are also being developed.
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EVAPORATIVE COOLING IN PROTECTIVE CLOTHING:

EFFICIENCY IN RELATION TO DISTANCE FROM SKIN

George HavenitH, Peter Brod&, Victor Canda8, Emiel den Hartog, Ingvar Holmé?, Kalev
Kuklané), Harriet Meinandef’, Wolfgang Nockét Mark Richard€and Xiaoxin Wand

YEnvironmental Ergonomics Research Group, Department of Human Sciences,
LoughboroughJniversity, Loughborough, LE11 3TU, UK.
2 THERMPROTECT network
Contact person:G.Havenith@lboro.ac.uk

INTRODUCTION

Evaporation of moisture, usually sweat, is essential for the maintenance of heat balance under
most conditions when personal protectivething is worn. Evaporation provides cooling where
otherwise body heat losses would not be able to match metabolic heat gerféyalibe energy
equivalent of evaporating water or sweat from the skin is deemed only tpdedeéat on the
temperature at which it takes pla&g (with skin temperature ranging typically from-36°C),

but otherwise not influenced by factors such as clothing. When moisture evaporates from the
skin in a person wearingothing and travels towards the environment, it may be sorbed and
subsequently desorbed by textile fibe8) {t may condensate in outer layers if these are colder
than the skinX2, 8, 4) and subsequently evaporate again, it may be ventilated from the clothing
microclimate through openings in the clothing or may finally diffuse through the outer clothing
layer. Each of the phase changesitimmed will cause heat to be released or abso®)ed (

Most thermophysiological and clothinglated research on exchanges of heat and mass between
humans and their thermal environment is based on heat balance agalydigs(analyses the
various avenues for heat generation and heat transfer: Metabolic rate (M), Radiation (R),
Convection (C), Conduction (K), Evaporation (EVAP), Respiratory heat losses (RESP) and
finally Heat Storage (S) in tHeody. Most of these parameters can be determined directly,
whereas DRY heat loss (R+C+K) is normally calculated as the balance of all other heat gains
and losses (DRY=MEVAP-RESRS). The latter is often done in clothing research, where the
DRY value is usé to calculate the thermal insulation of the clothing, and EVAP to calculate the
clothing vapor resistance. It should be noted that any errors made in the determination of one of
the heat balance parameters will end up cumulated in the value for DRYwamyDRY can

be measured directly, can this be avoided.

The method used to determine EVAP is to weigh the change of the (clothed)3pensss per

unit of time, corrected for respiratory moisture loss and metabolic mass losses. From the weight
loss per uit of time, it is possible to calculate the equivalent heat loss, which is the energy
required for evaporation of that quantity of moisture. The value commonly used is 2430 Joules
per gram of moisture evaporated. Hence evaporative heat loss is deteamined

EVAP(W) = %selosg heat of evaporatienM .%430( J 1)

timg $
As mentioned above the mass loss is taken by either continuously weighing the nude or clothed
person, or, due to technical difficulties of weighing an active person continuously, by weighing
the person before and afietest and from the weight difference calculate the mean mass loss per
unit of test time.
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All such calculations assume that the evaporative efficiency, i.e. the heat actually lost by
evaporation of a certain mass of water is equal to the evaporatidesgepbtential (mass loss

(in g) * 2430 J/g). It has been questioned whether this is the case when (protective) clothing is
worn, especially when this clothing hampers the evaporation of sweat and where sorption and
desorption or condensation or evapanatwithin the clothing takes place. As shown by Havenith

et al. @) and Broede et al2] the heat for evaporation is not always fully taken from the body,

and cooling efficiency of sweat was shoterbe dependent afaporresistancef clothingand
interacted with temperature | n t heir study, they generated

may have wicked into the base layer or even further, which may have contributed to the findings.

The preent study was designed in an attempt to specifically look into the effect of moisture
wicking away from the skin before evaporating. The hypothesis is that when the locus of
evaporation is further from the skin, the evaporative cooling effici@reythe heat actually

taken from the bodwyill be reduced.

For this purpose an experiment was performed where moisture was introduced at different
distances (layers) from the skin, and the cooling efficiency was measured. The most extreme
case being sprayingeltlothing from the outside (avoiding dripping) which is also relevant to
cooling off of workers wearing encapsulating protective clothing. As such an investigation is not
possible on human subjeetith sufficient precisiona thermal manikin was used.

METHODS

In order to discriminate between and determine all heat exchanges, measurements were made
using a t her mal (8mkhis mdnikimhay 32 iNdependenhzdnes in which heat
input or temperature can be contrdliend measured. With a dry skin, the skin temperature of the

manikin controlled at 34°C, and a fixed environmental temperature the measured heat loss can be

used to calculate dry heat resistance of the clothing worn. This measurement is described
extensivéy in 1ISO15831:2004 and ASTM F12916 (11, 1). All heat resistances were calculated
using the o6parall el me t AQ). dodallow measuremeanith wee d i n
skin, the mani kin was covered with a cotton
6sweating skin | ayer6. Alternatively, moi st
from the skin to look at the evaporation aalithe mosture had wicked to this location. Tests

were performed with the following configurations:

1: nude manikin, wet skin,

2: manikin with wet skin under a cotton, polyester or polypropylene base layer and a
permeable/semipermeable/impermeable outer layenoiasithickness and heat resistan8g (

3: permeable/semipermeable/impermeable outer layer as 2, but now with moisture (600g)
introduced in cotton base layer instead of at skin,

4: moisture introduced at outer surface of Petoieand Impermeable outer garment. This was
done with a: no base layer; b: 1 base layer; c: 2 bases|ay@ch changed the distance of the
evaporation locus in relation to the skin.

Apart from heat losses, also the weight change of the clothed, widimaas determined by
continuous weighing of the whole setup. The whole manikin setup was placed on an accurate
balance (Sartorius 150, with a resolution @f, Bbsolute accuracy to £10g). This setup enabled
the amount of water evaporated from the clugisystem and thus the real evaporative heat loss
and real evaporative heat resistance to be deternhed (
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All results presented in this paper are calculated for the clothed area only, excluding data from
the head, hands amfeket. Results will be presented lumped over the different underwear types.

Table 1, Heat and Vapor transfer properties of materials used determined according to
EN31092/ISO 11092. Air permeability was determined according to EN 1ISO 9237:9995 (

Air Rt Ret imt
permeability
Code Description /(m2s) (m° (m° n.d.
KIW) | Pa/W)
Underwear
CO Gnégi Cotton 0.024 |4.2 0.34
PES | Helly Polyester 0.029 |34 0.51
Hansen
PP Lifa Active | Polypropylene 0.026 | 3.7 0.42
Outer layer
PERM| O2 (blue | Inner surface: PTFE | 1.02 0.025 |5.6 0.25
inside) membrane
Outer surface:
hydrophilic
SEMI | O1 Inner surface: 1.98 0.023 | 18.6 0.07
hydrophobic coating
Outer surface: PTFE
membrane
IMP PVC 0.24 0.007 | w -

Experimental conitions

The main part of the testing for this experiment was performed at 20°C, with 40% rh (vapor

pressure 1 kPa). The manikin was placed in front of three fans, mounted in a vertical line,

producing a reference wind speed of 0.5 m/s. From the data abtaine6 Appar ent Evapo

Heat Loss® is calcul ated as:
Apparent Evaporative Heat Loss=Total Heass Wet Manikin - Dry Heat Lc 1)

Then, the O6Appar ent Ev apcalaulatediastlee Agparent i ng Ef
Evaporative Heat Loss of the wet mani kin d
(weight loss * 2430 J/g/time) of the same conditi®n (

Apparent Evaporative Cooling Efficiene;,'Aloloarent We.t heat IO,S s of wet man
Evaporative Cooling Potential )

RESULTS

The results for the nude manikin and the various configurations with semipermeable clothing, as
measured at 20°C, are presented in Fig. 1. As expectedltigefor evaporation of the nude

manikin is very close to 1, implying that here virtually all of the heat of evaporation is actually
taken from the body. The same appears to be true for the clothed manikin with a wet skin in this
climate. However, wherhe locus of evaporation is fully moved to the underwear (base layer) it
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is evident that the cooling efficiency is reduced substantially. l.e. only a part of the energy for
evaporation is taken from the body. The rest appears to be taken from the envirdmmhen

more extreme case of the evaporation taking place from the outer surface of the clothing, the
effect gets even stronger, and if in addition more base layers are worn, pushing the evaporation
locus further and further from the skin the energynidkem the body drops to 20% of the total
energy required for the evaporation.
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Fig. 1, Evaporative Cooling Efficiency measured for different evaporation loci.

CONCLUSIONS

After showing in earlier paperg,(8, 13, 14) that the amount of energy taken from the body for

the evaporation of a given quantity of sweat is dependent on the clothing permeability and on the
ambient temperature, tiper e sent experi ments have clearly de
cooling efficiencyd6 is also dependent on the
of its distance to the skin. A dramatic fall of cooling efficiency takes place whenuneoist

wicked away from the skin before it evaporated. Though the wicking may also have a positive
effect when the skin is not fully wet (different from this test) by increasing the surface area of
evaporation, there may be situations where it will lowerdooling power. Where both skin and
clothing are wetted, no risk of dehydration is present, and a large amount of ventilation takes

place in the clothing, having the extra evaporation from the fabric may also be beneficial. In
encapsulated clothing howevwhere the microenvironment may be close to become saturated,

and only a small fraction of produced sweat may evaporate, it would be best if this evaporates
directly from the skin and is not wicked further out.

The experiments have also demonstratedgpiatying clothing from the outside with water will

have a cooling efficiency of about 20 to 40% for the amount of evaporated water. In this
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condition, if a surplus of water is sprayed on to cool the person, additional conductive cooling
will take placewke r e t hi s water is cooler than the pers
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APPARENT TOTAL EVAPOR ATIVE RESISTANCE AND CLOTHING
ADJUSTMENT FACTORS AT DIFFERENT HUMIDITIES AND

METABOLIC RATES
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Contact person:tbernar@health.usf.edu

INTRODUCTION

It is clear that the static thermal properties of a clothing ensemble will change with

environmental and usage conditions. (Havenith et al 2008) An attempt to address the move from
static to dynamic (or resultant conditioms)s been addressed by Holmer and Havenith with
colleagues (Holmer et al 1999, Havenith et al 1999) and codified in 1ISO9920 (2007). The
prescribed reductions in total static insulation and evaporative resistance were based on empirical
evidence from severgharticipating laboratories.

The apparent total evaporative resistancgr@Rwas proposed by Caravello et al (2008) to

represent the measured evaporative resistance from wear trials based on a progressive heat stress
protocol. This method did not attgt to parse out individual pathways for heat exchange

(Havenith et al 2008) nor did it try to generalize to other conditions. It is, however, a useful tool

to explore the relative differences among ensembles under similar conditions using wear trials
andto judge the effects of different experimental conditions such has levels of humidity and
metabolic rate (and associated movement).

Clothing Adjustment Factors (CAF) have come into use via the ACGIH® TLV® for Heat Stress
and Strain (2009). CAF is an adjoent to the measured wet bulb globe temperature (WBGT)
index for an environment to account for clothing effects as they differ from cotton work clothes.
Caravello et al (2008) suggested a relationship between CAF.and&sed on five clothing
ensemble under limited trial conditions (moderate metabolic rate and 50% relative humidity).

The purpose of the current paper was (1) to expand the range of experimental conditions (relative
humidity and metabolic rate) for the five ensembles reported by Claravell (2008) for the
examination of Rrsand (2) revisit the relationship between CAF apd fbased on an

expanded data set.

METHODS

The data used for this paper were developed from three different studies, which used similar
methods to estimateAF (Bernard et al 2005, 2008) and-R (Caravello et al 2008). The base
ensemble worn under all test ensembles was cotton tee shirt, gym shorts, briefs, socks and
athletic shoes. All participants were acclimated to hot, dry conditions at a metabohtlége

W m? while wearing the base ensemble. All of the trials within a study were in a partially
balanced design to avoid ordering effects. All protocols were approved by the local IRB and
informed consent was obtained following university practice.ditierences in the studies are
presented in this section.

Relative Humidity Protocol
Five different clothing ensembles over the base ensendke evaluatedrhe ensembles

25



Proceedings of the 13Anternational Conference on Environmental ErgonomBisston (USA), August2, 2009

included work clothes (135 g firtotton shirt and 270 g ficotton pants), cottocoveralls (305 g
m) and three limitedise protective clothing ensembles: partlderier ensembles (Tyvek®
14240r 1427), waterbarrier, vapo-permeable ensdntes (NexGen® LS 417), and vapoarrier
ensembles (TycheQC®, polyethylenecoated Tyvek®. The limiteduse coveralls had a
zippered closure in the front and elastic cuffs at the arms and legs; and they did not include a
hood.

There were 14 participants who wore each ensemble at three levels of relative humidity (20%,
50%, and 70%, called R2, Rfid R7). The metabolic rate was moderate {455 and called
M2. (Bernard et al 2005)

Metabolic Rate Protocol

For the metabolic rate protocol, there were three metabolic rates (114, 176, aldr#%0

called M1, M2, and M3) at one relative humidi§0%, R5). There were 15 participants who

wore each of the five ensembles described above at the three levels of metabolic rate. (Bernard et
al 2008)

Porosity Study

Six test suits, designated as P00, P01, P02, P05, P10, and P20, were fabricated fiowighfab

a selectively permeable Hytélfilm laminated between two nonwoven layers that had
perforations to affect porosity of 0, 1, 2, 5, 10 and 20% of the surface area. (Bernard et al 2009)
In addition, there were standard cotton work clothes (as albodea Saratofd Hammer

chemical protective overgarments (jacket with integral hood and pants). Six acclimated
participants wore work clothes, Sarat®galammer, and prototype garments P00, P01, P02, and
PO5. Four participants also wore P10 and P20.

RESUWTS

The Relative Humidity and Metabolic Rate Protocols were designed to have a common exposure
pair of R5 and M2. The data for these conditions were not statistically different and thus they
were pooled together. Within protocol data analysis was a mixeeral linear model with two

fixed effects (clothing ensemble and either humidity level or metabolic rate level) with an
interaction term and participants treated as a random effect. In both protagols/aR the

dependent variable.

Relative HumidityProtocol

The relationship between:Raand relative humidity level for each ensemble is shown in Figure
1. There were significant differences fosRrelated to ensemble and relative humidity as well
as the interaction term. The strong interactiofuarice came from the drop in R.for the

vapor barrier ensemble with increasing humidity. Whileg Rvas generally higher at R2 for the
other ensembles, R5 and R7 were about the same cfFgbiRensemble, there were no
significant differences for ark clothes, cotton coveralls and Tyvek. NexGen and vapor barrier
were different from the others and each other.
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Figure 1. Apparent total evaporative resistancer@m? kPa W] by relative humidity level
for five clothing ensembles.

Metabolic Rag Protocol

The relationship between:R.and metabolic rate level for each ensemble is shown in Figure 2.
There were significant differences fog farelated to ensemble and metabolic rate as well as the
interaction term. The strong interaction inflaercame from the drop incRafor the vapor

barrier ensemble at M3..Rawas generally higher at M1 and dropped slowly through M2 to M3
for the other ensembles. Fog R,by ensemble, there were no significant differences for work
clothes, cotton covells and Tyvek. NexGen and vapor barrier were different from the others
and each other.

0.0451 —-=-CC
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0.040 = NexGen
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0.030- \\
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0.015- é\x\x
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Metabolic Rate Leve
Figure 2. Apparent total evaporative resistancer RIm? kPa W] by metabolic rate level for
five clothing ensembles.

Apparent Total Evaporative Resistanca &lothing Adjustment Factor

From the relative humidity and metabolic rate protocols, there were six baseline critical WBGTs
for work clothes and the CAF for the four other ensembles was determined for each of the three
relative humidities and three metdibaates. The result was 24 pairs of CAF and RIn a

similar manner, 7 more pairs were available from the porosity study. The relationship between
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Re12and CAF is shown in Figure 3. While relative humidity, metabolic rate and porosity were
potental effect modifiers, there was no apparent effect on the relationship.
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10.0 - CAF =346 R1,-4.5
?=0.92
8.0 1
6.0 1
4.0 1
2.0 4

0.0 4 *

-2.0

0 0.01 0.02 0.03 0.04 0.05
Apparent Total Evaporative Resistan

Figure 3. Clothing Adjustment Factor (CAF) FMUBGT] as a function of apparent total
evaporative resistance {R) [m? kPa W.

CONCLUSIONS

As seen in Figure 1, relative humidigrel clearly affected the apparent total evaporative
resistance for the vapor barrier ensemble with lesser effects for the other ensembles. At the
lower relative humidity (hot dry conditions). Rawas higher than the moderate and warm

humid conditios. While there is not direct evidenced of a heat pipe effect, an
evaporation/condensation cycle was more easily established in the R5 and R7 conditions that
would make the overall evaporative resistance appear to be lower (Havenith et al 2008). With
thehigher temperatures associated with the hot dry conditions (R2), it was less likely that
condensation could occur at the inner surface of the clothing. Because the differenggcianR

be substantial with ensembles of high evaporative resistantemgierature and humidity may

be additional candidates for adjusting static evaporative resistance values for actual wear
conditions as suggested for air speed and walking speed (Havenith et al 1999).

Re1awas also affected by metabolic rate (see FigyreThere was no surprise in this general
finding, but the change was greater for greater levels f RWith the higher values ofR

the role of convective heat transfer through openings in the clothing may account for the drop in
apparent evapative resistance. While the usual adjustments for evaporative resistance include
air and walking speed (Havenith et al 1999), some consideration to the overall level of
evaporative resistance as an effect modifier may be appropriate.

Clothing Adjustmentactors (CAFs) are used for a limited number of clothing ensembles in
WBGT-based exposure assessment methods (ACGIH 2009, Bernard et al 2005). Because these
are empirically determined from wear trials, a predictive method based on evaporative resistance
can be used to generalize CAF to an unlimited range of ensembles. To this end, the relationship
between Rt,and CAF was explored in Figure 3. Across the experimental conditions of relative
humidity, metabolic rate and ensembles, the relationship eggpembe consistent and linear.
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The line is similar to one posited earlier by Caravello et al (2008) using some of the same data
for one relative humidity and metabolic rate level.

In summary, there was a consistent linear relationship betwegeraRl CAF that can be used to
predict a CAF for an estimated resultant total evaporative resistance based on static evaporative
resistance adjusted for the usage conditions. In addition, there was some suggestion that the
determination of resultant total exaptive resistance might include air temperature and

humidity as well as the metabolic rate.
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INTRODUCTION

Management of leg stress is a critical issue thiosewearing clothingas a barrier tahemical
agents for extended periods. One accepted design for protective apparel for such-exeanded
is a relatively porous substrate fabric containing an activated charcoabeis@tarrison et al,
2004). Another desigases selectively permeable membra(B3Ms)that are nofporous but
effectively pass moisture by diffusion while rejecting transport of many toxic agents (Allmaras,
2007). A third approacis anadaptive barriestructure that is porous in the absence of chemical
threats but becomes ng@orous upon warning of the presence of a toxic agent (Trentacosta and
Kapur, 2005). An unresolved issue in extendedr protective apparel design is the relative
importance othroughthickness convection versus diffusive permeability of water vapor in the
capacity to support evaporative cooling.

For performance studies on alternative clothing ensembles, two approaches can be taken. A
common approach is to create conditionsirmfompensable heat stress by fixing the

environmental conditions to one or more typical environments at a fixed metabolic rate. The
average safe exposure time represents the ensemble performance. An alternative approach used
in this study is to determinthe critical environment at the upper limit of compensable heat stress
following a progressive exposure protocol. Based on the critical environment, an estimation of
the total apparent evaporative resistancer@r(Caravello et al 2008) and the ardl Wet Bulb

Globe Temperature (WBG) (Bernard et al 2005, 2008) can be determined. Bgthd&hd

WBGT,,; are useful indices for the comparison of the evaporative cooling capacity of clothing
ensembles.

METHODS

Materials

Six test suits, designated P00, P01, P02, P05, P10, and P20, were fabricated from DuPont
Acturel®, a selectively permeable Hyt@&Film laminated between two nonwoven layers. The

test suit design included a hood and elastic closures at all apertures including the wrists, ankles
and face. Porosity was incorporated into the suits with panels of Agttiral had been

punched at different densities. P01, P02, P05 and P10 achieved overall nominal open areas of
1.1, 2.2, 4.9, and 9.4%. POO was also fabricated with panels tleahatgoerforated, and was
representative of the performance of the-pomous SPM. P20 had an open area of 18%, where
the perforations covered the entire coverall.

Standard cotton work clothes (shirt and pants) were included in the test as a negatolend
Saratog&! Hammer chemical protective overgarments (jacket with integral hood and pants)
were included as representative of air permeable, activated carbon filled protective apparel. The
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base ensemble worn under all test ensembles was cottsmrtegym shorts, briefs, socks and
athletic shoes.

Participants

Six adult males participated in the wear tests. The average and standard deviation of their
physical characteristics are provided in Table 1. The study protocol was approved by the
Institutional Review Board. A written informed consent was obtained prior to enrollment in the
study. Each participant was examined by a physician and approved for participation.

Prior to beginning the experimental trials to determine critical conditparscipants underwent
a 5day acclimatization to dry heat that involved walking on a treadmill at a metabolic rate of
approximately 160 W hin a climatic chamber at 56 and 20% relative humidity (rh) for two
hours while wearing the base ensemble.

Table 1. Participant characteristics and ensemble trials completed.

ID Age Height Weight Body Ensembles and Number of Trials
(yrs) (cm)  (kg) SA(M)

POO PO1 PO2 PO5 P10 P20

S1 40 178 69.1 1.90 1 1 1 1 1 1

S2 23 173 52.3 1.60

S3 26 196 77.3 2.10

S4 20 183 86.4 2.10

S5 20 185 83.6 2.08

NNNNNN%

S
1
1
1
1
1
1

NN
S
S

=

=

=

S6 21 170 70.5 1.82

Progressive Heat Stress Protocol

Heat stress trials were conducted in a climatic chamber. A tréadmsiused to control
participants work rate at a moderate level of 160 W mir movement was nominal at 0.5 M. s
Typically, the dry bulb temperature 4 was set at 34°C (but the starting point was adjusted
lower for ensembles with suspected haylaporative resistance) and rh at 50%. Once the
participant reached thermal equilibrium (no change in rectal temperature and heart rate for at
least 15 minutes.),qfwas increased 0.8°C every 5 minutes. During trials, participants were
allowed to drinkwater or a commercial fluid replacement beverage (Gatorade®) at will.

Core temperature, heart rate and ambient conditions were monitored continuously and recorded
every 5 minutes. Trials were scheduled to last 120 minutes unless one of the follownmy crit

was met: (1) a clear rise in rectal temperaturg @6sociated with a loss of thermal equilibrium
(typically 0.1 °C increase per 5 min for 15 min), (2)r€ached 39 °C, (3) a sustained heart rate
greater than 90% of the ageedicted maximum heiarate, or (4) participant wished to stop.

The inflection point marked the transition from thermal balance to the loss of thermal balance,
where core temperature continued to rise. The chamber conditions five minutes before the noted
increase in core tgperature was taken as the critical condition. One investigator noted the

critical condition, and a second investigator reviewed the decisions.

31



Proceedings of the 13Anternational Conference on Environmental ErgonomBisston (USA), August2, 2009

RESULTS

There were no differences among ensembles for metabolic rate by body surface area, which
indicated thaametabolic rate would not systematically effect the outcome for WRG@id the

other environmental factors at the critical conditions used to estiraate Rhere were

significant differences in WBGJ; and R 1., WhereSaratog&' Hammerand P00 wee

associated with the least support of evaporative cooling and different from the other ensembles
(see Table 2).

Table 2. Results of multiple comparison tests based on least squares means for the eight
ensembles for WBGH;; and R 1. Horizontal lines represent no significant difference based on
Tukey's HSD. Clothing Adjustment Factor (CAF) provided for WB{zdata.

WBG Tgit P02 P20 P05 WC P10 PO1 S P00
[°C] 347 346 343 339 336 330 312 306
(CAF) (-0.8) (-0.7) (-0.4) (0) (0.3) (0.9 (2.7) (3.3)
ReTa PO5 P20 P02 WC P10 PO1  POO S
[kPa nf W] 0.014 0.014 0.014 0.014 0.015 0.016 0.021 0.023

Figures 1 and 2 illustrate the relationship between WR@&hd the convective and diffusive
permeabilities, respectively.

35 4
P02
345 f P05 ¢ P20
) 4
apparent semi-clothed response
34 4 A A
Work Clothes
33.5 4 Pants and Shirt ¢ P10
01
o 33
P 325
Q
o
3 32 4
315
Saratoga Hammer Pants and Jacket
31 4
30.5 ¢ P00
30 T T T T T T T )
0 1000 2000 3000 4000 5000 6000 7000 8000
Net Overall Convective Permeability, L/min cm? bar

Figure 1. Mean WBGJ;; vs. convective permeability. Solid line is linear regression of POD, P

P02, S and WC response. Dotted line is average of P02, P05, P10, and P20 response to reflect a
flat response at high convective permeability like the s#athed suggested by Gonzalez et al

(2006).
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Figure 2. Mean WBG;; vs. diffusive permeabilt Solid line is linear regression of P00, P01,
and P02 response. Dotted line is average of P02, P05, P10, and P20 again assuming a flat
response similar to sernlothed as shown in Figure 2.

CONCLUSIONS

In the context of WBG{;, the P02 through P2thgsembles were similar to work clothes. With

the inability to distinguish between PO1 and Saratoga or between Saratoga and POO, there is some
room to argue for progressive effects from no porosity to modest porosity with no further gains

in WBGT,; for increases in porosity beyond 1% (P01). The clothing adjustment factor for the
Saratog&' Hammer ensemble was about 3WBGT, which was similar to the microporous

ensemble NexGen and was much less tharV8BGT a vapor barrier ensemble at 50% relative
humidity (Bernard et al 2005).

In the analysis of the apparent total evaporative resistance in Table 2, the inability to distinguish
among the prototype ensembles with porosity is similar to that for the critical WBGT. P02, P05
and P20 occupy the lower endtbé range of evaporative resistance; followed by Work Clothes,
P10 and PO1. It was clear that the POO and Saratoga were different from the others but not from
each other. These data further supported the notion that once there is some opportunity for
convective transfer through the fabric (presence of porosity) there were not significant or
important gains in the ability to support sweat evaporation.

Figure 1 illustrates the mean WBgxlvs. convective permeability for the various ensembles.
Mean WBGT;; showed a strong correlatiorf£0.88) with convective permeability for
ensembles P00, P01, P02, Saratégrgammer (S) and Work Clothes (WC). At convective
permeability above a nominal 1000 L/minThar, WBGT: appeared to level off suggesting
that exsembles with permeability above this value respond equivalently to-taled semi
clothed ensemble described by Gonzalez et al (2006). The Gonzalez critical convective
permeability data indicated that the sertathed critical condition would be a&vied at a
nominal permeability of 2000 L/min c¢rbar in reasonably good agreement with our finding of
1000 L/min cn bar.
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In Figure 2, mean WBG; vs. diffusive permeability for the various ensembles is shown.
Based on the response to convective pebiliggjust described above, it was not surprising that
WBGTy; correlated with diffusive permeability for the POO, PO1 and P02 ensembles and then
appeared to level off at higher permeability. Unlike the response to convective permeability in
Figure 4, 1 was clear that the Saratégddammer ensemble WBG} response was outside the
PXX ensemble series response to diffusive permeability. Although the Sé¥attaygamer
ensemble has relatively high diffusive permeability, it has very low convective pelityeabi

only about 20% of the level achieved with the PO1 ensemble. This was likely a consequence of
the long path length characteristic of this compound fabric structure. Consistent with the
Gonzalez et al (2006) results, convective permeability exglahecooling capacity better than
diffusive permeability. Specifically, measuring the diffusive permeability of a fabric or garment
will underestimate the level of heat stress that is actually experienced.

Clothing with lower porosity had relatively higr values of total apparent evaporative resistance
and lower critical WBGT. In conclusion, porosity and the associated convective permeability
were more predictive of the capacity of an ensemble to support evaporative cooling than
diffusive permeability.The upper limit of convective permeability at a moderate rate of work
before there are diminishing returns was about 1000 L/mirbam

ACKNOWLEDGMENT

This work was completed as part of Cooperative Agreement W94IEP¥0001 with the U. S.
Army Natick Soldier Center. It reflects the views of the authors and not that of the Department
of Defense or the US Army.

REFERENCES

Allmaras, J (2007) Selectively Permeable Materials Deliver on the Promise of Performance Improvements.
Proceedings of the Ninth Symgium on Protection Against Chemical and Biological Agents, Gothenburg, Sweden
22-25 May 2007.

Bernard TE, Luecke CL, Schwartz SW, Kirkland KS, Ashley CD (2005) WBGT clothing adjustment factors for four
clothing ensembles under three humidity levels. daluf Environmental and Occupational Hygiene 2:256

Bernard, TE, Caravello V, Schwartz SW, Ashley CD (2008) WBGT clothing adjustment factors for four clothing
ensembles and the effects of metabolic demands. Journal of Environmental and Occupatienal 515

Caravello, V, E. A. McCullough, C. D. Ashley, T. E. Bernard (2008) Apparent Evaporative Resistance at Critical
Conditions for Five Clothing Ensembles. European JowhApplied Physiology 10861-7

Gonzalez, N. W., T. E. Bernard, N. L. @alf, M. A. Bryner, J. P. Zeigler (2006). Maximum sustainable work rate

for five protective clothing ensembles with respect to moisture vapor transmission rate and air permeability. Journal
of Occupational and Eimonmental Hygiene 3:886

Harrison, E. H.S. A. Procell, M. J. Gooden, A. D. Seiple (2004) Test Results ePé&imeable Saratoga Hammer

Suit to Challenge by Chemical Warfare Agents. Report ECBR&I05, Edgewood Chemical Biological Center ,

U.S. Army Research, Development and Engineering Cordman

Trentacosta, J. D. and V. Kapur (2005) Adaptive Membrane Structure. US Patent Application US2005/0249917

34



Proceedings of the 13Anternational Conference on Environmental ErgonomBisston (USA), August2, 2009

CAN UNDERGARMENTS BE OF BENEFIT WHEN WORKING IN

PROTECTIVE CLOTHING IN HOT ENVIRONMENTS?

Anne M.J. van den HeuvePete Kerry, Jeroen van der \lge', Mark J. Pattersohand
Nigel A.S. Tayldr

School of Health Sciencesniversity of WollongongWollongong, Australia
?Defence Science and Technology Organisation, Melbourne, Australia
Contact person:nigel_taylor@uow.edu.au

INTRODUCTION

The centrbfocus of this project is the removal of sweat from the ,skial the enhancement of
evaporative cooling and thermal comfort for individuals working indrgtconditions when
wearing military clothing and body armour. This sweat removal can occur gitbagh
evaporation, or wicking from the skin surface and through the clothing layers (Lotens and
Wammes, 1993; Yasuad al, 1994), with evaporation eventually occurring from surfaces
further away from the skin. Both processes remove body heat, botrtherfis more efficient.

Working in a hot climate can result in substantial elevations in body core temperature. This
change will impact upon temperature and blood pressure regulation, and will also have a
significant impact upon thermal comfort. In atitah, thermal discomfort will be significantly
influenced by the accumulation of moisture on the skin surface. When clothing is added,
evaporation at the skin surface is impaired, with this reduction being a function of the properties
of the fabric used ithe clothing. Thus, less permeable fabrics restrict water vapour movement
through a garment, and thereby reduce heat loss via the evaporation of sweat. Furthermore, the
number of clothing layers worn by a person working in the heat will also dramattfeity the

ability of the body to lose heat (Vogt al,, 1983; Lottens and Wammes, 1993; Bouskilal,

2003).

The aim of this study was to assess the effect of added clothing layers, and also the effect of
differences in textile compositidhatmay nodify sweat removal from the skin surface, on
physiological and perceived strain when working and wearing body armour irdayhot
environment.

METHODS

Eight healthy, physically active males participated in this study. Subjects completed five trials
(240min) with two consecutive forcing function phasBsase one of each trial consisted of
walking on a treadmill at 4 kmi’h(0% gradient) for 120 min. During phase twabjects
completed a 2@nin alternating runningvalking protocol, consisting of 2 mimmning at 10

km.h* (0% gradient), followed by 2 min walking at 4 kii.{0% gradient). A fan was set in

front of each subject to produce a constant wind velocity (4 RmThials differed only in the
clothing that was worn.

Subjects wore a standardsdiptive pattern (camouflage) combat uniform (75% cotton, 25%
polyester; insulation 0.29 #.W™), with combat body armour and helmet (total mass: 7.2 kg) ,
but the garment{$hirt) worn under the camouflaged shirt was altered to provide five different
ersembles: no-shirt (ensemble A); 100% cottorshirt (ensemble B); 100% merino woollen t
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shirt (ensemble C); 100% polyestestiirt (ensemble D); hybrid shirt constructed using a torso
segment (100% merino wool) in combination with a camouflaged shiar @sid long sleeves
(75% cotton, 25% polyester; ensemble E).

Testing was conducted at the same time of day wudhotonditions (41.2°C (SD 0.2), 29.8%

(SD 4.1) relative humidity) using fully hydrated subjects, with the trial sequence balanced across
slbjects to remove order effects. Physiological and psychophysical measures included: heart rate,
body core (auditory canal) and skin temperatures (8 sites), clothing water vapour pressures,
sweat rate, perceived exertion, thermal sensation, thermal dist@mdioclothing discomfort.

RESULTS AND DISCUSSION

The mean heart rate ranged from 67.8 b’hipre-exposure, temperate baseline) through to

169.9 b.mift (phase twp The average peak heart rates were > 85% of theragicted

maximal heart rate fadhese subjects, and confirmed the extent of the cardiovascular strain
imposed by the protocol. However, heart rates did not differ significantly among the ensembles
(P>0.05; Figure 1), and were remarkably consistent at each point of measurement. This
consbtency was also observed for the thermal data, with terminal core and skin temperatures not
differing significantly among trialsf>0.05).

The number and thickness of the trapped air layers within different ensembles dictates dry heat
transfer, and one vatd normally consider that an ensemble with fewer clothing layers would be
the least stressful. However, this expectation was not realised, with variations in the clothing
worn on the torso failing to have a significant effect upon core temper&e0e0§. Indeed, the
combination of the hediry environment, the metabolic heat production, and the clothing and
body armour worn elevated physiological straith@extent that neither the addition of a torso
undergarment (ensemblesB, nor its removal (ensables A and E), had any significant impact
upon core temperatur®%0.05).

Skin temperatures reflect local metabolism, the blbodhe (convective) delivery of heat from

the body core and local heat transfers. Mean skin temperatures did not differ hmong t
ensemblesR>0.05). Therefore, one can assume that none of the ensembles elicited either
favourable or unfavourable interactions with either the-stne or the skirair thermal gradients,

or with the skirair water vapour pressure gradients. Thusandigss of the characteristics of the
fabrics used to manufacture the torso undergarments, or even the presence of an undergarment,
dry and evaporative heat transfers remained equivalent across trials.

From serial measures of water vapour pressure witleitayers of these ensembles, one can
evaluate the ability of each ensemble to permit the transmission of water vapour through to the
external environment. Two microclimategre investigatedt each of two locations (upper chest
and back). For each targlothing configuration, the water vapour pressure at the chest
decreased when moving away from the skin and into the first clothing layer. Thus, a positive
water vapour pressure gradient existed for all ensembles. These gradients favoured evaporation
andthe transmission of water vapour through the first clothing layer of each ensemble. Whilst
one might predict that garments made of artificial (wicking) fibres would promote the
establishment of a more favourable water vapour pressure gradient, nonbeifvben

ensemble comparisons were statistically differ®0(05). Thus, no evaporative advantage (or
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disadvantage) was bestowed upon the wearer during the current trials by these different
undergarment configurations, even though the climatic condivens most favourable to the
evaporation of sweat.
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Figure 1: Heart rate responses during treadmill exercise irdhptonditions whilst
wearing a combat uniform and body armour: 120 min at 4 kigupper Figure); then
20 min with 2 min at 10 km:hand 2 min at 4 km:h(lower Figure). Five different
ensembles were used: A (nettirt); B (cotton 4shirt); C (woollen tshirt); D (polyester
t-shirt); E (hybrid shirt). Data are means with standard ®afathe means. Arrows
indicate drinking.

Sweat gcretion rates did not differ significantly among ensemi#e$.05), and equivalent
amounts of sweat were either retained within the clotii®.05), or transmitted via

evaporation to the external aRX0.05). Subjective ratings of perceived exertitermal

sensation, thermal and clothing discomfort did not reveal significant differences among any of
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the five ensembles evaluatdeQ.05). Full details of this experiment are reported elsewhere
(van den Heuvedt al, 2008).

CONCLUSIONS

Under the curnet experimental conditiongsgither the addition of a torso undergarment
(ensembles ), nor its removal (ensemble A and E) had any significant impact upon either
physiological or subjective indices of strainwis concluded that this state resultedrirtne

high thermal load associated with this experiment. That is, when individuals are wearing whole
body clothing and body armour, whilst working in hot conditions, there is no benefit to be gained
by wearing a torso undergarment, regardless of claime tmadhanufacturers.
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INTRODUCTION

Clothing has two primary affects upon workers. First, it modifies the ease with which thermal
energy (heat) is transferred between the body and the environment by providindytiéatha

layer of insulation. This can be advantageous in a thermally dangerous enviroaugding (

fighting, coldwater immersion), but disadvantageous during strenuous exercise where a
significant amount of metabolic heat is produced (Gonzales, 1988dnd, it affects moisture
evaporation from the skin surface, and this has a critical impact upon both thermal comfort and
body temperature regulation (Candas, 2002). When clothing is worn, evaporation at the skin
surface will be reduced, and the extehthis reduction is a function of the properties of the

fabric used to manufacture the garment. Thus, less permeable fabrics allow less water vapour to
pass through a garment. Some fabrics are designed to allow water vapour, but not water droplets
to pas, while others are designed to protect the wearer from chemical, biological and
radiological agentsand are almost impermeable. Ensembles made from minimally permeable
fabrics are the focus of this project.

Some personal protective ensembles are totalbapsulating and completely impermeable, and
work tolerance time in such clothing can become a simple function of the metabolic heat
production (work rate) of that individual. While new generation fabrics used in some chemical,
biological and radiologiddCBR) protective clothing enable some air and moisture penetration,
these ensembles will dramatically reduce the capacity of individuals to sustain high work rates in
the heat, or even extended moderate workloads in more temperate conditions (Bt@htain

1994; Caldwelktal., 2007). Indeed, such ensembles, when worn during moderate work
intensities, can place an unrealistic physiological burden on personnel.

Within the current geopolitical climate, a wide range of emergency service personnéhgre be
provided with CBR ensembles, and a need exists to evaluate the physiological impact of this
protective equipment upon the wearer under operational conditions. Accordingly, the aim of this
project was to study thermal strain in people performing-ighdierate work in temperatearm
environmental conditions, while wearing each of three different CBR protective ensembles.

METHODS

Eight healthy, physically active adult males participated in this study. Subjectdated three

trials in total, and thesdiffered only in theype of CBR protective ensemble that was worn:
ensemble A(CBCS, Melba Industries, Australiansemble BSWAT, Paul Boye, France);
ensembleC (CR1, Remploy Frontline, UK). Subjects wore the saisi@rt and shorts under
ensembles Arad B, but a special (thermal) undergarment (}slegved shirt and long pants) was
worn as part oensemble C. Each ensemble was tested with subjects using a standard respirator
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mask, gloves and over boots, representing the thiggat(MOPP4 state. Oveeach ensemble,
subjects also wore torso body armour (but without hard armour plates) and standard military
webbing (Figure 1).

Fnsemble A Fnsemble B Ensemble C

Figure 1: The chemical, biological and radiological protective ensembles.

Within each experiment, subjects exercised onaaltrall at each of two speeds: walking for one
hour at 3 km.H (0% gradient), and walking for 30 min at 6 ki (8% gradient), with 10 min of
seated rest between. Air velocity matched walking speed to ensure comparable convective
cooling to that encounted in the field. Subjects consumed water at 4 nit.dagery 30 min. Al
testing was conducted at the same time of day in temperate conditions (29.3°C (+0.3), 56.0%
(x0.7) relative humidity), using fully hydrated subjects, with the trial sequence balaroed a
subjects to remove order effects. For details s@eden Heuvedt al (2007).

Data were collected for core temperature (rectal), skin temperatures (forehead, right scapula,
right chest, right upper arm, left forearm, left dorsal hand, rightiantbigh and left posterior

calf), heart rate, sweat rat@l{ole-body mass changes), and psychological state (perceived
exertion, thermal sensation, thermal discomfort and clothing discomfort). In addition, local water
vapour pressures were derived frtmoal clothing temperatures and relative humidities inside

the clothing layers (upper arm and thigh segments).

RESULTS AND DISCUSSION

For most indices, ensemble C was associated with the greatest elevation in physiological strain,
with the least stresdfbbeing ensemble A. This pattern was significantly evident for each of the
following indices P<0.09: core temperature, mean skin temperature, microclimate water vapour
pressure, heart rate, sweat rate and exercise tolerance times. Due to the staodardisat
procedures currently employed, one may assume that these differences in physiological strain
couldlargely be ascribed to variations in the characteristics of the clothing ensembles evaluated
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during this experimental series. Significant differencesvedso evident for thermal sensation
and thermal discomfor0.05.

Mean skin temperatures reflect the thermal energy content of cutaneous tissues close to the skin
surface, and also heat trapped between the skin and clothing. Since skin temperalifydbano
ability of the body to dissipate heat, and also have a powerful influence on thermal discomfort,
these data form an essential part of any quantification of thermal strain in individuals wearing
protective ensembles. Greater mean skin temperatnesobserved when wearing ensemble C
relative to both protective ensembles A and B (Figuie<®;,05), and the net result of this was
that heat loss from the body core was impeded. Indeed, ensemble C was associated with a
greatest elevation in core temature (Figure 3P<0.05), such that the longer these trials
continued, the greater the difference became between these protective endesildés. (Thus,

one may assume that the greater skin temperatures observed when wearing the protective
ensemble C we the combined result of a higher skin blood flow, driven by a greater core
temperature, and a greater heat trapping within that ensemble.

38.5

Mean skin temperature (°C)

34.0 4 —— Ensemble A -
o —4— Ensemble B 4
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Figure 2: Mean skin temperatures during steadgte work in a teperate
environment whilst wearinthree diffeentCBR ensembles. Broken lines indicate
times where subjects terminated a trial premedyu Data areneans with standard
errors of the means.

In hot environments, evaporative cooling is the principal avenue for body heat dissipation, and
for this to ocar, an adequate water vapour pressure gradient must be present. When individuals
were wearing personal protective clothing, the water vapour pressure of the microclimate next to
the skin, and within clothing layerdictated the evaporation of sweat. Natly;, one would

expect there to be a minimal transmission of water vapdamvCBR ensembles, but between
ensemble differences in the water vapour pressure gradient will impact upon thermal strain. For
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the skinto-undergarment space (first microclimatiae ensemble A displayed significantly

lower water vapour pressure than either of the other two enserRkl@99. These differences

were also evident within the next microclimate space (undergarment to inner surface of the CBR
ensemble), but these vapquressures were generally more uniform. Consequently, subjects lost
significantly more sweat, relative to protective ensemble A, when wearing either of the other
ensemblesR<0.05).
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Figure 3: Rectal emperatures during steadtate work in a temperate
environment whilst wearing tke CBR ensembte Broken lines indicate times
where subjects terminate trial prematurely. Data aneeans with standard ersor
of the means.

Cardiovascular strain was consistent with the thermal pattern, with subjedtsatergiexercise
with average heart rates of 168 b.thjiensemble A), 173 b.min(ensemble B) and 182 b.rin
(ensemble C). These heart rates were a function of the combined influences of the exercise
intensity, the overall thermal load of the environiremd differences in the characteristics of the
ensembles. As a result, only 93% of subjects completed the experiment when wearing CBR
ensemble C, > 98% completed testing in ensempém@® 100% were able to complete the
protocol when wearing the proteaiensemble A.

CONCLUSIONS

From these observations, it miag concluded that CBR ensembBlewhen worn during light
moderate exercise in warm and humid conditions in the MOPP4 state, places the wearer under
the greatest physiologicairain. This ensemblgossibly because of its extra clothing layer,
possessthe highest inherent clothing insulation, and therefore greater thermal protection for
the wearer. However, this extra layer also impedes water vapour transmission. thuaaign
conditions, this i distinct disadvantage, and one must ask whether this extra clothing layer is
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actually necessary, unless it is integral to the chemical, biological and radiological protection that
is provided. Conersely, ensembl& had the least physiologicahpact uneér the current
experimental conditions.
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INTRODUCTION

Individuals working in hot environments experience an increase in body core temperature due to
the combined influences of physical activity, which elevates metabolic heat production, and
external heat sourceshich impede heat loss. Sindey heatexchanges are dependent upon

thermal gradiersf then hoter environments restrict hedissipation particularly when the air
temperatur@approacheand exceedthat of the skinHeat loss willnow become progressivel

more reliant upon the evaporation of swedatichis alsogradientdependent.

The thermal protective clothingorn by firefighters represesw significant impost upon body
temperature regulation, and this occurs via two primary avenues. First, glotbdifies the ease

with which heat is transferred between the body and the environment. It does this by providing
thermal insulation (trapped air), which can be advantageous in thermally dangerous
environmentsbut disadvantageous when individuals are kirog hard and producing a

significant amount of metabolic heat. Second, the vapour (moisture) permeability of the garment
is important (Goldman, 1994). This is the ability of the fabric to allow water vapour to pass
through,therebyfacilitating evaporatio at the skin surface. Clothing impedes evaporation, and
this has a critical impact upon thermal comfort and body temperature regulation (Candas, 2002)
Theimpactof these influencesis a function of the properties of the fabrics used to manufacture
the @mplete ensemble. Some fabrics are designed to allow water vapour, but not water droplets
to pass through, while others are completely impermeable, and have been designed to protect the
user from chemical, biological and radiolodiagents

Recently Australianmanufacturertave started toncorporae moisture barriers withisome
forms of thermaprotectiveclothing Thelogic behind the use dhesebarriershas been twdold.
Such barriers were first thougiat reduce the risk of steam burns infigaters andit was also
assumed thatapourpermeabldarriers wouldacilitate the evaporation of sweabm the skin
surfaceby facilitating water vapour transfer down a watapour gradientin the first instance,
it was beerassumedby some, perhapacorrectly,that steam (scald) burns origindfeom
superheated, external moisture penetrating the ensebiisture barriewill help prevent
water penetration, and may have some protective function, if in fact such penetration played a
causal rolen steam burndt has also beerassumed that vapcpermeable, but moisture
impermeable fabricgayenhance the evaporation and removal of swéatever, aan
externalair temperature of 3&, andawater vapour pressure of 5.06 kiPaldtive humidity
90%), there will be a 90% reduction in water vaptnansferthrough a vapoupermeable fabric.

Since the physiological and psychological consequences of heat strain are well established, it is
in the best interests of firefighters to be provided withtgutiveclothingthat not only afford
optimal thermal protection, but also facilitatbe greatest loss of metabolically generated heat.
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The current project was designed to evaluate the physiological consequences of these problems,
but within a controkdlaboratory environment, whilst focussing upon variations in physiological
strain that may exist whilst wearing differgmbtectiveensemblesyith and without moisture
barriers,during worksimulated exercise and recovery periods.

METHODS

This projet involvedintermittent,steadystate and incremental exercisetal: 120 min)within a
climate chambe(30.5°C (+0.6) 38.1% humidity (+1.4) Subjectperformed work simulations
with seated restp replicate thenetabolicdemands oéctivitiestypicaly encountered during fire
fighting (weighted box stepping, treadmill dummy drag, treadmill walking carrying hose,
incremental treadmill walk/run to 85% maximdjght subjectsperformed nineseparate work
simulationg(72 trialg wearingtwo types of garmnts: thermal protective ensembles (six options
Table 1, Figure landstation (dutywear (three options-igure 2; Kerryet al, 2009)

Table 1: General specifications of thieermal protectivelothing.

Ensemble

Fabric description

Heat transfer
HTI24 (sec)

Heat transfer
T2 (sec)

Outer shell: PBI Gold
Thermal liner: not applicable
Moisture barrier: Gore Airlock
Inner liner: Nomex comfort

19

24.9

Outer shell: Nomex Delta C
Thermal liner: Sontara * 2
Moisture barrier: notapplicable
Inner liner: Nomex/FR viscose

17

22.0

Outer shell: Nomex Advanced
Thermal liner: not applicable
Moisture barrier: Gore Fireblocker
Inner liner: Nomex comfort

19

23.9

Outer shell: Nomex IIID
Thermal liner: not applicable
Moisture barrier: Gore Airlock
Inner liner: Nomex comfort

21

25.7

Outer shell: Kermel Roano
Thermal liner: Sontara * 2
Moisture barrier: not applicable
Inner liner: Nomex comfort

Not tested

Not tested

Outer shell: Nomex IIID
Thermal liner: Sontara * 2
Moisture barrier: not applicable
Inner liner: Nomex comfort

18

24.4

Thethermalprotective and duty wear ensembles were selected so that the textile assemblies were

typical of those worn by members sk differentAustralianStatefire brigades. These

engmbles wer¢henassembled by a single manufacturetitteach subject, and tmatch the
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configuration and design specifications of the NSW Fire Brigades, but using the textile assembly
and layer specifications tifie other Statdrigades Each ensemble &g then cleaned five times
beforebeing usedDuty wearwas not worn when the personal protective ensembles were tested,
and the duty wear trials were completed without the personal protective ensembles.

Figure 1: Six thermal protective
ensembles (left): options one, three
and four have moisture barriers.

Figure 2: Duty or daily station wear
clothina (below).

This design providgseparate evaluations diedifferentensemble componenishich could

then be combined to provide the best combination for fieldlnsaery trial, the standafidsue

helmet (1.18 kg), flash hood and gloves were worn-&weifained breathing apparatus, with an
empty cylinderwas also worn (total mass: 14.26 kg). The mask of the breathing apparatus was
used, but was disconnected from the cylinder, thus avoiding the complication of changing and re
charging air cylinders. Trials were conducted in a fully balanced order acrgasstsusuch that

no two subjects were tested wearing ensembles in the same sequence.

RESULTS AND DISCUSSION

Theprotocol requirecubjectso exercisat an average oxygen consumption of 1.61 Lmin
Theaverage raximal core temperature across all trighss 37.8C (highest: 3&®°C), with the
meancore temperature change being 2@6and an average maximal heart rate of 131.0 B.min
This corresponded to 67% of the gmedicted maximal heart rate for these subjects. On average,
and across all trialshese subjects lost 1.06 kg of swgas6 L.hY).
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Differences among the duty wear ensembles wersigoificant and are not reported here.
However, anumber of statistically significajlhetweerensemble differences were observed
among theéhermalprotective ensembles, both within and across the physiological and
psychophysical indices investigated. These outcomes are summarised i@. Table

Of the twentythree occasiongherestatisticaly significant differencesvere identifed the

ensembles that aluded moisture barriers (one, thrésmur) were inferior to thasthat had no

moisture barriern twentytwo instances. Thus, such ensemlese associated withraore

adverse psychophysiological impact upon the wearer. We have previously demongsated th

be the case in another experiment in which these moisture barriers formed an integral part of the
protective ensemble (van den Heusehl, 2007). Furthermore, and with only one statistically
significant exception, the ensembtamtaining moisturearriersdid not differ from one another.

Table 2: Statistical simmary. Significantly superior ensembles are indicatital

ASO; significant Isownusinjfex d .orS wemsscermbgd te sn tamtee r
indicate ensembleption coas(1-6) for which diffeences were statistically

significant Since severanalyses were completed for each varidpéak, whole

trial, during work, during recovery, terminatpws carcontainmore than one entry.

Personal protective ensembles
Variable Option 1 | Option 2 | Option 3 | Option 4 | Option 5 | Option 6
Core temperature Xs Xs Sis
Xs5,6 S; S;
X5 S
X2 Si35 X2 X2
Xe S
Skin temperature Xs S
Xs S
Xe S;
Xsg S4
Heart rate X5 S
X6 S;
X5 S
Xs S
Xs S,
X6 S,
Xs S
X6 S;
X5 SS
Sweat loss S X2
Sweat evaporation S; X2
X4 S;
Thermal sensation S X
Thermal Discomfort X4 S,
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Conversely, the ensembles without moisture barriers (options twosifyevere significantly
superior on twentywo occasionsThe vast majority of these differences occurred between the
ensembles with and without moisture barriers, and the following points relate to these
observations. Ensemble five was found to be statistically superior on twelve occasions, with this
occurringseven timesvith respect tamption six and four timesgelative tooption two. Option six

had one occasion where it performed statistically better than options two and five. Option two
was statistically superior to option five only once.

On the basis ofore temperatures measured during each trial, two protective ensembles stood out
as being statistically superior (options five and six), whilst two other ensembles were statistically
inferior (options one and thredjrom observations ahean skin tempetare, mean body

temperature and heart rateys=mbleoptionfive was found to be statistically superior on twelve
occasions, with this occurring seven times for option six and four times for optiomhesnal
protectiveensemble option three was assadatith statistically greater sweat loss (relative to
option two), and moisture accumulation within the clothing (relative to options two and four).
Finally, for thermal sensation, ensemble option three performed statistically poorer than option
two, whilefor thermal discomfort, option four performed statistically poorer than option five.

CONCLUSIONS

On the basis of these observationgyas recommeneldthatthermalprotective ensembidive,

six and two (in that order) be considered least likely teesbly affecthe psychphysiological
status of firefightes during operatioal use. Conversely, Wwas considered that ensemble option
three wouldblacefirefighters under significantly greater strain
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INTRODUCTION

The6Uni ver sal Ther wi€l) (JeGdritzkynet al. 2007) nltthatelypaims at
developing a oneimensional quantity, which adequately reflects the human physiological
reaction to the mukdimensionally defined actual thermal condition. The human reaction is
simulated by a muknode model of human thermoregulation (Fiala et al. 200Q7, which is
augmented by a clothing model. As illustrated in Figure 1, the index value will be calculated
from the multivariate dynamic output of that model.

Expressing the index value in terms of an equivalent temperature constitutes a commonly applied
concept (Richards and Havenith 20@arsons 2003As operationalised in UTCI, the

equivalent temperatur&T) is defined as the air temperature (Ta) of the reference condition
causing the same model response as the actual condition. For applydefithien both the

reference conditioand the model responkave to be identified.

The left panel of Figwr 2 illustrates the derivation of ET for an actual climatic condition. The
offset toair temperature (Ta$ found by comparing the actual model response to the response
under reference conditions. As demonstrated in the right panel of Riguan bededuced

from the definition that ET equals air temperature under reference conditions.

For explicitly performing these comparisons, the multivariate dynamic model response has to be
condensed into a ordimensional representation, which may be termeeéssonse index.

As details on the clothing model and on the reference conditions are provided elsewhere, this
paper focuses on the statistical treatment applied to the model response for implementing the
calculation of the UTCI equivalent temperature (ET).

METHODS
Simulation runs of the physiological model generated two sets oivithtaalues of twelve
output variablesfter simulated exposure times of 30, 60, 90 and 120 min
Grid data (N= 104692) with the output of the physiological model for condgidefined
over a grid of meteorological input variables, for which ET values will be required. The
climatic parameters were defined as:
0 Airtemperature:50AC O T aC (IX incferfent)
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0 Mean radiant temperatur@0A C Q@ T & r O °CH5Klincrement)

0 Wind speed (10 m above ground level):
va=05,0.8,1.2,1.8,2.7,4.0,6.0,9.0, 13.5, 20.2, 30.3 m/s

0 Humidity: .
st ep s )vépour rel3dirgos kPa (TarddK).

rh=5, 50, 100% (T® °C)

rr=5, é(6
Reference data (N 926) containing the results of simulation runs for the reference
conditions with air temperature covering the expected range of ET predictions. The

climatic pprameters were defined as
o Airtemperature:110AC O T aC (@2 K+ingrBment)
0 Mean radiant temperature: Tr = Ta,
0 Wind speed (10 m above ground level): va = 0.5 m/s
0 Humidity:th=50 % ( T@),vapoulpdessure 2 kPa (Ta > 29C)
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Figure 1: Scheme for the cllmatlc assessment by UTCI calculated from the dynamic output of a

thermophysiological model augmented by a clothing model
Two steps of multivariate analyses were applied to the grid data. Hierarchical cluster analyses

were used to identifg subset of the 48 physiological variables (12 quantities at 4 time points)
which shall characterize the model response adequately. Then a one dimensional response index

representing the model response was calculated by principal component analysisobsti
Eventually, ET was computed by determining the air temperature céfgrence data with the
same value of the response index as the grid data under consideration as illustrated in Figure 2

RESULTS
Thehierarchical cluster analyseshichhadshownsimilar outcomes in an earlier version of the
reference dataset (Brode et al. 2009, Kampmann et al. 2808aledhat the dynamienodel

responsevassufficiently representedy the values after 30 and 120 noin7 parameters of
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thermal strainrectal, mean skin and face temperatysagatrate skin wettedness, skin blood
flow, shivering
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Figure 2: Concept of deriving the equivalent temperature (ET) in the general case (left) and for
an actual condition coinciding with the reference (rightghan
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Skin wettedness

Shivering

Figure 3: Correlationcoefficients ofthe single physiologicalariables after 30 and 120 miwith
theone dimensionalesponse index calculated by principal component analysis

The first principal component calculated from these variables atsmbéor approximately two
thirds of the total variation and was applied as a response index in the subsequent calculations of
ET.

From thecorrelationcoefficients otthesingle variablesvith the response indg¥igure3), it can
be deduced that an ina%e in rectal and skin temperatures, skin blood flow, sweat rate and skin
wettedness also increases the response index value, while an increase in shivering (as well as a

51



Proceedings of the 13Anternational Conference on Environmental ErgonomBisston (USA), August2, 2009

decrease in rectal and skin temperatures and blood flow) is associated with sed#dieas
respons index.

Therefore the response index may be interpreted as an integrated characteristic value of thermal
strain with high values pointing to heat strain, whereas low values indicate cold strain.

As different combinations of values of thiagle variables may lead to identical values of the
response index, climatic conditions with the identical ET have, by definition, the same value of
the response index, but may yield ramque values for single variables like rectal or mean skin
temper&aure. However, due to the high correlation of the single variables with the response index,
this variation was limited, as indicated in Figure 4 for the rectal temperature after 2h.

Furthermore, the median response to ET was in good agreement withutbe ofatiained for the
reference conditions (Figure 4).

38.0 *
Wl

375  aahas

37.0 YT a0

36.5 T .58 G

36.0 %5 I ‘ I

-50 -40 -30 -20 -10 0 10 20 30 40 50
UTCIET ( C)

Figure 4: Box-Plots with joined medians derived with ET rounded to 2 K wide fointhe rectal

temperatures (Tre) after 2h. The whiskers mark thersl 95' percentile, respectively. Values
for the reference conditions are plotted as the red broken line.

CONCLUSIONS

The projection of the multivariate dynamic response of the physiological model into a one
dimensionaintegrated characteristic value of thermal stediowed for the calculation dfTCI
equivalent temperatures over a wide range of relevant combinations of the meteorological
parameters.

The good agreement of the median response of single variables to ET with the values obtained
for the reference conditions suggests that the assesemsategorization of climatic situations
into conditions of heat or cold stress can be based on the responses to the reference conditions.
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First results of sensitivity analyses performed within this action indicat&)i@t ET reflects
the expected edtcts of wind, heat radiation and humidity
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INTRODUCTION

The physiological strain resulting from thermal stress is influenced by six major variables: by the
climatic parameters air temperature, hdity, wind velocity and thermal radiation as well as by

the energy expenditure of a person and by the thermal properties of the clothing (thermal
insulation, water vapour permeability), and is moreover modified by acclimatization status,
hydration statushody posture, etc. (Kampmann 2000).

Accordingly an analysis should consider adimensional space of input parameters for each of
the predicted strain variablésn practice this will fail due to a lack of experimental data that
show evenly distributedarameters for all six dimensions. In order to describe at least the mutual
influence of air temperature and air humidity (i.e. at least for two input parameters) equivalence
lines within the psychrometric diagram represent a well developed instruntbetsyfstematic
investigation of climatic effects on humans (e.g. Houghten & Yagloglou 1923).

Wenzel (1976) conducted series of exposures where only air temperature and humidity were

varied and all other stress parameters (i.e. air velocity, thermalioadietergy expenditure and

clothing insulation) were fixed in order to determine equivalence lines of equal strain. llmarinen
(1978) continued to record such series for varied levels of work intensity and different clothing
insulations. We tookthedataom | | mari nends thesis (1978) for
of the Predicted Heat Strain model (PHS, ISO 7933, 2004; Malchaire et al., 2001) and for

comparing the heat strain resulting from different combinations of air temperature and humidity

with the assessment performed by the Wet Bulb Globe Temperature (WBGT, ISO 7243, 1989).

The comparisons will not only be made for single data points but for a range of different values
of temperature and humidity by means of equivalence lines. This all@ssintate the mutual
influence of air temperature and humidity simultaneously as well as to diminish the problem of
intracrindividual variation of physiological strain by using regression approximations for
complete series of exposures.

This may recall a ntbod to compare assessment scales and thermoregulatory models to
physiological data. We demonstrate the procedure for PHS and WBGT.

METHODS

The following analysis is based on the experimental series of llmarinen (1978). Energy
expenditure was 138/m? (walking on a treadmill at the level; 4 km/h); radiant temperature
equalled air temperature; air velocity was va = 0.3 m/s. For three subjects there were series of
exposures with as well Icl = 0.1 clo as Icl = 0.7 clo, each comprising 12 to 15 exposures with
different values of air temperature (ta) and vapour pressure (pa). These six series of exposures
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were chosen for analysis, comprising a total of 81 exposures. For the rectal temperatures (Tre)
and sweat rates (SR), mean values during the third hour cf@epwere taken for analysis.

T/ C
39.0 - ty=35 ‘c

38.0

38.0
37.0 4
1 t,=30°C
37.0 T T T T T T T T T T T 1
0 1 2 3 4 5 6
p, / kPa

Figure 1. Body temperature of a single subject (Icl = 0.1 depending on air temperature and
humidity. - As the exposures were done within &bgrid of ta, the respective lines are given
explicitly.

Regression surfas were calculated for each of the six series of exposures and for the strain
parameters considered (one result for Tre is given in Fig. 1). A computer program (Kampmann
2000) allowed to calculate lines of equivalent strain and to plot these lines within a

psychrometric chart. For the comparison with the predictions of models (e.g. PHS) the regression
planes of all three subjects included in the analysis were averaged linearly for the corresponding
strain parameters (the resulting lines for Tre is givedFign 2).

This procedure was preferred to the calculation of a single regression surface using the data
points of all subjects, because the {tioear response of the strain parameters looks different for

the different subjects, and so the regression pitmeemay smooth out the nonlinearity of the
stressstrain response. The usability of the aggregated diagram is restricted to the area covered by
exposures of all three subjects, as indicated in Fig. 2.

For a comparison with the PHS index predictions i@istparameters were calculated using
available software (Mehnert et al., 2002). Air temperature was increased between 20 and 50 °C
with an increment of 1 K and relative humidity in steps of 5 % between 0% and 100 % to
maximally 5 kPa water vapour pressure

As for the experimental data, mean radiant temperature equalled air temperature, and air velocity
was set to va = 0.3 m/s. Simulations were carried out with clothing thermal insulation values of
0.1 and 0.7 clo, respectively. The person was assuneaoclimated with the energy

expenditure being 136//m? corresponding to walking with 1.1 m/s.
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