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Recent trends in clothing physiology

by Ingvar Holmer, PhD'

HOLMER I. Recenttrends in clothing physiology. Scand J Work Environ Health 1989;I5(suppl 1):58-65.
The need for high-performance protective clothing systems in space, polar, and underwater operat ions
and in industrial environments has stimulated research in clothing physiology. New, sophisticated mea­
surement methods, some of which are going to be international standards, have facilitated this research.
Measurements with subjects have validated manikin data, but have also provided information about the
dynamic character and the individual variability of thermal propert ies of clothing under conditions en­
countered in the field. Manikin measurements of the basic thermal properties of clothing (insulation and
evaporat ive resistance) have to be corrected to apply to the user situation, due to the effects of wind,
posture, body movement, and moisture absorption. Evaporative heat transfer is better defined and should
be incorporat ed in heat exchange models and thermal indices. Important aspects of clothing physiology
remain to be investigated.

Key terms: climate, evaporative resistance, insulation, methods, models, physiologicalreactions, thermal
comfort.

Clothing is the fundamental and simple instrument by
which man regulates his body heat exchange and ad ­
justs thermally to the env ironment. Most people rely
on their own experience when they select their cloth­
ing. This practice presents few problems when condi­
tions are not extreme and the garments are made of
conventional materials. However, as more people par­
ticipate in outdoor activities , workers are exposed to
more and more extreme environments, and the mar­
ket is flooded with textiles, fabrics, and clothing with
new, " super" properties, it is more difficult to make
the right choice.

Clothing research has its own history, but it is evi­
dent that the last decade ha s seen a rapidly grow ing
interest in clothing research , particularly in terms of
the thermal function of clothing. This growing interest
is indicated also by the number of conferences which
have addressed the special problems of protective
clothing (Stockholm 1981, Lyon 1983, Raleigh 1984,
Tampa 1987). These environmental ergonomics con­
ferences ha ve included several sessions devoted to
clothing research.

Although ph ysiologists love to investigate nude sub­
jects and , thus, circumvent many of the problems
caused by clothing, an adequate assessment of the ef­
fects of climate, for practical purposes , mu st include
the impact of clothing. Th is necessity was pointed out
by Wissler (1), who concluded that one of three ma­
jor factors limiting the currently available models for
analyzing human responses to environmental stress and
exercise is the "inadequate description of the cloth­
ing worn by the subject [p 272]." This presentation
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is a review of some recent research in clothing phys­
iology.

Terminology

The effect of clothing on heat exchange is determined
by its thermal insulation and evaporative resistance (or
permeability index). Methods are available for deter­
mining the se properties. However, it is important that
they be standardized on an international basis, and th is
work is in progress (2) . The standard values for the
thermal properties of clothing are the basic insulation
(l ei) and the basic evaporative resistance (Reel) (or
permeability inde x, iel) . Other types of insulation and
resistances are pr esented in table 1. The total insula­
tion (I t) is the sum of clothing insulation and bound­
ary air layer insulation (l a/fel) ' corrected for the in­
creased body surface area caused by clothing. Often
clothing is worn under dynamic and transient condi­
tions which differ from the "standard" conditions un­
der which the ba sic values whe re obtained. Accord­
ingly , in practice, the resultant insulation (l ei,,) and
the resultant evaporative resistance (Reel,,) differ from
the ba sic values. In most cases the resultant values are
lower than the 'basic values. This difference is caused
by the effect of wind, body mo vements, and mo isture
co ndensation and absorption on microclimate venti­
lat ion. This subject will be discussed further in a later
section.

Conventional physiological studies

Several ph ysiological studies have reported the im­
balance that occurs when subjects are exposed to ex­
treme combinations of climate (often heat), work , and
clothing (particularly protective clothing) (3-17) . Un-



fortunately, some of the studies do not report the ther­
mal properties of the clothing worn and /or are de­
signed in such a way that it is difficult to generalize
the results and appl y them to other than the inves­
tigated conditions. Comprehensive studies of occupa­
tional exposure to work in cold storage have been car­
ried out (18, 19). Problems with trad itional work cloth­
ing were reported , and the difficulties involved in ad­
justing the clothin g to variation in activity and tem­
perature in short periods of time were pointed out. An­
other maj or problem in this branch of research is ex­
tremity cooling and inappriopriate protective gear for
hands and feet.

Measurement of clothing heat exchange

Detailed analyses of clothing heat transfer are diffi­
cult in experiments with subjects. The investigator is
left with partitional calorimetry, which allows quan­
titative measurements of whole-body dry and evapora­
tive heat exchange. These kinds of measurements are,
however, an important complement to the increasing
number of manik in dat a , since they (i) validate the
measurements with thermal man ikins, (ii) give resul­
tant values for comparison with basic values, and (iii)

show individual variability in heat exchange patterns
with clothing.

Several investigations have reported considerable
variation between manik in data and the data obtained
with partitional calorimet ry (6, 8, 20-28). Most of the
differences can be explained by the pumpin g effect on
the microclimate. This effect will be discussed later.

The development of new thermal manikins with mul­
tisectional , computerized heat regulation allows mea­
surements of local heat flow and is valuable for the
assessment of garment design and the composition of
clothing systems (24-27, 29). Moveable manikins have
contributed to the knowledge of ventilation effects and
how result ant insulation differs from basic insulation
under the type of movements that can be simulated
by the manikin (30). The mar ket for thermal man ikins
in research is increasing. The ultimate goal of a joint
Scandinavian project is to construct a sweat ing, ther ­
mal manik in (31).

The lack of small, reliable humidity sensors have
long hampered the studies of vapor transfer and
evaporative heat exchange in clothing in vivo. How­
ever, several techniques are now available for the de­
termination of vapor pressure at the skin surface and
in clothing layers (21,32). It is possible with such sen-

Table 1. Thermal properties of clothing and air - symbols , units, and def init ions.

Term Symb ol SI Unita Defin itions

Clothing
Basic insu lation lei · C · m'· W- ' Insulation of cloth ing alone under standard con-

dit ions (thermal manikin)

Resultant insulati on lei" · C · m' ' W-l Insulation under actual conditions
Basic evaporative resistance Reel kPa ' m' · W--' Evaporat ive resis tance under standard conditions

Resultant evaporative resist ance R eel,r kPa ·m'·W- l Evaporat ive resistance under actua l conditions

Permeability index iel No dimension Permeability of cloth ing layers (fabr ic layers)
under standard conditions

Permeabili ty index iel ,r No dimen sion Resul tant value under actu al cond iti ons

Air
Air insulat ion r, ~ C' m'· W·l Insulat ion of boundary air layer under stand ard

condi tions (therma l manikin)

Resultant air insulat ion la ,r · C · m' 'W ---' Insulation of the boundary air layer under actual
conditions

Basic evaporative resistance Rea kPa ' m' . vi-' Evaporat ive resistance unde r standard condit ions

Resultant evaporative resistance Re a,r kPa ' m' ' W-l Evaporat ive resistance under actual condi ti ons

Permeabili ty inde x ia No dimension Basic value under standard conditions
Permeability index ia•r No dimen sion Result ant value

Clothing and air layer
Total insulation IT 'C ' m'· W·' Basic insulation plus basic boundary layer insu -

lation under stand ard cond itions, lei + Ijfel
Resultant total insulat ion 'T,; ·C · m'· W- l Total ins ulation under actual cond it ions,

lel,r + la,,Ifel
Total evaporat ive resistance ReT kPa ' m" vt- : Total evaporative resistance of cloth ing and

boundary air Ia)'er under standard conditions

Resultant evaporat ive resistance ReT,r kPa ' m' -vs -: Total evaporative resistance under actual
conditions

Permeability inde x im No dimension Permeabil ity of clo thing and boundary air layers
under standard cond itions (thermal manikin)
(Woodcock iml

Permeability inde x im,r No dimension Result ant value

a Insulation is often expressed in clo units, 1 clo=O.155·C· m'· vs -».
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(equation I)

(equation 2)

sors to measure directly the skin wettedness factor, par­
ticularly local values. This possibility opens up a new
field of research on factors determining evaporative
heat exchange and thermal comfort.

Thermal insulation

The basic insulation of a garment or clothing system
(l cl) is measured under standardized conditions with
a thermal manikin (2). The manikin is static, stand­
ing in a climatic chamber at a very low air velocity
(v.) « 0.15 m . S-I). Due to wind, moisture absorp­
tion, and the movement and posture of the wearer, the
resultant insulation (l cl,r) provided by the garment,
when used, is often less than lei' This subject has been
extensively studied by Olesen and his co-workers (25,
26, 30). They carried out a series of experiments on
different types of garments with a moveable manikin
and with subjects. They found that (i) lei is reduced
by the effect of wind and body movements, (ii) Iclwas
reduced by 5-26 % depending on the air permeabili­
ty of the outer fabric layer, (iii) lei was reduced by
14-18 % during bicycling and by 5-46 % during
walking compared to standing, garment design being
an important determinant, and (iv) insulation values
measured with subjects were comparable to manikin
values for the same clothing ensembles and activities.

Similar studies have been carr ied out by Umbach
(27, 33) and Mecheels & Umbach (24). These research­
ers have developed a standardized technique for evalu­
ating cloth ing systems which includes an investigation
of the pumping effect.

It is important to realize that the basic insulation
value, considered as a characteristic of a garment, does
not provide a straight answer as to the protective val­
ue of a garment against dry heat loss. This factor is
of particular importance in cold environments. The lei
value provided with a clothing ensemble has to be cor­
rected according to the conditions of use to give a more
realistic value of its resultant insulation. Unfortunately,
the information on this subject is limited, and more
work is required . Whenever required insulation or
evaporative resistance is computed with a mathemati­
cal model , the values are resultant. Selection of ap­
propriate clothing, on the other hand, is made with
the basic values, which, therefore, must be corrected
to a resultant value.

Evaporative heat exchange

The inability of most heat exchange models to predict,
accurately, the effects of wearing protective clothing
is a good indicator of the lack of important knowl­
edge about evaporative heat transfer mechanisms.
However, this subject has interested many scientists
in recent years, and new methods have facilitated the
investigations. There are at least three dif ferent ap­
proaches to the determination of the resistance to
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evaporative heat exchange by clothing. It can be based
on permeability indices, a permeation efficiency fac­
tor, or a direct measurement of evaporative resistance.
Evaporative heat exchange is calculated by

E = (P'k - P a)/Re.T
= (P' k - Pa) 16.7 fel • he . F pcl

= (P'k - Pal 16.7 im/lr ,

where P sk - P. is the vapor pressure between the skin
and the environment in kilopascals. The other factors
are discussed in the next two sections. (Seealso table 1.)

Permeation indices

The first introduction of a permeability index was
made by Woodcock (34). His permeability index (im)
has been extensively used by Goldman and his co­
workers (20, 25, 36) and Umbach (27, 33). A more
general approach to the analysis of vapor transfer in
clothing systems has been applied by Lotens & Van
de Linde (37) and Oohori et al (38), who introduced
a permeability ratio for clothing layers (icl) and for the
boundary air layer (i.) . The rationale behind and the
relationship between the diffe rent permeability indi­
ces and the permeation efficiency factors has recently
been demonstrated (38). All permeability indices are
defined by the ratio between the Lewis numbe r for the
layer and the Lewis number for an airlayer of equiva­
lent thickness. The latter number is a constant and
averages 16.7 in th is temperature range. The index
values vary between 0 and 1 and are dimensionless .
The indices are defined and presented in table 2.

Evaporative resistance

Evaporative resistance may be directly measured with
subjects by partitional calorimetry and measurements
of the vapor pressure grad ient between the skin and
the environment (21, 32). An example is illustrated in
figure 1. With the use of the continuous body weight
change and vapor pressure measurements, the total
evaporative resistance (R~T) can be determined. The
technique is not suitable ase standard, but it gives valu­
able information about tht'~ariation between individu­
als and garments . It is also suitable for the anal ysis
of the resultant values. Examples of values obtained
with this technique are givefi in table 3 (39).

The standard approach to 'calculating evaporative
heat exchange is to use the im index (21, 33, 36) or the
permeation efficiency factor (Fpel) (40-42):

Rer = 1/(16.7 fel • he . F pcl'

= 0.06 Ir/i m •

The Fpel factor is dimensionless, varies between 0
and 1, and defines the reduced efficiency of evapora­
tive heat exchange caused by clothing (41). The basic
formula presents Fpcl as a function of basic clothing
insulation (lei) and the convection coefficient (he)'
This relation is valid for light , porous clothing, and
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Figure 1. Determinati on of the evaporative res istance of c lot hing f rom cont inuous measurements of evaporative heat loss (sweat
loss) and sk in to the ambie nt water vapo r pressure gradient. The results are fro m one subject bic yc ling fo r 60 min in lmperrne-
able and semipermeable rainwear (32). .

Table 2. Permeat ion rat ios for water vapor tr ansf er through layers of clothi ng and air. For an explanat ion of the symbols see
table 1. Reel is the evaporat ive resi stance of clothi ng (or fabric) layers, exc luding th e bou ndary air layer.

Layer

Air
Clot hi ng/ fabric
Clo th in g and air

Index Defi nit ion Lewis number Meas urement

ia he/he 16.7
iel 0.061dReel IdReel " Wet" plate or "wet" manikin
im 0.06 IT/ReT IT/ReT " Wet " manikin

Table 3. Thermal properties of cloth ing ensembles from various sources (9, 29, 32, 39). The ReT values we re calculated on the
basis o f equation 15 from tab le values. The ielvalues were reported by Oohori et al (38). For an explanat io n of the symbols see
table 1. (KSU =Kansas St ate Universi ty)

Clothing lei IT ima ic1
a ReT

(clo) (clo) (Pa · m 2 ·W -l)

Basic, manikin do/a
None (ie , manikin nud e) 0 0.8 0.47 0 17

Cotton shi rt and trousers (KSU un iform),
underwear, soc ks , shoes 0.65 1.25 0.39 0.32 30

Coverall , T-shirt , underwear, socks, shoes 0.84 1.41 0.39 34

Cotton shirt and pants, underwear,
Tvsh lrt , belt, socks, shoes 1.00 1.51 0.32 0.27 44

Resultant , subject data
Coveralls , long underwear, soc ks , shoes 0.84 1.5 (1.2b) 0.59b 19b

Rainwear (Goretex '), cove ralls ,
long underwear, socks, sho es 1.29 1.9 (1.3b) 0.36b 34b

Rainwear (nylon coated with pol yur et hane), cov erall s,
long und erwear, socks, sh oes 1.29 1.9 (1.3b) 0.16b 77b

Chemical pro tec t ive sui t (impermeable), coveralls ,
long underwear, socks, shoes 1.4 1.9 (Ub) 0.06b 180b

a No dimensio n.
b Obtained with measurements on su bje cts during work in a c limati c chamber (9, 32).
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the permeability properties of the garments are not
considered (41):

A more general definition of the Fpel factor, includ­
ing the iel factor, is (38):

Clothing in mathematical models and thermal
indices

It was sta ted already in the introduction that the lack
of an adequate description of clothin g was a limita­
tion to predictions of thermal effects with mathemat­
ical models (1). Indeed, most climate indices do not
consider the thermal properties of clothing and , there­
fore, only apply to normal everyday clothing. The wet
bulb globe temperature (WBGT) index (47) is such an
index; it requires special correction to be used with spe­
cial clothing (48).

Most rational climate indices, including the propo sed
new standard of the Internat ional Organization for
Standardization (SWreq) (2), use the original Fpel for­
mat for calculating evaporative heat exchange. As
previously pointed out, this is a special case, applica­
ble only to light, porous everyday clothing, and should
be replaced by the general format based on the mois­
ture permeability of clothing (ict).

The same situation is valid for the effective temper ­
atu re (ET*) index (42). A recent modification of ET*
takes into consideration the general equation (40). This
version is the most sophisticated climate index so far ,
in terms of incorporating the moisture permeation
properties of clothing. However, the experimental vali­
dation of this method for less imperme able garments
has yet to be done.

In the comfort zone the predicted mean volt (PM V)
index (55) takes thermal insulation but not moisture
permeability into account. This is a small problem,
since the field of application of the method is mostly
at low activities requiring none or little sweating. If,
however, it is applied to higher activities with special
clothing, the error might be significant, as the evapora­
tive heat exchange is overestimated. A correction of
the method can be made to account also for such con­
dition s (40, 50).

Few climate indices are availabl e for cold environ­
ments. Required insulation (lREQ) has been proposed
as a method for assessing cold stress (51). In this model
clothin g heat exchange is based on both clothing in­
sulat ion and evaporative resistance.

If values for both insulation and evaporative resis­
tan ce (permeability) are incorporated in the existing
models and indices, their field of appl ication becomes
wider and the predictive power increases. It should be
emphasized, however , that, despite the introduction
of the ict index, several problems remain as to a cor­
rect descript ion of the impact of cloth ing on evapora­
tive (and conductive) heat exchange. The thermal
prope rties of clothing previously described (lct and ict)
relate to a standard condition, but clothing is worn un­
der different conditions. The problems are related to
the effects of wind, wear movement , and moisture ab­
sorption, all of which affect the microclimate and ther­
mal properties. In other words, the resultant insula­
tion and evaporative resistance under the actual wear­
ing conditions are likely to be different from (in most

(equation 3)

(equation 5)

(equation 4)

ReT may now be expressed in terms of lei ' he' and iel •

Calculating Fpel is not requ ired :

It follows from equations 3 and 4 that iel in equa­
tion 3 is a constant, ie, 112.22 = 0.45, which is a typi­
cal value for normal, porous, indoor clothing (38).

It follows from equation 5 that ReT increases rapid­
ly with low index values and with increased insulation.
Accordingly, evaporative heat loss decreases at a given
vapor pressure gradient (equation I). A constant value
for id can therefore not be used whenever clothing
with lowered moisture permeability is used. It is recom­
mended that predictive models and indices, based on
the or iginal Fpct formula , be modified to include iel •

More work, however, is required to validate this ap­
proach, particularly for prot ective clothin g. Values
of ReT' iel , and illl are given for differen t types of
clothing in table 3.

The permeability index of a clothing system, i
lll

, is
measured with a " wetted" thermal man ikin (20, 35,
36), and the permeabil ity index for clothing fabric lay­
ers, iel , is measured with a "skin model" or a "wet­
ted" manikin (27, 37, 38).

Microclimate ventilation

As already mentioned, the variability in the thermal
properties of clothing is relat ed to the ventilation of
the air in and between clothing layers. The combina­
tion of garment design and body movements causes
air to be pumped in and out through garment open­
ings and through the fabri c. The more impermeable
clothing is, the more impo rtan t th is pump ing effect is
in enabling some kind of "evaporative heat loss." The
trace gas technique, first developed by Birnbaum &
Crockford (43), has been useful in the evaluation of
microcl imate ventilation. It is a fast , and simple ,
method that can be used for analyzing the effect of
garment design and different types of work movements
(44, 45). Figure 2 shows a theoretical calculation of
required ventilation for a garment ensemble of differ­
ent permeabilit y (46). The required evaporation rate
was 120 W (180 g : h- t). It is evident that (i) with
lowered permeability, the ventilation requirement in­
creases rapidly, and (ii) in the cold much more venti­
lation is required at the same permeability to prevent
conden sation.
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cases lower than) the basic values. With a few excep­
tions little attention has been paid to these problems.

There are two ways to proceed . One is to stay with
the present set of equations to describe heat exchange
and realize that resultant values for clothin g are re­
quired. Since thermal properties are unique for each
garment, this method requires correction factors to
translate basic values to resultant values. This school
is well represented by Goldman and his co-workers (20,
35, 36) and the Hohenstein group (24, 27, 33). Gold­
man determines " pumping coefficien ts" for each gar­
ment ensemble to derive its "effective" ( = resultant)
value. Mecheels & Umbach (24) have developed a tech­
nique by which each garment is measured durin g dy­
namic conditions , ie, with a " walking" manikin . The
values obtained during this measurement are used in
their pred iction model and serve as a kind of corre c­
tion. Indeed, with this approach , more effort should
be spent analyzing how basic values change under
different wearing conditions.

The other approach require s the development of
equations which describe, in a general forma t, the im­
pact of, eg, wind , posture, bod y movement, etc. The
concept of a relat ive air velocity (va,) is in line with
this approach. However, the equation used by most
models [va, = va + 0.0052 (M-58)] (2) needs better
validation for different types of activity. More work
is required on th is subject.

Clothing and comfort criteria

Of great importance for the assessment of the ther­
mal impact of a clothing system are the physiological
criteria. What is therm al comfort? What is physiolog­
ically acceptable? What are the tolerance limits? The
physiological factors operating in all heat exchange
models are mean skin temperature and sweat loss. With
respect to mean skin temperature, the comfort criteria
(52) appear to apply also to cold condit ions (8). The
sweat loss may be expressed in terms of a required
evaporative heat loss (52) or as a required skin wet­
tedness (40, 41) . The concept of a required evapora­
tive heat loss does not appl y to cold conditions (8) or
when special clothing is worn (eg, protective clothing)
(37, 40, 50). The moisture permeability of clothing is
not considered with this approach. Skin wettedness is
related to the sensation of comfort or, preferably,
warm discomfort (40). With the skin wettedness ap­
proach the moisture permeation properties of cloth­
ing can be included.

Nonthermal factors

Several investigators have shown that the perception
of comfort and the acceptance of a garm ent does not
only depend on thermal factors (53-55). Garment fit,
moisture buffering prop erties, and mechanical proper-
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Figure 2. Required ventilat ion rates at three amb ient temperatures as a fun ction of permeab il ity to prevent condensat ion The
values were calculated for a garment ensemble, and the requi red evaporation was 120 W (180 g . h- 1) [mod ifi ed from Lotens '(46)].

63



ties of fibers and fabrics are correlated with the sen­
sation of comfort. Umbach (27, 33) has extensively
studied the moisture buffering capacities of underwear
of different material and developed test methods that
measure relevant properties. Gwosdow et al (53) found
that the"friction between the fabric and the skin in­
creased sharply when wettedness was 0.25-0.30. More
work is required to investigate the interrelationship be­
tween thermal and nonthermal factors and their im­
portance for thermal sensation.

Future research

Several aspects of the thermal function of clothing have
been reviewed, and some areas have been identified
as poorly integrated or understood due to lack of
knowledge. Some of the most significant problems to
be investigated in both chamber and field experiments
may be summarized and conclude this review of re­
cent trends in clothing physiology: (i) the variability
in the thermal properties of clothing under wearing
conditions (wind, posture , effects of body movements,
etc,), (ii) the effects of moisture absorption and the
condensation and reevaporation of sweat in clothing,
(iii) the effect of clothing on heat exchange during tran­
sient conditions (changing climate, intermittent activi­
ty, etc), (iv) the effects of nonuniform clothing distri­
bution, (v) the validation of predictive models for spe­
cial clothing (eg, protective clothing), (vi) the valida­
tion of predictive models with basic and resultant
values, respectively, for the thermal properties of cloth­
ing, (vii) the validation of different physiological
criteria for the assessment of comfort, acceptance and
tolerance to all thermal environments, and (viii) non­
thermal factors and their effects on clothing function
and comfort.
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