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FOREWORD

This is a continuing study covering the Evaluation of Ex-
perimental Fabrics as Alternates for Standard Wool Fabrics.

This report was prepared by the Harris Research Laboratories
und)r Contract No, DA-19-129-QM-331 Headquarters Quartermaster
Research and Development Command, Quartermaster Research and Develop-
ment Center, US Army. The coatract was initiated under Project
No. 7-93-18-018 B Development of Alternate Fabrics to Conserve Wool,
Task: Development of principles to improve the insulating charac-
teristics and 'comfort' of textile fabrics or fabric combinatioms,
and was administered under the direction of the Textile, Clothing
and Footwear Division, Headquarters Quartermaster Research and En-
gineering Ceater, with Mr, Comstantin J, Monego acting &8 project
leader.

This material is taken from contract Report No. 30 for the -
quarter enling November 18, 1958, the fourthquarter of the comtract.
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INVESTIGATION OF PROPERTIES OF SYNTHETIC
FIBERS IN BiENDS WITH WOOL

Contract No., DA~19-129-QM-~1073
0. I. No. 6048
Fourth Quarter

HARRTS RESEARCH LABORATORIES, INC.
6220 Kausas Avenue, N, E,
Washington 11, D, C.

i
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HEAT AND MOISTURE TRANSFKR THROUGH FABRICS:
'BIO-PHYSICS OF CLOTHING

SUMMARY

There is need and growing opportunity to £1ill in the gap between
physiological studies of human work efficiency or comfort in relation
to the task and enviromment, m 2:e band, &l phycicel studles of
textiles and the envirumpent or che ochew haed,

These crosc-boundary gtudiss bainwx physlology, physics, and
&gaxtif.le science, can be graupaed in four main classus:
o Jow (5

o Influence of clothing on tha Laat balance of the body,
%1. Influence on the sease of trach ard other semsee,
TIT. afluence va mobilisy cr ropsst of the body, . ./
I¥. Other intearvamiiucs bacwazs >y zud eaviromeal, ~-——-- vt

Going furthar, each of tuasa clapsas ia divided iato movn specific

parts, with examples of problens oa whick infoaration is curreantly needed,
which can be usefully attacked by masis which are avaeliable, Certain
other problems which would require devalipuent of techaiques aze also
indicated. A list of thess prececas ths gsuaral discussion,
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LIST OF PROSLEMS DISCUSSED

I. HEAT BALANCE

Relation of tests on the whole man to physical tests.
Mzthemical acalysis and physical data.

Wicking, blotting, and the special features of wool.
Vapor barrierc in clothing.

Microdistribution of water,

Cumbined flow of heat and moisture.

Heat effects of adsorption of moisture.

Heat of adsorption as an inertia effect.

Heat losgs by radiatiom.

II. SENSE OF TOUCH AND CTHER SENSES
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vzter holdiang capacity, skin contact and drag.

III. INFLUENCE ON MOBILIIY OR SUPPORT OF THE BODY
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I

|

Euesgy cost of loals e zescreluts.

Fatipgae so..-z.:iz..g alfecte,

Effects of contiauous pressure or restraint,

Low preacure eavirommemts; anti-G suits, ventilated or heated
C:.Othingc

Clothing desigr in relatioa to wicking and ventilation.

IV, OTHER WAYS IN WHICE CLOTIING INTERVENES BETWEEN THE BODY AND THE
ENVIRONMENT

Wind penctration.

Reir, mist, dwurlets, particles,

Blophyaice of "bulletproof" vests.

Speclal problems of vielor, heaclag, fece, and handc.
Sunlight and haat effects of nuclear weapons,

Induztzilel heat probiems, firs fighting, and hot environments.
Absorptive, trancuissive properties of f£ibers.
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I. HEAT BALANCE
Relation of tests.ca-the whole man to physical tests:

Thg wozk of mary physiologists, and especially that of Rubner,
Du Bois, Winslow, and Herrington, has shoxm that the heat balance
of the body can be completely accountad for in tocms of measurabla
physical quantities. Much has been and much more needs to be
accamplished by studies on the whole man involving enviromment,
clothing, ‘t:ask, and rate of activity. However, the role of individual
items of clothing or types of fabric tends to be diluted ia whole man
tests, because of the availability of aiternate methods of heat balance
through other areas, such as the face., the lungs, or the extremities.
Hence whole man tests of clothing or equipment tend to be feasibility
tests, and, wille ludlliapaacilie fvv wiguoniay ellscts w buly wors-
ment and task performaiice ave pooriy csultad %o camparing clothing
stzuctures as such. The task of findisg the optimm belarce of com-
ponents of clothing in diffuwent arers cax be guided by teuts cm the
separate components, 8t gresat s&vings v tims, money, aud utilization
of camplex vhole man test facilities.

A necessary c tiom in o.‘:.".tx: that physical testing of separate
parts shall corvelate well with whole man testing 1o that tke physical
testing shaell realistically cambirs tha two chief modas of hest trans-
fer, direct heat flow dum a temperature differaace, and hecat loss by

evaporation of sweat. These iataract decszuse the weter which is secreted

- 2 -
Harris Reseazch Labozatories, Inc.




at the skin may either wick into the clothing, or evaporsate at the
skin and condense in the clothing. Once in the clothing, water
changes not only the heat capacity and the thermal conductivity of
the clothing, but also the vapor presoure differences and tempera-
ture differences which govern both heat and vapor loss.
Mathematical analysis and physical data:

There is need for advanced mathenatical study based on the
diiferential equatioas of the interacting flow of heat and water
vapor or water, and for experimental study of the amounts of water
present, the temperatures, and vapor pressures a. di{fferent levels
in the clothing under rea.liatic and widely ranging conditions. Com=-
puter techniques are probably required for best application of the
methematical anclysis, but much progrses 1o needed in findizg the
raysical limits justifying the simpilfylag acvsumptions vequiced for
even couputer handling., Howaver, 2 simplified approach using the
principles of multiple piate distillatfon, as hendled for chemrical
ei.gincering purposes, could be instructive. Hottei and Chen's work
at MIT on the propagation of pulses of heat in ciothing can probably
be modified to apply to normal changez of heat productlon in normal
environments. Woodcock at the Quarierwaster Laboratorias.at Nazick
has propoused electrical analog methods which should be tested more
extensively, and fitted to physicel duta obtalned either im whole
man or physical tests. A beglaning on the measurement of water con-
tents in real clothing situations has been made by the Quartermaster,
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in such studies as the Mt. Washington field test of vapor barriecs
in clothing and in many others, as recently discussed by Vanderbie.
Actual field tests, or tests in climatic chambers are essential to
resolve the question of the samount of water really present during
use of clothing, thus throwing light on the question of wicking or
transport of liquid water.

Wicking, b.otting, and the special features of wool:
\
Even under summer conditions, with clothing made of fibers

(such as cotton) which wick readily, the extent of spresd of sweat

{a the layers of fabric is relatively swmall., There is reason to
believe that in winter clothing usni:liu the amounts of water in
individual layers seldom rise to the lavels required for extensive
spreadiag by wicking withir & 1.:7&. The levals raqulred for layer-
to-layexr transpo=t of liq:id watee, which might be called bloiting,

as a special type of wicking, ave evan leys often found in winter
clothing. In fect, fabsics of the kiude used in Army winter ciothing
must be "wrianging wot" and very firmly pressed togetkar to transfer
water by blotting, fram oue layer ¢¢ tie next. Nsverthelacs, this
low level of wicking and tlotting mey bLe "accidental,” d4a the sense
that it is an "uncovenanted biaussing" acising from tha kinds of fibers
_used, the particular degree of wettablilty of these fiders, the dagree

to which they hold their springiness whlle wet or molst, and othar

- 4 -
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factors, which are unlikely to come together for other choices of
fibers and fabric manufacturing ;;roceaeel.

The fact that most Army fabrics for winter use contain a large
proportion of wool is probably important, in securing & special com-
bination of hairy fabric surface and randomness of fiber-to-fiber comn-
tact which are difficult to obtain with other fibers. The study of
the special features which distinguish wool yarns and fabrics from
those made from other fibars has been carried on extensiveiy in several
laboratories, and 1s of importance for better understanding and utili-
zation of wool itself, as well as for its comservation in emergency,
by best use of wool blends and other fibers. Parallel studies of
the effects of other fibe-s and of the whole range of yarn and fabric
structure are accumiatiag, aund are proving useful to both fiher pro-
ducers, anc experimentelly minded fabric manufacturers,

'Vepor barzlers in clotiing:

A fescinating possibility, which Zs only iuperfectiy reduced
tc practice, is the use of vapor barriess in selected poriionc of
clothing. The general ideas is that che thermal insulating powar of
clothing can be kept higher if most of it is kept éry, while the
water passage is elther ypzevented, o= localized in certaln w:ess., One
design is illuscrated by small holes esch perhaps half en iunca in dia-
meter, spaced at three inch iutervele, as in polyethylwus bage for
vegetables; ancother is complete coverage of, say, the crunk, with
no barriers on the limbs. The seiection of areas, and the dogres of
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impermeability required, as well as the practical means of doing it,
remain to be worked out in many details. Possibly the new micro-
porous plastic films, which permit some passage of water vapor but
no passage of liquid water, may be useful here.

Microdistribution of water:_

More emphasis than in the past should be placed on the dis-
tillation of vapor from layer to layer, and on the infiuence of the
texperature as it changes through the thickness of the ciothing on
the condensation of Dolsture within the Isyers and each single lsyer.
The water chemically adsorbed within the fibers is omly part of the
picture; considecation of this "non-l;lquid" water needs to be com-
bined with a micropicture of the location of the "1liquid" water. This
zisoezicsma S als e el oo S22 wmiler @l type o L£ise-to-fiber
coaticts, and the detallel gxzrisce ctuucture of tha fibers, as on the
vettabllity or contact anglac, Thua, Schwartz at Haswis Reuearch
Laboratories hac showa that the ridges and valieys cn the guxface of
usual viscose rayumn pramote caplilary flow along the susface of the
individual fibers, while the smooih surlfacaes of other msi-uedle fibers,
together with the instawvility of & long cyliudrical form for 1liquids
causes liquids tc ciand ia gueparate d-ops om such fibers, 1ike the
beads of dew orn a spidar wab,

Ralie o 0T, add OO woml o, ww®l VAL 0) mI. K0T L
Quartermaster ou capillary flow whara the Zabsic dips 1uto ¢ad can
bec.  saturated by water, much more is needed ou the sub-flow range
of water content since this corresponds to a wide range of clothing

-6 -
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conditions., Hollies in work done for the Quarctermaster at Harris
Research Laboratories has shown that there are several possible
types of distzibution of liquid water in fabrics, depending on the
chemical nature aad type of fiber, and its physical micro-oriemtation
with respect to other fibers and the fabric plane. The studies of
fiber geometry in yarns at Fabric Research Laboratories and at MIT,
and of elementary fiber capillarity by Schwartz at Harris Research
Laboratory, together with studies on absorbency at DuPont, Personal
Products Corporation, and elsewhere provide the jump-off point for
a detailed study of water distritution in textiles at the micro-
structure level.

Techniques are at hand to make & beginning. Water distribu-
tion can be gseen with low power, deap f£ield microscopes, or can be
inferced from the locations of depoglt of soluble swez which ave
not avsorbed by the fiber, Altaxmatively, particles of wacer goiuble
dyes can be applied to the fidbars belora spinning, to form a water-
sensitive layer, like those used in dip and paint children's color
books in which the color is brought ocut by using water salome on the
brush. Application after faliric formation muy be possible, but in-
volves the hazard that the Jdistributicn will ba governed by the dry-
irg of the meiium used to suspend tha par:icles of dye. This is parti-
cularly urfortunate, since typical wooli fabric atructures, a most
inportant class, are only developul by wet processing., A pogsibility
is that the water can be held in place in the fabric by freezing,
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f‘ollowet.i by appropriate techniques to show where the water was located.

This rather laborious effort on the details of microdistribu-
tion of water in fabrics is important for rational understanding of
the differences between different types of fabric structures, such as
the re.atively loose and random arrangement of fibers iv woolen fabrics
or the more regular arrangement of worsted or cottoa-spua yarms; for
the gradation of ragularity with noa-wool content, in worsted spun
blends, and for comparisons of such diverse structures as frieze,
pile or fur-like fabrics, cotton or synthetic fiber batts, needled
felts, bonded non-wovens, or even assemblies of feathers and dowm, or
foamed plastic sheets or microporous plastic films. Such understanding
will aid in the production of wool, or blended or all-man-mada fiber
fabrics with specific propertilaeas of fuzxzivess or swoothneas, loft or
density, wicking or non-vwicking, blotting or non-blotting, waimth or
coolness, in terms of optimm fiber crose section and cxiwmp, as well
as chemisiry, surfeca finish, «nd elastic properties.

Combined flow of heat eud moistuve:

In addition to the whole man tasts ouch as the Mount Wasauington
test, physical studias have been made 1ln laboratory test systems, and
further refinemeat ia thic avea 1is ponzille and desi-abla.,

Hoilles, Bogatly, and Four: at Harris Resanrch Laboratories
have daveloped testing equipment and methods which permit otcerva-
tion-‘of the cambined effacts of hest and molsture in clothliag assemblies
under .dymm:lc or changing conditions of moisture accumulation, 7n these

-8 -
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tests, the water accumulates by evaporation from a saturated surface

at body temperature, in fabric assemblies which correspond to cloth-

ing, and with temperatura gradients down to sub-freezing conditions or

other temperatures as wished. This accumulation by distillation and
condensation is regarded as important, in preference to arbitrarily
wetting out the fabrics in a manner which would be different from
the process when clothing is worn. iIn a recent development, the
temperature gradient can be established in dry clothing, with
measuremeat of dry heat transmission; then sweating can be started
at a set time, without disturbing the arrangement'of the fabrics.
By automatic control the evaporating surface tempersture car. be
held constant at the same skin temperatura as the dry system, and
the orccess of change of temperature gradient from iuside to out-
side can be followed as watar accumuiatec. After abu:t thicvty
ninutes # anew steady state 1s obtained, ia which the re:io of heat
transmiscion to that in the dry copnditlom can be determiaed, with
separate but simultaneous messurements of direct heat loss and
evaporative heat luss.

The raesults inGicate thst a gradicat of Laat flow aad vapor
pressure is saet up such that both heat flow and vapcr flow ave at
constant rate, althouzh water coutinues to condense in the fadbrics.
A second order effect of this iacreasiag water content on the heat
flow is to be expected, but further refinement in measurement or
longer periods of testing will be raquired to demomstrats it.

e9
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Since this steady state of heat and moisture flow is in-
dependent of accumulated wata~ content, it is also largely imn-
dependent of fiber type. Two important features of the clothing
do depend on fiber type, however. One is the amount of water held
back, which depends in part on the chemical adsorption of water in
the fibers, as well as oa the microstructure of the layers. In
addition, the transition between dry steady state and moist steady
state is strongly dependent on fiber type, and shows a distinct
rise of fabric tempecatures when sweating begins. This sudden rise
of temperature comes from the adcorption of moisture, and has been
called the heat.of adsorption or héat of regain,

Heat effects of adsorption of water':

Cagsle and Zazter, awd Nelbach aud Rerwiagour, with others,
have demonstrated the large temperatuze rises and quantitiss of
heat involved in the adsorptlion or removal of molsture from cloth-
ing fibers. Measuremenis of the relatlve saving iz heat loss avail-
able to the body have bean reported to the Quazrtermaster by Hollies
and Fourt, but these meayucemanzs involved going fram relatively dry
fabric to moilst conditicms, and the ensrgy was measurec in a device
which involved scme ratlLer arbitracy features of heat production.
With a proposed system vary similar to that which 1is now available
-for begiming sweating under ciothing in an establighed "netural"

; thermal gradieant, the energy saving eifect, if any, of heat or ad-
sorption can b2 determined more realistically. This can oe determined
) -10 -
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either for really dry clothing, such as one might have put on in-
side a heated cabin before going out into the wet cold, or for
clothing already in baiance with the wet cold, under such condi-
tions as an increase in work activity aad consequent sweating.

Heat of adsorption as an inertia effect:

It is by no means certain that high water adsorption and
correspondingly large heats of adsorption, for whick viscose and
wool are consplcuous, are correlated with maximum effectiveness in
maintaining hest balance or comfort. Indeed, the production of
heat in the fabric layexr is in opposition to the effect desired
by the physiological control mechanism, when an area of skin begins
to sweat. It will be of interest, therefore, to examine the range
of changes in moictuve comiant, espaclaily since 1t i3 certala that
the narusal ranges ave smaller and further toward the high moisture
side, than those used by eithar Cassie and Baxter, or by Hu.iles and
Fourt,

These tests may have more significsnce for choica of filer for
hot eaviromments thaa for cold., Furtheravre, the effects of water
content on other propertles, suck as efiect oa the semse of touch,
clinging and friction, eloctrostatic flalde or electivical cunductivity,
fiber stiffness, and swelling, with its further effect on yara diameters,

are probably aleo involved in asscusomant of suitebility for clothing

usge,
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Heat loss ty radistioa:

The maia emphacis in heat flow studies of clothing hzs been
on the interacting flow of direct heat and of water vapor but it i3
possible to divide the direct heat flow into two parts, ons of which
is heat flow in the semse of energy flowing through material particles,
such as fibers or air or the skin, while the other is radiatiom.

This radiation is the infra red waves which are given off by every
surface, to an extext which depends on two factors, one of which is

the taz;pe':ature f the surface, the other, its emissivity or tendency
to give off radiation, Clean, bright, metals have low emisgsivity;

most other materials have high emissivity. We usually recognize the
property of emissivity by its opposite, reflectivity. A bright, clean
matal surfsce hae high zallontiviey cormresponding to i3 low axissivity.
Both claracteristics can be grouped undar the term "zadlatlioa burriex
since the metal surfaca opposes both the exit and emtrance of radiant
heat.

If the radiating surfece 1s hot enough, we cuxe ses the rod
radizction, as from a rod hot stova, as wsll as feel the irnfra red
waves which are absozDa2d by the skin and recognized as hest. The
wave lengths given off by surfaces at body or clothing teuparatuzes

are longer than thoce usaed i» fafza red photography .ut caa be made

. vigible or detacted by newer techaiquas, such as the evaporation

techniquaes of Baird Asgociataz, ard new photosensitive cells and
thermopiles. These may be useful in demonstratiag heat leaks es-
pecially in tests with men wearing complete asgemblies of clothing

and cquipment.
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The possibilities of improvemeat of normal clothing in
natural envirommeuts by alteration of radiation relations by
such means as aluminum coatings are rather limited, since suvings
in radiation effects ace connected with increased temperature
Jifferences, and incresse the tendency to heat loss by convection.
Indeed, a definition of the insulating requirement of clothing for
the cold might be that it reduces the surface temperature to levels
where both wind loss and radiation loss are acceptable.

However, relations to hest radiation from the sun are quite
different for different dyes.and pigments, and the Quartermaster
has information available for adjustments here., Radiation to the
night sky is a problem in some climates, which might be reduced by
loay emissiviiy surfacas, aupeclally meiallic sw:lacan. Ia general,
however, e:xcapt where low emigeivity, high raZlectivily ouviscas can
be usel to coafront large temparstvia differencer gewvas :ralatively
large open spaces, or on the exposed outer suriuce of clothing,
there ie litzle advortage 4im redistion bavriers., Cloching for fire
fighting iz & congolenous good exzupia of & goct auplication; there
are als3o same possibllities in hand coverings.

Radintion reiatlons are also important in protection a\gamc
heat puises from nuclear wespone, which are conciderad separately

in section IV,

Harris Rezesrch Laboratories, Inc.,
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II, SENSE OF TOCUCHd AND OTHER SENSES

Fabric surfaces:

Hollies and Bogaty have made advances in the description of
fabric surfaces in terms of warm or cool feel and harsh or soft
"hand" as well as by analysis of compressibility. The study of
fabric surfaces and of rasponse to touch and handling needs further
deveiopment, to specify the finishing aad stzucture of fabrics made
from néw fibers. The textile art has given us a wide variety of
textures in the natural fibers, with some degree of rational under-
standing of the effects of {iber diameter, crimp, fulling, napping,
shearing, and aingeing; The new c.ombinations of fiber elasticity,
fiber strength and size, fiber electrification and response to
relative aunidity, all give uow wexic for dmpuiving o> cuutol
of fabric taxture and mochzzicg, New methods of yavra puuivetion
such as diffevential glrlakaga (high hulk), bouded twisilave yarms
from short (ctaple) fibers, duiked or texturaed yarms, aud high
stretch yacns add further dinemsions,.

Fabu»ics ac s*ructwrag:

Joel Liudberg ia Sweden hac made the £irst Jarge step since
the work of F, T, Peirce in the expewcilmental analys:is of fabric hand,
that is, the feei of Zfabrice to the hand, by developing means of
measuring forcas and digplacements in the plane of thn fatrle. Backer
at MIT has developad the aralycical geametry of yara and fiber struc-
tures, enabling one to express the stresses and stains in mathematical
termc aad Hamburger, Platt, Coplan, and others at Pabric Research

-1 -
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Laboretozies have applied and extended this gecmetry, both theo-
retically and by messurements on real yarns, This work is in
cocpecent bands and should continue, with the use of these tools
c{ undesstandiag, as weil as technijues of measurexeanl, spreading
to other Jvoups,

Forces acras . the shlcimess of the fubrics:

Ancther clnanslon of study of fabrics as structuces is in
terms of forces «wcrosec or between the two surfaces of the fabric.
This particularly involves the motions parallel to the fabric sur-
face, and the 'prickle'" sensations perceived by the skin. A method
of measuring displacemeat between the two sides of a fabric, as a
function of both sideswisa or shear force, eand the pressure, has
been euvisioaod ai daceis Rageascik Laborsutorias, but wxild require
new and sensitive instruaenitation (o grzallable but expunsiva types)
to reduce to practice, =t wamld, huwaver, give & new gprosca to
the assessment of falr:ic hand, ard to the problame of clinging and
restraint by ciothiug,.

Electrical effacts:

There 45 need fur covtelutiona of the eleixicel effeccs of
fabrlce with the gensations eparlencad in handlisy or weariag them.
Thic lceludes tha obvlaug effacls ol elactrostatic clovge, .ui its
digsipation, as iafluanced by wole and enomygy of rubding, reolative
humidity, and finish or conteminatioa. A blophysical assessment of
the contect poteatial lLetwaen fabric and near-by skin would be an
« loratory venture of wuch interest. This contact potential is

- 15 -
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different from the potential built up as an electrostatic charge; it
is a potential vwhich exists at any exposed surface, independent of
friction. Mecheels in Germany has alluded to possibilities of effects
related to this, but so far there seems to be little 1f any definitive
work in this area. '

The influence, if any, of different fabrics on the potential
of the skin surface with respect to ground or to the body ianterior
also deserves exploration. The potential at the skin surface is
probably more directly connected with sensation than is the con-
tact potential of the fabric.

These explorations are suggested both for their own interest
and for the possibility that they may throw light on the baffling
probicm that peupla vacognlze difiereaces batween cercain man-made
fabrics and rayon or aatural f£lbers, as "hot" or "uncomfortabie",
in spite of demoustrabis lack of diffarence in heat or molsture
transfer.

Weter holding canecliry; skin contact, and drag;

Arother posoible differeace between fabrics composed of low
moisture content mau-nade fibars, iz comtrast to high molstura con-
tent or natuzai fibers, may be in liquid water holding capacity. This
is especiclly importaat in comparirg thin, smooth fabri:s wade of cone
tinuous filament yarms with thicker, hairier fabrics made of short

fibers twisted together in spinning. It is important that critical
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cocparison:s batween differexat fibers cshould always be made in ona
form of yarm or the other, since the contact semsations are so
differeat for filoment and continuous yarms spun from short fibers,
Recent work by Werden, Fahknestock, and Galbraith at the University
of Illinols, compuring different fibers, ia its continvatiom will,
it is hoped, give more atteation to this puint, and to equallizinag
or using a range of fabric weights and thicknesses.

Ccplan of Febric Research Laboratories and Steelea at Rohm and
Haas have shown that the chemical composition of the fabric blend,
or chemical modification of the fiber can affect the water holding
and drainage characteristice of fabrics, as well as the rate of
drying in the fiual phase. Further cozrelation with subjective im-
presclous ol comlovt or wall Dalieyg, whioh ase wewre laposinat Lo this
connection than heat Lailance measusaueals, are desivable. Beat
balanc:e measuranaats o the whole daly are very blurt toole o usa
on this problex, sincz Luat balance can be obtaimud by such & varlety
of mechaiisms., Nevertheleds, we are quiio geasitive to changes im
heat fiow, locally aad over all, and can zacognize differaaces im the
means used to obialz heat balance,

Hock, Sockua, and Hexziy showed thal tha coctact batwaeen a flat

surface and & wet fabric deperded ou he grructuze, tha kimd of fiber
? ?»

and the water content. This sovt of study car be canblred with measure-

meats of drag or frictlom over the gkin, and with whole man studies of

the ohysiological cos3t of varying degices of contact or drag. The
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development of new fibers, end new textured yarm structures has widened
tha field of possible types of contact betw2en fabric and skin.

It 1s also worth noting that studias of the final phase of drying
are closely related to, and may supplement and extend the studies of

microdistribution of water discussed already.

IIZ. INFLUENCE ON MO3ILYTY OR SUPPORT OF THE BODY
Aside from the readily aprareat interest of the bathirg suit and
foundation garment industriss, there ave many functional problems of
mobility and support., One has been discussed, under the influc.ce of
water content on skin contact znd dragl, which might alsc be clossified
as a problem in mobility.

Brerey cnat of loads or zestTaints:

Tha genezal problem uf the anergy cust of luad carcylag axd
weight distributiomn la diffareant altarastivaec is importoni o the
miiitary, to industry, sport, aud evem as & matter of genuwral comfort,
Sid Robinson's findiag that tha eawrgy cost of carrying ome pound of
weight agc ghoes on the £eet leg equal to that of carvying eight puunds
on the back, is appllceble in every day life ac well. The enasgy or
perzormance cost of the was:izaZule Impavad by clothing Laes saiiom been
meagsured, but is easlly appraclztoed, A characteristic motic: of the
batter in every baseball gane is to fres tue fabric of his shirt from
his ghoulder and upper arm, as he tzkes his stance., Thers are mauy
instances where clothing design could be guided, for functiomality,

-18 -
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by physiological tests and by physical measurement of contact and drag
as a function of water content. Similarly, the effort involved in
bending, or in the sgliding of one layer over another in the actions
requized for various tasks, or in walking or running, can be attacked
both on the man and by physical tests. An example is the advantages
of a testured yarn liner for slecping bags, with less frictioa or drag
on the occupant than that given by smooth fabric.

Fati ue snaring effects:

The fati ue sparing effects of resilient flooring or floor
covering, of 1ubber heels, and-of thick or wool socks versus thin
ones, are _acts of common experience which couid be developed
systematically, especially with regard to footwear.,

Effects of coutinuag wrresgwre o0 weslrullls

Asice fran the energy costa in Lead carcylng or frictiom,
cercain forms or posilons of clozhling exert iomg duvatlon zacsralats
or presgures oz portiong of the bedy, .007.1:-1'.:5, cuffs, balts,
gacters, leggings, shoes 2re familiar examples. It 1s probably not
necessacy to measure tie valua of good fit aud design in thece mattcis,
unless somecime theve ie naud Lo show the £olly aud physlological cost
of some style or faghioa featuze, IZven i sedcntary work thece are
advantagcs in good hest balence withour regtralint or mal-dlatzibution
of loai: san example Z6 Baizac's cheice of a menk's robe (but nade of

fine r.ococial) for wear while he was welting,

Harvie Research Leborsiories, Inc.
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However, constraints less open to fadividual adjustment than on

collars or belts can arise, in such forms ac the elaztic restraint of

knit underwear, and especlally of components, such as socks, made from
"high stretch'" yarns. Defirnite harm to the circulation and increased
foot fatigue can develop from using stretch socks which have too much
tengion. This is aggravated by the fact thac many forms of stretch
socks show a progressive shrinkage witn laundering, not ualike non-
shrink resistant wool., Better stan'da:da of fit and performance are
necded In the stratch socck industry, im spite of the popularity of

"one size fits all" with merchants or logistics officers.

Low pressure enviromments; anti-G suits; ventiiated or heated c‘.othing;
Flyers have some specizi problems of low pressure environments
ead of preveaclug the cuatieliuging ol Diowd zray fram the bLyailn,
which require speciall supporsing au! mactraliaiag etructuras f(nti-g
suits). These cumbiae with problaws of wnbility for speclel tasks,
and of heating or cooliug. Sults cooled by forced vemtilation, as
well as heated Ly aiestricity, have bean raduced to practice and much
basic work nas gome iuZo optimal dasiga and dlstvibutlion of heating
and cooling. Some of thane decigas way da appliceble to tank czewman,
vehicle drivers or cyelicte, fual hardlacs axd missile workers, de-
coataninatios crews, or Anile oo dasarl distant early wairalng or ob-
seﬁatim crewe, that ls, to mem ¢paratling at fixed staclons or with
powered vehicles, The principles may also be applicabla to motor or
- 20 -
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air borne soldiers, to maintein optimum combat readiness while being
transported. The combat soldier on his feet, however, has to have
clothing which matches with his own gctivity to an optimum degree,
without dependence on any other source of power f£or neating or cool-
ing than the capacities of the soldier's own body.

An example of design for increased effectiveness .without external
power 1s the wettable decontamination 3uit, which permits evaporative
cooling without exposure of the skin. Finding the optiﬁum in this kind
of equipment involves the other heat balance studies &lraady discussed,
The use of vapor barriers in cold climate clothing presents similar
problens of finding best balance of many factors.

Clothing design in relation to wicking and ventilation:

In Lot envicommenis, the wearlug of suiliclent ciothing for pro-
tection from the sun, or frum five or the heat effects of nuclear
weapons, i1s & severe problem. Fer hest effect protectlon, thae pro-
tective ciothing needs to be worn conctantiy. Everything which can
be done to promote evaporctive cooling within the clothing, by wicking
and by providing open channels for ventlletion, is nesded.

Work done for the Quarternester at Haxrris Reseasch Leboratories
has shown that the restricting effect of the walls of chennels rapidly

increcses as one goss below one inch eleur gap, but that little is to
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be gained above two inches. There i3 a considerable chimney effect
of increased draft with increased height, but with decreasing coole
ing effect per unit length, which makes the channel length, in the
scale available in clothing, less critical than the free clearance
in the channel. However, there are large ranges of actual climatic
conditions in which the movement of air in a chimney or channel,

when the movement depends on differences in air density between the
general enviromment and the body surface, is less than is needed.

Clothing design to utiiize air 3coops, and to make use of
bellows effects in motions, and the expansion-contracticn effects
of breathing, to move air in the clothing, are desirable.

A very desirable development would be "tuned" clothing,
elastically supported away from the body with such spring coa-
stants and magses that the clothing movaieats would be nesr resonance
with some normal rataes of body motion. This tuning skould mot be
sharp, but should not be as heevily camped as most clothing movement
is. This is a challeagiag but feasible problem in dynamic analysis
and in reduction to practice with sultable elastic suppocting and
spacing materials.

Whether or not valves of scme kind wlill be needed, cr can be
u:sed to direct air floww ia such a system ie an interesting question,
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iV, OTHER WAYS IN WHICH CLOTHING INTFRVENES
BETWEEN THE BODY AND THE ENVZROWMENT

Wind, rain, and sun are tha clascical antagonists against which
clothing provides & shield, Military or industrial needs add to this
list chemical, biological, aad radioactive acrosols or fine particles,
in addition to fragmentation missiles and other weapons. Hazards of
insects, leeches, other animzl enemies, and brambles can be opposed by
clothing. The effects of fire, and the heat effect of nuclear weapons
can also be mitigated to some extent Uy even conventional ciothing,
and to a greater extent by special means.

Wind peaetration:

The work of Forseca and Woodcock &t the Quartermaster Laboratory
at Natick, &ad of Niven zt the Natioaal Research Courcii, Ottawa, have
shown that a much mora sophleticated appruach to wind peneiration is
neaded than hac baea usual theretoforse. Results obttelnsed by Fourt
and Harzis on the effect of alr permesbllity of fabiic on evapora-
tion from underlying suizlaczs alswo show thac the veletion of aie
permeabllity (28 usuzlly mensuied) to cosliling effect is no simple
one-tc-one cowragpuadance., Work et the Talversity of Californis
(Berkeley) Inscitute of Englnecering Rereavch, by Duukla, Gelr, Bevans,
and Edwazds has speclal inlercst in baing an interpretation in terms
of aerodynamic concepts of heun ard msga tiransfer, Considersble
further work is neeied In thic gezarel ares to obtaln aa agreed
upon and systematic bedy of knowledge and technique of testing.
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Sensitive infra red radiatioa detecting devices to measure local
surface temperatures can aid greatly. If ell this can be combined
with the geometric fabric analysis of Backer and others, with
properly understood similitude condizions to go from physical tests
to man-enviromment situations, it will wmake tha physical tests much
more valuable in predicting field test results and in screening
fabrics, perhaps even more discriminetingly than field tests can,
Rain, mist, droplets, particles:

The filtering, watting, and wicking effects of fabrics aand
clcthing structures are involved in resistance to these droplet
or fine particle agents. For liquids particularly the capillary
effects of individuval fibers (=8 fluted rayon versus smooth fiber)
and of the sur_zca fuuz end inlewlor Zghulc mlerostiuctuza ara very
important. Wuwzk of Schwartz at Harris Regoawch Laboracories has
established some optimun ccuditlons with regaxd to wicking of drop-
lets, but there ara specisl joinls cunclderaed desirable in fabric
structure for this vurrdce which requive talance with quastioas of
loft, wammth, and straagtl.

Biophysics of '"sullecuroof" vasis:

The physical problams of fiber el fabrlc asseably involved

"~ 4a ballistic protection mostly lie outsida the biophysics of cloth-

1ng‘, and are purely physicel problans, except in the incouperation

of these structures in general design of clothiag and equipment, with

respect to burden in terms of pounds load, mobility, and heat balance.
- 24 -
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The protectior of the face znd ears against coid or high
ther=zl energy prezents speciszl difficulties aad is almost a field
in itself. Likewice, the protection of the hands, preserving
dexterity and sensory perception, is & unsatisfied problem. There
is something to be ssid for extra long slecves as & simple measurs,
to provide constant protection against high thermal energy, and a
"Chinese Muff'" effect against cold, but comparisons involviug men,
¢ uipzent, a2nd tacks are required tc settle such questions. Low
ecmissivity surfaces on anti-contact gloves, or on outer glove
surfaces, may be especizlly valuable, in reducing radiation effects.

Sunlight and heat effects of rucleax weaponsi

Thase eavizompaicyl ajenciés ase worse similar than might be
thought =t first, with a wave iength dlctributiom of emergy which
is relatively similar, The Quaicarxester ie fortunste in having a
lacrge scale soler furaace to invescigaie the effects of high cone
centratlons of this distxzibution of erergy on comparatively lavge
areac, co that eqge effacee com be mindmized, Both sunlight at
the earth's surface azd the radiction fucm a rucleas fizeball &t
distances compstibie wlth gurvivel have beea filtared of a grast
deal of the shortest wave iangth enargy uriginally presezt, so that
the specttal distribuzlon bas its pesk naz the border batwaen ultra-
viclet and visible light, with the bulk of the ecnergy in visible and
infra red wevelergths,
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This energy distribution has laa to suggestions by Dr. Robert
HoZfmann that reflection by white surfacec, such as fibers hLeavily
loaded with titanium dioxide or other whitening agent, may be more
practical than attempts to utilize mecallic reflection., While
metals are more effective than other pigments in the infra red
range, they are lower than good pigment whites in the visible, It
is worth noting that a white dues to pigment is more opaque than the
"white" of white cotton which arises from multiple refiection from
rather transparent suzfeces.

This problem has had and continues to have extensive gtudy
at the Quartermaster laboratory and elcewnere. It is related to
the problem ~f fire proofing or preventing heat transfer by tars
and distiilateas. 7Tha elfecllvexeds ol vallectors is also lacressed
and indeed is depeadaat upoc tka spacsing batireen layascs, aac the ex-
posure of the reflector. The whola pzoblem of heat attexuztlon plus
durability {(survival of the protective system for vse agaiust the next
blast) is complex, but dasarvas thorrugh physicael anclysis. The
mathematical analysis of febrilc system and skin respunse carried out
by Chen, Hottel and Willlaws of MII is baaslc to theze questiorns and
should be exterded, f£itted with &£iiiziwmal experimental date, and
applied.

I-.dustrial heat vroblens, fire fizhtine, and ho: esvizormanis:

. A more moderate range of radiation problems arises in comnec=-
tion with furnaces and fires. Here, extarmal aiuminum coetings
perform very well. The practical problems are chierfly of durability
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and flexibility. Reflection can be effective where there is a local
or directional source of heat, and sufiicient heat capacity or short

Susation ¢f eposuse o paTmit tte clothing srystex to wasd off oo

B Sy gie=g 22 2 ool teel s e (Seas o3, se=3
as a tazk ¢ . - - .ation barriers can raduce the
rate <. YO ..l enery/ -<~wnsier to the only heat sink, which is the
evapor.:ing surface of the body. This mst be shielded from radiatiom,
and protected by comventicnai, thickness dependent insulation from the
hot air, permitting enough access to air, however, to kaep evaporation
going. Protection of the eyes and respiratory system can become
critical points.

Abcorotive, transwissive orusesclies of Ziberg:

Ia the pact iz has usnalpy been sulflcieat to rezard clotaing
systems as non=-selacilive or “black" bodles, with regawd to therual
radiation, but in problems of high oraryy Zevels in the ultra violet,
visible, and infra racd spuctire, gelecilve absorptioa or transmission
has speclal importanca. Physical datz on absorption and transmiocsion
are accumulating; infomsztion at high tanpaeratures would ba dasirable.
Some of the polyoialfin fibars ara campasrativaly trensparent to infra
red waveiangths, The bacle puepantias of the flbers can of course
be modilled by dyoc, pigments, or iialsies, wolch also raguire caun-
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Finaily, it may be noted that witile che cousosite, over-ul
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dyncmics of normal activity and enivommnenc, thie avoorols
effects of nuclear weapoa thorxal nulscs wogulsss ceeurate know-

ladge of heo: capacity and thamnal conductivity oll cthe wey up to
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CON Tl
In this consideration ol the bIophysics of clothing, an elflorc

2as been made to present & broad piciure, cirting at lcast 2 small

part of the work of other leboratoriez ac well as that of the

Quaztermoster and [osris
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writer is more familiar, Sigalili-ant wosk on geasral and gpecial
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gooblilmis has been dome Ly the druvred Forses Laworaiory at FTort Xnox,
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ty Aeromedical Labs, aac Nasy agaiclec, as well as by imdusczial
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satories of fiber producing eumpanias and many univargily de-
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that dezzil. l and pracstlical wo i onm wany fmportan: puotlexs int

biophysi. of elothing couldl cone £em wany resaarsh ygooups
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