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INTRODUCTION Parts I and. II presen ted the method of acquisition and partial

ar.alysis of the experimental data, the experimental validation of the concept

~ha~ naterial temPeratures which produce blisters on contact can be predicted

from pain threshold measurements, and application of the data pertinent to

minimal epidermal thickness in selection of safe materials. The present report

encompasses the total body of data, its analysis in terms of effects of epid.ermal

thickness and, exposure time on maximt~m permissible temperature and. its use in

bloengineering applications.

EXPERI~~’TTAL DATA AND ANALYSIS After study of the minimal epidermal thickness

~.ata, the total body of information was reduced first manually and then by com—

puter analysis. The observations used. in deriving the correlations are the

rneasured material temperatures for skin contact times of 1, 2, 3, 1~ and. 5 secor.ds.

Using the coordinates of material temperature and. material thermal properties

iescribed by Wu (1), the parameters defined by the threshold pain sensation

resulted in families of curves for the different exposure times and various

epidermal thicknesses.

Figure 1 illustrates the effect of exposure time on the material tempera—

ture at pain threshold ( TmPT) . These data were obtained from the ring finger

pads of two subjects where ep~dermal thickness had. been determined in an

independent study (2 )  to be approximately the same, i .e . ,  0.21.i 9 and. 0.259 .

For graphic clarity, only the data for 1, 2 and 1~ seconds are shown , the 3

second data , of course , lie between that of 2 and ~~~, and the 5 second data,

slightly below the 4 . The lines represent the best linear least squares

solution for :he respective data , having coefficient s of determination between

0.990 and 0.999 throughout the entire range of data. The data. range izidi~ ators

show the extremes of variation fr om the mean of individual measurements ci’
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VARIATION IN Tm PT vs 1//~~~ WITH CONTACT TIME
EPIDERMAL THICKNESS (a 1) = 0.249—0.259 mm
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FIGURE 1 — Temperature and thermal inertia (kpc) as functions of pain threshold
parameter for materials in contact with skin or given epidermal
thickness (0.249 to 0.259mm ) at three contact times (1 , 2 and 4
seconds).
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TmPT for each material at each exposure time for both subjects taken together .

• As seen in Table I where the graphic data for Figur e 1 are tabulated., averagi ng

the deviation from the mean at each of the six observation points throughout

the range of material properties results in a variation of +iO .1~% for c.te one

second data for both subjects with a maximum of + 11.2% and a minimum +6.8%.

The 2 and b second data are similar with somewhat smaller average deviations.

If only one subject’s data are considered at a time, the mean of the experi-

mental observations falls slightly above or below that of the mean for both

-

• 
subjects depending upon whether a1 is above or below the mean shown in Figure 1.

As shown in Table I, Subject A and Subject B data, the variation from the

individual ’s mean is smaller as would be expected. Again, the 1 second varia-

tion is greater than that for the longer times. However , considering the sources

and magnitudes of experimental error inherent in these data , an overall standard

deviation of +10% is well within reasonable expectations. Even though instrumenta—

tthn errors are of the order of +1% and conditions of blood flow and resultant

conductivity changes are minimized by strict control of surroundings and. initial

skin temperatures, there still exist the errors inherent in subjective data.

The latter depend on the set point for the sensory perception, general physical

condition and mood of the subject, reaction time and no doubt other subtle,

undefined, influences with the net result that responses of trained. subjects

may vary from day to day as much as 5 to 10% (3). Since the data reported here

were collected over a oer~od of several years, this source of variation alone

car. account for the magnitude of error . It is noteworthy that the greatest error

tocurs in the 1 second. data (Table ) both in the combined data and in the

in~i;iiual. This effect ref eczs the asymptotic nature of the material

temperature vs contact time curves, e.g., Part I, Figures 2, 3 and 1~ and

is t~~ical of all the data. 

-~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~
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E1~ TABI.IE I

- Deviation from the mean for data in Figure 1.

Contact Deviation from the mean (+~~)Time Both Subjects (a 1* 0.251&mm ) Subj  A (a., = 0.21~9mm ) Sub j  B (a1 = 0.259 )

(s ec) Av. Max. M m .  Av . Max . M m .  Av. Max . Mm .

10.~4 11.2 6.8 6.1 13.6 2.~ 6.0 . 11.1 3.5

2 8.8 i1~.O li..9 5.0 9.0 0.5 3.5 9.5 0.2

7.2 12.1 3.7 3.5 6.6 1.2 3.8 6.7 1.3

H 

* a , = epidermal thickness
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Figure 2 shows the mean and the experimental variations from the mean

for 3 second exposures at different values of a1. Table Ii shows numerically

the average full range deviations from the mean and the extremes of these

values.

The deviations are not remarkable. Figure 2 indicates that a four—fold

increase in epiderma]. thickness results in an increase in TmPT of as icuch as

1~0
0C at the insulator end of the material property range.

The linearity of the relationships shown in Figures 1 and 2 held throughout

the entire body of observed data. Furthermore, in both instances, on extrapola-

tion the lines converge at a point having the same coordinates, 141°C and —31.5

cm2 0C sec’s/cal. Because of the complex nature of the expression for thermal

properties , ~~~~~~~ the b~opkiysical significance of this fact is not immediately

apparent . True, one might expect convergence at a temperature around ~3°C, the

firing temperature of the pain receptors inferred in an earlier study (
~ ) since

this occurence could be correlated with spontaneous pain , but the meaning of

i iV ~~~~~~ —31.5 remains obscure. This point will be considered more fully in

the discussion later. Eowever , the mathematical convenience occasioned by this

convergence greatly simplifies the identification of TmPTs as seen in the

derivations to follow.

On realization that the data did ind.eed. describe straight lines , they

were analyzed by computer for linear least squares fit and the slope determined

for ea~h exposure time from 1 to 5 seconds at each a,, using the slope

intercept equation:

Eq. 1

H where y = T m P T

m slope
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FIGURE 2 — Temperature and thermal inertia (kpc) as functions of pain threshold
parameter for materials in contact with skin at a given contact time
(3 seconds) at three epidermal thicknesses (0.090 , 0.254 and 0.433mm) .
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ABLE II

~eviation f rom the mean for dat a in Figur e 2.

Epid.ermal Thickness Deviation from mean (+%)

(mm ) Av. Max. Mm .

0.090 3.9 6.6 1.5

0.2511. 6.1 12.8 2.3

0.11.33 6.5 
- 

8.9 1.8

— 8 —
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x (iiV’
~~~ +31.5)

b z ~~ (intercept at translated. x axis above).

The slopes so obtained were then plotted against the appropriate ep~dermal

• thicknesses and yielded. the family of curves shown in Figure 3.

It is seen that a semi—log correlation exists for each thickness at each

exposure t ime . The equation of these curves is again the slope—intercept form

of a straight line , this ttme in semi—log form:

log yl m x + l o g b Eq.. 2

where yl = slope of (~~ PT vs i/~/i~~) vs a 1
x a 1 (mm )

b = y intercept

~iven the contact time and the epidermal thickness, the slope of any original

data curve (~~PT vs i/~~~~~) may be read from Figure 3 and applied in Equation

1 to find the applicable ThPT. However, to further simplify the process, the

slopes and y intercepts of the curves in Figur e 3 were plotted against the aprro—

priate exposure times and yielded the correlations shown in Figure ~~~, straight

lines in log—log coordinates. The mathematical expression descriptive of such

lines is the power curve equation:

y a x b Eq. 3

where in one instance yII = slope of Figure 3 curves vs time

and. in the other instance ylil = intercept Figure 3 curves vs time

a = constant appropriate to data

b = constant appropriat e to dat a

x = time (sec )

With these equations and the appropriate constants (a and b )  it is possible

to regenerate the original values of temperature at pain threshold for any material

of known kpc in a series of computations without recourse to the graphical data .
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FIGURE 3 — Slope of (TmPT vs 1/ii~~ ) vs epidermal thickness (0.5nnn) at
given contact time s (1, 2, 3, 4 and 5 seconds) .
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FIGURE 4 — Slopes (1.094 to 0.814) and y intercepts (0.490 to 0.252) of slope
of (TinPT vs 1/v’i~~ )vs a1 at contact times of 1 to 5 seconds.
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For this purpose the least squares fit for yll and ylli curves in Figur e ~ were

generated and the constants determined as follows (Figure 5) :

ylI 1.09t~ x

where ylI = change in slope of TmPT vs l / V’kpC with change in a1, (Figure 3) ;

—0 .~ l2yIII = 0.~ 90 x

where ylil = intercepts of the curves in Figure 3 used in yll above .

The procedure for computing TmPT may be carried out by computer (e.g.,

Fortran Program, Appendix A), or on a hand calculator and is illustrated in

the following example:

Problem: Find the t emperature of Masonite (1/ V’~~~ = 77.30) productive of

threshold pain at an exposure time of 2 sec and an epidermal thickness of

3.2514 mm. (Note: t and a1, chosen to permit checking against original

data in Figure 1).

Procedure:

Step 1 — Find the intercept of the curve in Figure 3 appropriate to the

given exposure time :

Intercept (Fig 3) = 0. 1490 (2 )  0.1412 ( refer to ylli above)

= 0.368

Step 2 — Find the slope of same curve as in Step 1:
—0.lBli .

Slope (Fig 3) = 1.0914 (2)  (refer to yll above)

= 0.963

Step 3 — Insert values from Steps 1 and 2 into equation of line in Figure 3

to find slope of’ appropriate curve in Figure 1:

log Slope (Fig 1) = 0.963 (0.2514) + log 0.368 (refer to yl above )

Slope = 0.6147

— 12 —
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- MATERIAL TEMPERATURE AT PAIN THRESHOLD (TmPT)
H AT GIVEN CONTACT TIME (t = 1 to 5 SEC) AND

EPIDERMAL THICKNESS (~ ~= 0.09 to 0.50 mm)

11~~~~~t~~TL. àx b a:  0.490
FIGURE 4 b =—O.412

~~~~~~~~LO~~~~~~~~~~~~~~~~~+ Iog b 

x~~~/Ikpc +315
- Tm PT (FIGuRE 1 2) mx + b 

b=41°

FIGURE 5 — Equations for calculating any material temperature at pain
threshold within the range of experimental data.
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Step 14 — Find. TmPT using slope from Step 3:

TmPT = 0.6147 (77 .80 + 31.5) + 141 (refer to y above )

= 1ll.70C Ans.

(check against Figure 1)

Figure 6 presents an additional example in which t 3 sec and a 1 = 0.09mm

for contact with the same material (Masonite) to check against data in Figure 2.

In thi3 manner the TmPT for each material at each given t and a1, was retrieved

and verified by the observed data throughout the experimental range of material

procerties from 2.09 to 77.80 cm2 °c sec½/cal, contact times from 1 to 5 seconds,
and epidermal thickness from minimal , about 0.09 mm, to approximately 0.50 ,

maximum for finger pads measured.

DISCUSSION It is thDortant to emphasize that the greatest source of exper1me~ital

error i~ the present data is the variability of the subject’s perception of the

end point, larger from day to day than during any continuous series of observations .

Even ~o , using the computation method above, an accuracy of +10% in TmPT may be

relied upon within the range of 1 to 5 seconds ’ contact time. It is equally

important to observe these time limits because the accuracy of the experimental

data falls off beyond these limits , particularly at the short time end.. Indeed ,

at the greater epidermal thicknesses, a1”0.14 mm , 1 second end points frequently

were not obtainable at the insulator end of the properties range due to breakdown

• of the specimen at the high material temperatures required (sometimeg>200°C ) ,

and also, the development of soreness of the finger pads before reaching the

pricking pain threshold. It is possible that at the high heat transfer rates

associated with these contact times the superficial layers of the skin are

dessicated almost instantaneously to some depth short of the pain receptors,

changing the kpc and. disrupting the heat flow pattern characteristic of the

— 14 —
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. . CALCULATE TmPT

wi. ,.: t = 3 s.c, a~ = 0.09mm. m.d 1/ ~7 = 77.10 ~~2 °C s.cVz/c.d

Intercept CT III) =

— j . 

= 0.490 (3)..0.412

Slope (T l l )=:zb N
= 1.094 (3) 1.184
= 0.8938

kg Slop.~~~~~~= m x  + hgb
= 0.194 (0.090) + (-0.5064)

log Slop. = -0.425 9

- Slop, = 0.375

TmPT = mx + b

= 0.375 (77.8 + 31.5) + 41
= 82.0 °C

FIGURE 6 — Procedure for calculating TmPT at any point within the range of
experimental data.
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region in contacts over 1 second. long. At the opposite limit, 5 seconds, little

difficulty is experienced. Beyond 5 seconds large differences in ?T t ime may be

observed at a given material temperat ure with occasional failure to reach the

pain end point because of a burning sensation cycling just short of’ the pain

threshold. level. These occurrences are probably attributable to changes in blood

flow brought on by relatively gentle warming of the skin resulting in large

changes in kpc ( 5 ) .  The cyclic burning sensation may be associated with

periodic dissipation of heat from the locale of the pain receptors which then do

not quite reach firing temperature.

In any event , the region of confidence , 1 to 5 seconds’ contact time, must

represent a region of stable kpc reflective of the normal condition of the skin,

i . e . ,  neither dessicated nor vasodilated. The convergence of the extrapolated para-

meters, ~~PT vs 1/’v~~~ , at the point of 141°C and —31.5 cm~ 0C sec½,’ca.]. suggests the

pcssibi .ity of a pi~ysical meaning of these coordinates. As mentioned earlier, the

temperature level for firing of the pain receptors associated with threshold pain,

the end. point by which each parameter is defined , has been calculated to be

about 143°C (14). Also, the value —31.5 cm2 0C sec½icai is equal to the reciprocal

negative root of a kpc of skin of 1 x l0~~ cai
2/cm14 OC2sec a frequently observed

value for superficial layers of living skin without blood. flow interference (2, 5,

6 and. 7). Theoretically, given infinite contact time, one would expect the pain

threshold. parameters to level off at a material temperature commensurate with

a receptor temperature of 143°C and. the convergence point for finite times to be

this value with the corresponding material property (if %i~~), the coordinate of 
-

this point. Perhaps, the location of the convergence point on the negative side

of the abscissa represents a negative heat flow and the material temperature

indicated is indeed below that of the receptors. On the other hand, given an
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accuracy of +10% in the original data, the extrapolated temperature at convergence

falls within the range of’ experimental error, i.e., 1410 is —14 .7% different from

the property coordinate at 143° is —25 cm
2 0C sec½icai, equivalent to a kpc of

skin of i.6 x l0~~. Since the latter figure lies midway between the extremes of the

widely ranging values of’ measured kpc of skin, variously reported as 0.5 to 2.3

x io’~ (7 ) , the difference between the convergence temperature and. receptor firing

temperature may not be significant. With measured values of the material—skin

interface temperatures now available, it is anticipated that the uncertainty

in these values can be much reduced but this analysis has not yet been done,

therefore, while attributing real significance to the convergence point

coordinates is attractive, it must be considered to be entirely speculation

at this time. -

That the computational system does not apply at contact times shorter than

I second is evidenced. by significant discrepancies between calculated TmPTs

and those predicted by graphic extrapolation of reciprocal time to blister

described in Part II of this series. (E.g., TmPT for Masonite at 0.5 sec

calculated by equatLons 1 through 3, Steps 1 through 14 fora. = 0.09 mm

yields a value of 133°C whereas reference to Figure 1, Part II at time to

threshold blister 2 0.8 in reciprocal units 0.5
1

x 2.5 = 0.8) yields a value

of TmPT ~ 121°C). Since the graphic system was shown by experiment to predict

blistering temperatures at 0.3 sec correctly to within 1°C, the graphically

predicted temperatures intermediate between 1 and. 0.3 sec must also be correct.

Again , one must consider changes in the physical properties of both the skin and

the materials as contributing to the breakdown of’ the computational relationship

in this region. Nevertheless, as a mathematical device, extrapolation to

— 17 —
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convergence is convenient and entirely reliable within the experimental limits of

1 to 5 seconds’ contact time. Suitable expressions describing the region below

1 second are currently under consideration.

It is possible to determine “instantaneous” pain and burn temperatures for

sites of epidermal thickness greater than minimal by following the same procedure

as described in Part II for sites of minimal thickness. These too should be

verif led by production of blisters at the predicted temperatures, but it is doubt— =
ful whether this effort would be of particular value aside from academic interest.

Judging from the fact that few insulating materials can sustain the temperatures

required for instantaneous (0.3 sec) blistering of skin at minimal without

deteriorating, even fewer would be expected to remain intact at the higher tem-

peratures required at greater thicknesses. For instance, in minimal epidermal

thickness exposures, polypropylene (l/V~~~ = 92.88) sheets, 1/8” (0.32cm) thick*,

softened and deformed before even pain threshold was obtained; Masonite sections

blackened and charred after a number of elevations to blistering temperatures

(‘~20O°C); and Teflon buckled and bulged at temperatures below that required for

blistering. Materials of intermediate thermal properties such as glass and

ceramics could withstand the elevated temperatures, as could the metals at the

conductor end of the range, although changes in their kpc values might occur due

to significant thermal expansion at these high temperatures. Such property

changes could be measured and accounted for in the blister predictions but it is

dubious that the research effort would be worthwhile inasmuch as epidermal thick—

nesses for the population in general would not be available for application in

specific instances. On the other hand, the data from the minimal thickness

studies provide a safe baseline for applications within the aerospace community.

* Samples prepared and supplied courtesy of Dupont Company.
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It is noted that many of the insulative types, of materials will disIntegrate

before they can inflict burns instantaneously or even in reasonab ly short

contact times (< 1 sec) in the adult . Ceramics and metals , however , can be

hazardous and in possible skin contact with these materials at temperatures

above the app ropriate TmPT—thermal property parameter consideration should be

given to protective measures such as guards , coatings and insulative devices.

SU~ 4ARY AND CONCLUSION Analysis of the total body of elpirical data relating

temperatures and ‘thermal properties of materials to pain and blister end points

has provided a graphic system and. a ‘~athematical formulation for predicting

safe temperatures for any material in contact with bare skin for 1 to 5 seconds

solely from a knowledge of’ its thermal properties. Conversely, the thermal

inertia (kpc ) of the optimal material for safe skin contact can be predicted

from a knowledge of the maximum material temperature and the length of contact

time anticipated. -

The effect of increasing epid.ermal thickness is an orderly elevation of the

material temperature at pain threshold at fixed contact times , or lengthened

contact t imes at fixed material temperatures. This effect is taken into

•account in the graphic and mathematical formulations.

It is concluded that the data base and procedures described constitute a

simple means of evaluating the thermal safety of materials in contact with bare

skin and of pre—determi ning the kpc required. for such safety in selecting

suitable materials in myriad construction and. manufacturing applications. In

addition, these data have important applicability in nondestructive measurement

of skin thickness and correlations of thermal pain a~d burn effects in conductive

heating.
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THERMAL CONTACT SAFETY CRITERIA

(Addendum to Reference 4)

At the request of aircraft design engineers the present series of working

charts is provided for the evaluation of the thermal hazard of materials on

contact with bare skin (touch—pain and touch—burn), and for selection of

thermally safe materials for cockpits. The charts are to be used in conjunc—

tion with References 1—4 and are suitable for engineering guidance during

the design phase of new constructions and for retrofit in applications where

experience has revealed unsatisfactory thermal characteristics of existing

materials. The lines represent exact solutions of the pertinent equations

while the plotted points are the computer print—outs rounded to the nearest

even—number values.

In practice, the indicated temperatures (TmPT) for safe short—time

contacts with materials at the insulator end of the abscissa may exceed

the actual temperatures which some materials may attain without degrading

or disintegrating. This eventuality must be considered in selecting suit-

able materials with a view to permitting high temperatures to prevail be-

cause of their low pain/burn hazard.
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FAA (CAM I Library AAC-44D1), Oklahoma City 1
Civil Aeromed. Inst., FAA, Oklahoma City 2
USAF Arctic Aeromed. Lab. (Librarian), APO Seattle, WA 1
6570 AMRL/DAL Library, Wright-Patterson AFB , OH 3

(1 for retention)
(1 for MRBB)
Cl for t.~TL)

HQ USAP (AFRSTA), DCS/R&D Washington: X 1
USAP School of Aerospace Medicine (TSK- 4 , Library) Brooks AFB  1
Air University Library, Maxwell AFB, AL 1
AFSC (SCBB) , Andrews APB, Washington, DC 1
USAP Flight Test Center (FTDT), Edwards AFB, CA 1
HQ TAC/SGPA, Langley AFB, VA 1
Div. of Aerospace Pathology, Washington, DC 1
USA Armament & Development Command (DRDAR-CLJ-I/Tech . Library)

Aberdeen Proving Groimd, MD 2
USA Natick Laboratories (Tech. Library), Natick, MA 1
USA Medical R&D Command (J4EDDH-SI), Washington, DC 1
USA Research Inst. of Environ . Med. (MEDRI-CE), Natick, MA - . . 2
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