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of the subjects experienced discomfort in these
experiments was 77'F. It should be noted, however,
that the probit regression equations (Table 1) suggest
that with that floor temperature discomfort might
be expected to arise in some 2 or 3% of observations.
Furthermore, the experiments were continued for
only one hour and it is possible that while the
subjects experienced no discomfort with a floor
temperature of 77'F. in that time, some of them
would have been slightly uncomfortable if they had
remained on the heated floor for three or four hours.
Hence, while the floor temperature should not
exceed 77'F., it would be still better if, except in
severe weather, it did not exceed 75'F.

This finding is in close accord with the view
expressed earlier by Bedford (1951) in the light of
experience in schools with heated floors. It had
been noted that when the surface temperature of
the floor did not much exceed 75°F. the heating
seemed satisfactory, but that if the temperature
reached 80°F. the hot floor was tiring to the feet.
Hence Bedford concluded that the temperature of
a heated floor should not exceed 750 or perhaps 77'F.
Liese (1951) expressed the view that 77'F. should be
the maximum temperature for a heated floor, and
Missenard (1951) and Squassi (1951) allowed a
maximum of 82-5'F. These views are based on
general experience of floor heating rather than on
experiment. On the other hand, Herrington and
Lorenzi (1949) conducted a series of experiments
in which the thermal sensations of the subjects were
noted and regional skin temperatures measured.
They concluded that floor temperatures above 75'F.
were physiologically undesirable and that the local
effect of a hot floor was clearly demonstrable when
the floor temperature reached 80'F.
The results for the sitting subjects in this investiga-

tion can be compared directly with those obtained
by Marechal (1955), who tested the thermal reactions
of 14 women and 17 men when they were sitting.
The average air temperature in Marechal's experi-
ments was 71'F., or three degrees higher than in
the experiments here described. Marechal pooled
the results of his experiments on men and women,
presumably because of the variety of the shoes
worn, especially that of the women's shoes which,
he says, defied classification. Fig. 3 shows the per-
centage incidence of discomfort among the sitting
subjects (men and women) in relation to the tempera-
ture of the floor surface (a) for these experiments,
and (b) for Marechal's experiments.
The curves shown in Fig. 3 are derived from the

probit regression equations of the incidence of dis-
comfort on floor surface temperature. The equation
for Marechal's results is found to be

P = 0-148tf - 8-36 ...... (iii)
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FIG. 3.-The percentage incidence of discomfort in men and women
subjects when sitting plotted against the surface temperature
of the floor ('F.), curve (a) representing the present experiments
and curve (b) the results of Mar6chal (1955).

where P is the probit of the percentage incidence
of discomfort and tf is the temperature of the floor
surface in OF. The corresponding equation for the
combined results for men and women in the present
experiments is

P = 0142tf - 7.79 ........ (iv)
The two equations are practically identical and the
curves shown in the figure are almost congruent.

It has been remarked earlier that the activity of
the subjects seems to be more important than the
nature of the footwear, so far as tolerance of a
warmed floor is concerned. No attempt was made
to classify the shoes worn by our subjects. The
soles of the men's shoes were much thicker than those
of the women's, yet, after examination of a cut
section of a man's worn shoe, it was apparent that
estimates of the thickness of the sole based on
inspection could be very misleading. Accordingly
a special calliper was constructed so that the thick-
nesses of the soles of intact shoes could be measured.
Such measurements showed that the difference
between the thicknesses of the soles of men's and
women's shoes was much less than had been ex-
pected, the average thickness of a man's shoe sole
being 052 in. and that of a woman's 038 in. It
seems likely that the somewhat greater tolerance of
floor heating shown by the men when they were
sitting was mainly due to the effect of the medium-
weight woollen socks worn by them, whereas the
women wore nylon stockings. The decreased
thermal resistance of the men's socks under pressure
may account for the similarity of the tolerance of
floor heating shown by men and women when
walking.
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Attempts have been made to compute the maxi-
mum desirable floor temperature from physical
parameters. Fischer (1954) made such calculations,
assuming that for comfort the skin temperature on
the sole of the foot should not exceed 85°F. with
which temperature, according to the present results,
the incidence of discomfort would be less than 1 %.
Fischer concluded that the maximum desirable
temperature of the surface of a floor was 77°F.
which agrees with our finding.

Air Temperature and Tolerance of a Warmed
Floor.-The average air temperature during the
experiments was 68°F. so that the conclusion that the
floor temperature should not exceed 77°F., or prefer-
ably 75°F., applies to rooms which are maintained at
what is commonly regarded in Great Britain as a
comfortable indoor temperature. The partial re-
gression coefficients recorded in Tables 3 and 4,
however, indicate that the skin temperature and a
feeling of warmth on the foot are affected by the
temperature of the air as well as by that of the floor.
As the air temperature is lowered a higher floor
temperature can be tolerated. Although with one
exception the partial regression coefficients are
statistically significant, the standard errors are
rather large, and too much emphasis should not
therefore be laid on the values of skin temperature
or of warmth sensations calculated from the
equations. But it is, nevertheless, of interest to
estimate what would be expected to be permissible
floor temperatures with air temperatures differing
from 68'F.
For the four groups of observations the average

sensations of warmth on the sole of the foot are
calculated for an air temperature of 68°F. and a
floor temperature of 77'F., using the regression
constants of Table 4. They do not differ greatly
from + 0-5, or midway between exactly " com-
fortable " and "comfortably warm". Using the
sensation values thus ascertained, the floor tempera-
tures which with various air temperatures would be
expected to give rise to similar feelings of warmth
of the foot have been calculated (Table 5).

Table 5 suggests that in the first three groups a
reduction of 10°F. in the air temperature raises the
tolerance of a heated floor considerably. Some
doubt has already been expressed about the re-
gression constants for men walking.

Missenard (1955a) obtained results which appeared
to show increased tolerance of a warmed floor when
the air temperature was lowered, but it is difficult
to make a detailed comparison of his results with
those of the present experiments owing to differences
in the methods of experimentation. In a further
paper, however, Missenard (1955b) describes an

TABLE 5
ESTIMATED FLOOR-SURFACE TEMPERATURES GIVING
SENSATIONS OF WARMTH ON SOLE SIMILAR TO AN AIR
TEMPERATURE 68°F. AND FLOOR TEMPERATURE 77°F.

Estimated Floor Temperature with Air
Experimental Temperature ('F.) of

Group
60 65 70

Women sitting 92 83 75
walking 84 79 75

Men sitting 87 81 75
,, walking 79 78 77

experiment in the basilica of St. Quentin. The
heating of that building was inadequate and it
was decided to heat an area of 20 sq. metres, or
about 215 sq. ft., of the floor. When the air tempera-
ture was as low as 41 'F. and the heated portion
of the floor was at a temperature of 102°F., only
1% of that part of the congregation exposed to the
heated floor complained of over-warm feet. From
the regression constants in Table 4 one can calculate
that for sitting persons wearing ordinary indoor
clothing the average sensation of warmth on the
soles of the feet under such conditions would be
- 0-2 or - 0-5 on our arbitrary scale. This is a
gross extrapolation below the range of conditions
included in our experiments, but it does appear
that when it is not practicable to warm a building
to normal standards of comfort severe discomfort
from cold feet can be avoided by raising the surface
temperature of the floor to a level that would be
most undesirable with a higher air temperature.

Changes in Girth of Foot and in Blood Flow.-One
criterion for deciding upon the maximum desirable
temperature of a floor must be human sensations,
and our results show clearly that the sensation of
warmth on the sole of the foot is much affected by
the temperature of the floor. Yet it is conceivable
that a heated floor might exert some other influence
of which one was not aware. For instance, it seems
possible that when the feet are on a heated floor
there may be venous stasis and some swelling of
the foot, even though there is no thermal discomfort.
An attempt was made to test this. Volume plethys-
mography was not practicable because it was
necessary to carry out the tests under conditions
similar to those that prevailed during the main
series of experiments. Hence, mercury-in-rubber
strain gauges were used to detect any changes in
the girths of the instep and ankle.
The results of numerous experiments were

indeterminate. In one woman swelling of the feet
was detected in a control experiment when the floor
was not heated, while no swelling was detected in
other subjects when their feet were on a floor
heated to an uncomfortably high temperature.
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Allwood and Burry (1954) studied the flow of
blood through the feet in relation to the temperature
of the water in their plethysmograph. The blood
flow was measured by the method of venous
occlusion. It was found that the flow increased only
slightly with temperature up to about 86°F., but at
higher temperatures it increased markedly. From
the probit regression equation for the incidence
of discomfort against skin temperature (equation (ii))
it can be seen that at a skin temperature of about
85°F., which corresponds closely with the 86°F.
at which the blood flow rose sharply, there was in
these experiments a sharp rise in the incidence of
discomfort. It seems likely, therefore, that in our
subjects discomfort through over-warming of the
feet was associated with a notable increase in the
flow of blood through the feet, even though no
consistent evidence of swelling was found. It also
seems likely that there was no notable physiological
change until discomfort began to appear, so that the
thermal sensations may be regarded as a reasonable
index of physiological effect.

arbitrary scale and P is the probit of the percentage
incidence of discomfort.

Probits estimated from this equation have been
converted into percentages and these are plotted
against sensations in Fig. 4.
With the sensations of local warmth with which

this paper is concerned, with an average sensation
of + 1-5 or midway between " comfortably warm "
and " too warm ", the expected incidence of dis-
comfort is about 50 %, which agrees with an equation
reached by Chrenko (1955) from a consideration
of the results obtained by Ellis (1952) in a study of
general bodily warmth.

Equation (iii) enables one to estimate the probable
incidence of discomfort from estimates of the mean
thermal sensations that would be associated with
various combinations of air temperature and floor
temperature. For the various groups of subjects the
constants for the partial regression equations of
sensation on air temperature and floor temperature
are given in Table 4. If one considers, for example,
the women subjects when walking, the calculated
mean thermal sensation for an air temperature of

Skin Temperature and Comfort.-It has been noted 65'F. and a floor temperature of 75°F. is + 0 3
earlier that when the results of all the experiments on the arbitrary scale, while with the same air
were grouped together there was a highly significant temperature and a floor temperature of 85°F. the
correlation between the skin temperature on the sensation is + 10. According to equation (v),
sole of the foot and the local sensation of warmth. with these mean sensations the probits of the
The average sensations of warmth reported at incidence of discomfort are 1-66 and 3-56 respec-
various skin temperatures fitted closely about the tively, and according to Fig. 4 the percentage
regression line (equation (i)), but, as one would incidence of discomfort with the lower floor tempera-
expect, the individual sensations of the members of ture would be less than 1%, whereas, with the higher
a group of people cannot be predicted with any one it would be about 7%.
useful degree of accuracy. The regression equation
of the probits of the percentage incidences of dis-
comfort on various skin temperatures (equation (ii)) too I _
fits the results very well, and gives a reliable indica-
tion of the proportion of people who will be un-
comfortable. Thus, with a skin temperature of z so8

090°F. the expected incidence of discomfort is /
14±5%.
A regression equation such as equation (i), which o 60C0

is derived by the method of correlation and in ,
which the dependent variable is the thermal sensa- ..I

tion expressed in arbitrary units, enables one to4
estimate how warm the average person will feel, /
but it gives no indication of the proportion of -
people who will be quite comfortable or uncomfort- /
able and this is of importance in considering what /
should be regarded as limiting conditions. One c
can, however, arrive at such an indication indirectly l I I I l l
by combining equations (i) and (ii) and elirminatijg WARMTH OF SOLE OF FOOT (arbitrary units)

t,,. Thus, from the present observations one o6btaifis`t..Thus,from the present observations one obtaitis' FI
4 -The percentage frequency of uncomfortable warming of the

the equation sole of the foot plotted against the sensation of the warmth of
P = 2 71S + 0 85 .......... (v) tf-e tole expressed in arbitrary units. (Data from all experiments

where S is the mean thermal- sensation on the c.opmbtEbned and warmth of the sole assessed after 60 minutes'3exp3kaure to a heated floor.)
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Summary
Experiments were made on three women and five

men who wore their normal shoes and clothing.
For one hour they sat with their feet on a heated
floor or walked slowly to and fro. Altogether, 379
experiments were made on sitting subjects and 476
on walking subjects.
The average air temperature was 68°F., but the

temperature of different experiments ranged from
580F. to 760F.
Discomfort arising from over-heating of the floor

was due to excessive warming of the feet, as shown
by high skin temperatures, especially on the soles.
A skin temperature of 93 -6°F. on the sole of the foot
was associated with a 50% incidence of discomfort.
A regression equation relating the probable incidence
of discomfort to skin temperature is given.
No uncomfortable warming of the feet occurred

until the floor temperature exceeded 77°F., and it is
concluded that in a room maintained at a normal
temperature the floor temperature should not exceed
77°F., or, better, 75°F.
The temperature of the air affects the tolerance

of a warm floor, so that a higher floor temperature
can be tolerated as the air temperature is lowered.
Regression equations are given which relate the
average sensation of warmth (expressed on an
arbitrary numerical scale) to the temperature of the
air and floor.

Mercury-in-rubber strain gauges were used to
detect any changes in the girths of the instep and
ankle when subjects were exposed to a heated floor.
The results were indeterminate. Swelling occurred
in one subject when the floor was not heated, while
with other subjects there was no swelling when the
floor was uncomfortably hot.
The temperature of the skin of the sole at which

the incidence of discomfort began to rise rapidly

was about the same as that at which a rapid increase
in blood flow might be expected.
The results of the present experiments are com-

pared with the conclusions reached in some earlier
investigations.
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