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Although the stairway has been used for many years
it is still not a safe means of travel. In 1959 nearly
700 farm people died as a result of falls which occurred

, On steps and stairways. To reduce the injuries and deaths

“resulting from these falls an analysis of some of the

Qifactors affecting stairway safety was performed.

@L The investigation had two objectives. The first was

\l to evaluate the coefficient of friction of different shoe
sole and stair tread materials. The second was to evaluate
and analyze the forces exerted by individuals when ascend-
ing and descending stairways of different designs.

The coefficient of friction was measured on a machine
having a table which moved under a stationary holder. The

“holder was fastened to two vertical bars which contained
strain e¢ages. The strain gage bridge wa# connected to a
Brush amplifier and inking oscillograpn. The vertical
load was applied by placing weights at the end of an arm
which rested on the holder. The tread material was placed
on the table and moved under the holder which contained
the sole material. The horizontal force was recorded on
the oscillograph.

New and worn specimens of six different tread materials
and six different sole materials were used. The different
sole materials were duplicated for two different sole sizes.
The tread materials used were wood, linoleum, a non skid type
paint, abrasive strip, varnish and rubber mat. The sole

materials used were neoprene, neolite, crepe, leather, ripple
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and a hard surface sole made by B.F. Goodrich.

The investigation was designed so that it could be
analyzed statistically and the order in which measurements
were made was determined by randomization. All the
measurements were made at one table speed and one vertical
force.

The magnitude, direction and point of application of
the forces exerted by a person ascending and descending a
stairway were measured using a force plate. The force
plate contains five separate strain egage circuits and is
capable of measuring the vertical force, both horizontal
forces snd the point of application of the forces with
respect to the front edge and side of the tread. The output
of each circuit was recorded on an inking oscillograph.

To compare stalirway designs nine different stairways
were constructed. Stairways with 9, 10 and 11 inch treads
were built for each of three riser heights, 5, 7 and 8
inches. |

Two subjects, weighing 140 and 172 pounds, were used
in the investigation. Each subject ascended and descended
each stairway four times while traveling at his own
natural speed.,

The coefficient of friction for the abrasive strip
and rubber mat materials was hisgher than the coefficient
of friction of the other tread materials for most all of

the soles investigated, %Wood, varnish and paint generally
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showed a decrease in the coefficient of friction with use
thle linoleum increased with use. The ripple sole had
the highest coefficient of friction values for any of the
sole méterials studied, The crepe sole was the only sole
which had a hirgher coefficient of friction value on the
new material than on the worn material,

The vertical force exerted on a tread had two maxi-
mum values when ejither ascending or descending the stair-
ways. The initial rate of application of the vertical
force varied linearly with time when ascending or descending
the stairways.

The horizontal force varied considerably between both
the stairways and the two subjects. The horizontal force
was generally directed toward the front edge of the tread
at the beginning of the step, when either ascendineg or
descending the stairways.

The forces exerted by a person when ascending or
degcending a stairway normally are not large enough to cause

slipping.
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INTRODUCTION

Ever since man has constructed buildines of more than
one story he has been confronted with the problem of
travelineg from one floor to another. He has met this
problem in several ways. He has built stairways, elevators
and escalators. While elevators ani escalators have re-
ceived widespread usage in large commercial structures the
stairway still remains the method used in his home.

Although the stairway has been used for many years
man still has not made it a safe means of traveling from
floor to floor. In 1959 more than 2200 farm people died
as a result of falls. About a third of these accidents
occurred on steps and stairways (National Safety Council
1959), A survey of 100 stairway accidents by Miller (12)
showed that 38% of the accidents were caused by slipping.
Miller also concluded that the non uniform dimensions of
treads and risers was sreater on the accident stairways
than for a representative group of stairways reported by
Velz (17).

Three factors must be considered in the analysis of
stalrway gafety: 1) the tread material and its friction
characteristics, 2) the actual forces exerted on the stair
tread as a person ascends and descends the stalrs, and 3)
the point of application of the forces in relation to the
front edge of the stair tread. The type of shoe sole may

1



be censidered a fourth facter; hewever, it is uncontrel-
lable from the standpoint ef stairway designm.

Since tread materials are subject to wear, a high
coefficient of friction under both new and used conditions
is desirable. A tread material with a high coefficient of
friction for a wide selection of shoe sole materials is
also desirable. The measurement of the forces exerted by
the foot of a person is necessary to determine how high the
friction value of a tread has to be to prevent slipping.
The forces exerted and their point of application may
depend somewhat on the dimensions of the stairway. The
wide variation in stairwey dimensions shown by Miller (12)
and Weaver and Pogue (21) suegest that no uniform con-
struction pattern for stairways exists. While sets of
design equations and specifications are available, they
vary between "“authorities".

The objective of this thesis is two fold. The first
iz to evaluate the friction characteristics of various
shoe sole and stair tread materials. The second is to
evaluate and analyze the forces exerted by individualse

ascending and descending stairs of different designs.



REVIFW OF LITERATURE

Stairway Accidents

A survey of 100 stairway accidents by Miller (12)
showed that most aceidents happened in the mid-morning,
mid-afternoon and early evening periods. The greatest
number of accidents occurred around 10 A.M.. The fact
that 81% of the accidents occurred to women and time of
occurance suggests that many of the accidents occur during
the process of doing household work. The rate of falls,
however, did not increase with the person's age. Presumably
older people were more csutious or decreased their use of
the stairs.

Slipping was found to be the direct cause of 38% of
the secidents. WMissing a step was responsible for 18%
while loosing balance accounted for 16%. Hurrying and
having the arms full while using the stairs were contrib-
uting factors in 61% of the accidents. Twenty-fcur per
cent of the falls caused by slipping occurred on rubber
mats. Linoleum accounted for another 20%, varnish 18%,
paint 16%, carpet 14% and 4% occurred on bare wood.

Miller (12) also found a wide variation in tread mate-
rials being used. The types of finishes for 135 stairways

were as follow:

32 Paint 13 Linoleum with no metal

26 Rubber Mat edge

18 Varnish 7 Linoleum with edge

16 PFull length carpet type metal edge

10 Bare wood 6 Linoleum with surface
6 Other type metal edge
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Physiological Responses of Women

Weaver (20) investigzated the physiclogical responses
of women while ascending and descending stairways of dif-
ferent designs. Three stairways were constructed; one with
a 33° slope and the other two with a 40° slope. Stairway #1,
congidered architecturally correct, had 7 inch risers and
11 inch treads. Stairway #2 had 7 inch risers and 9 inch
treads while stairway #3 had 9 inch risers and 11 inch
treads. Ten women subjects were observed ascending and
descending the stairs at a rate of 2.2 m.p.h..

A statistical analysis of the inveetigation showed no
significant difference between the three stairways. 1In
ascending, the stairs with a 40° slope (2&3) used less energy
but an increase in the heart rate and pulse pressure oc- -
curred. In descending, the stairs with a 40° slope used more

energy and increased both the heart rate and pulse pressure.

Stairway Design
An ayﬁfmpt to improve the safety of stairways should
include an analysis of stairway design. There is no defi-
nite set of dimensions for designiﬁg a stairvay. In a
survey of housing preferences by Weaver and Pogue (21) a
wide variation in stairways was disclosed. The slope of
the stairways varied from 31 to 47 degrees. The treads
vVaried from 7 to 12.79 inches while the risers varied
from 5.75 to 9.75 inches.
Parker, Gay and MacGuire (13) suggest that a good
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riser height is from 7 to 7.9 inches. They give as a set
of design equations the following:

1) T£LR = 17" to 17.5"

2) T £ 2R = 25" for interior stairs

3) TxR =70 in. to 75 in.

T is the tread width (less nosing) and R is the riser
height.

Merrit (11) suggests that the second equation above
shoyld be T £ 2R = 24" to 25". The Forest Service of the
U.S.D.A. (7) suggest that the first equation should be
dropped and the last equation should read T x R = 75 in.

The Forest Service states:

There is a definite relation between the height
of a riser and the width of a tread, and all stairs
should be laid out to conform to well established
rules governing these relations. If the combination
of run to rise is too great, the steps are tiring;
and if too short, the foot may kick the riser at
each step and an attempt to shorten the stride may
be tiring. Experience has proved that a riser 7 to
7% inches high with appropriate tread combines both
comfort and safety, and these 1imits therefore
determine the standard height of risers commonly
used for principal stairs. As the height of the

riser is increased, the width of the tread must be
decreased for comfortable results.

Coefficient of Priction of Stairway !laterials

Hunter (10) reported that measurements on new or
unworn specimens of walkway materials gave little indica-
tion of the true value of u (coefficient of friction). He
states that test surfaces should be standardized with res-
Pect to smoothness, cleanliness and dryness to get repro-

! _
ducable results. However, he alsc states th=t there seems

to be no possiBility of selecting a single or even a limited
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number of surface conditions which can be defined or accu-
rately produced. This 1s because the wear on a tread or
walkway material will vary with its location in a building,
thus making possible many different values of u for a
single sole and tread combination.

Sigler, Geib and Boone (16) have conducted friction
tests on a large number of materiéls. A pendulum type
apparatus holding a test heel was used. The test method
duplicated the way a heel hits a level walkway surface.
Leather and rubber heels were tested in the experiment.

In all tests on dry surfaces they found that the rubber
heel gave a higher coefficient of friction than the leather
heel. However, on wet surfaces both heels had low coef;
ficients and could be classified as potential hazards. The
only wet surfaces which zave good results were those con-
taining asperities that projected through the film of
water. The asperities prevented the water from acting as

a lubricant.

A series of tests on waxed surfaces was also carried
out. It was found that the coefficient of friction of a
waxed surface was higher than that of a clean surface for
a2 dry rubber heel. However, for the leather heel and bhoth
heels under wet conditions a decrease in the coefficient
occurred on the waxed surfaces. Under continual use it
took approximately one month to wear the wax off and return

the coefficient of friction to that of a clean surface.
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Friction of Non-Metals

The friction between shoe soles and stairway treagds
is the result of the contact of two elastic materials.
Bowden and Tabor (2) report that for elastic materials
the basic laws of friction do not apply. Instead of u
being proportional it 1s inversely proportional to the
weight applied. The coefficient of friction decreases as
the weight is increased.

Bowden and Tabor (2) stated that all surfaces are
rough on an atomic scale. As two materials are placed on
one another the only contact occurs at the tips of the-
asperities, The actual contact area is very small making
the resulting pressures extremely high., Over regions of
intimate contact strong adhesion occurs and the two mate-
rials become a continuous body. The friction force is éhe
~force required to shear this junction. With metalic mate-
rials the area of true contact is proportional to thq
weight applied. However, for elastic materials the true
area of contact can depend on the geometry of the surface,
the 1oad or the time of loading. For elastic materials

A< WO
where n < 1 and A is the true contact area.

While the area of contact and weight play an important
role in the value of u, Bowden and Tabor (2) state that the
most important factor i1s the cleanliness of the surface.
They point out that surface cleanliness is far more impor=-

tant than surface roughness. Gcmer and Smith (9) show that
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the presence of certain types of films including water
vapor will cause a decrease in the coefficient of friction.
This decrease is due to a very thin‘film which is formed
- on the surface.

The physical adsorption of water vapor on clean sur-
faces amounts to only one or two molecular layers at the
saturation pressure. However, a suitable trace of con-
tamination will lead to the presence of large quantities
of water on the surfaces at pressures well below saturation.

Germant (8) has civen a qualitative picture of this
boundary lubrication. Figure 1 shows two surfaces in con-
tact, each covered with a thin film two molecules Adeep.

When the lower surface is moved, layer 1 and layer 4 will
still adhere to their respective surfaces. However, the
forces of attraction between subsequent layers become

weaker as their distance from the surface increases. There
will be moderate slippage hetween layers 1 and 2 and between
layers 3 and 4. A considerable amount of slippage will take
place between layers 2 and 3.

The formation of the surface layers depends upon the
attraction between the 1liquid and solid, as measured by
the adhesion tension. The adhesion tension is particularly
high for molecules containineg polar groups such as OH and
COOH.

Germant (8) also reported that where friction tests
have been conducted the coefficient of friction drops

according to a curve indicated in Figure 2. A definite
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Figure 1: A schematic picture of molecules in
boundary lubrication, a) surface at rest, b)
surfaces in motion. Germant (8)

amount of lubrication is required to cause a change. When
this has been reached the friction value dimishes rapidly
and later slowly with an increasing thickness of the layer.
It 1s believed that the point of sharp drop occurs after

the first layer has been formed.

!
u

Vapor Pressure —

Figure 2: The relationshig between u and the partial
vapor pressure. Germant (3)

\ Human Locomotion

A study of human locomotion while ascending and
yd
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descending stairs is an important part of any attempt to
improve stairways. A considerable number of investigations
on human locomotion have been reported. However, most of
these have been carried out on a level surface.

A determination of the actual forces exerted by the
foot while ascending and descending stairs would be very
helpful. Eberhart and Inman (5) report that the most
direct means of measuring all eround reactions is the force
plate. With this plate records of the‘vertical force,
both horizontal shears, torque, andi the center of pressure
of the foot can he obtained. Cunningham and Brown (3)
discuss the design and operation of a force plate. They
obtained the value of the forces by using strain gages on
tubular columns.

With the use of a force plate Rehman, Patek and
Gregson (14) determined the ground reactions which occur
in level walking. They state that the maximum vertical,
horizontal and lateral forces occur at 22.5% and 72.5% of
the full stride. The maximum vertical force is greater
than the body weight due to Newton's Law, F = ma, The first
half of the horizontal force is directed posteriorly as the
foot pushes forward. The last half of the reaction is
forward while the foot pushes back. The maximum horizontal
reaction amounted to about 15% of the total body weight.

The maximum lateral forces amounted to only four to five
percent of the body weight.

Barnett (1) measured the pressures of the foot with a
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pedograph and reported that the walking stride can be
divided into five phases. The phases are as follows:

a) Heel Phase - In this phase only the heel touches
the ground. The whole heel bears the weight
evenly most of the time. This phase occurs in
the first 15 to 20 percent of the total stance.

b) Standing Phase - The pressure is taken by the
heel, the outer side of the sole and the heads
of the metatarsal bones. The center of gravity
of the body is directly over the foot. This
phase lasts for 30 to 35 percent of the total
stance.

c) Metatarsal Phase - All of the weight is borne
by the metatarsal heads. This phase seldom
exceeds 10 percent of the total stance.

d) PForefoot Phase - The toes and the metatarsal
heads bear the weight. This phase occupies 30
percent of the total stance.

e) Step-off Phase - The weight of the foot is borne
entirely on the toes, especially the hallax.
However, most of the body weight i1s on the other
foot. This phase will make up from 3 to 10 percent
of the total stance.



EXPERIMENTAL INVESTIGATION
COEFFICIENT OF FRICTION FOR TREAD AND SHOE SOLE MATERIALS

Tread Covering Materials

The tread materials selected for this investigation
were wood, inlaid linoleum, a non-skid type paint, varnish,
marblized rubber mat and an abrasive strip. The first five
materials were found most often in Miller's (12) study.

The sixth material, the abrasive strip was studied for
comparative purposes. New and worn specimens of each tread
material were studied.

The surfaces for the new specimens of wood, linoleum,
abragsive strip and rubber mat were left in their original
cohdigion. The linoleum, abrasive strip and rubber mat
materials were cemented to pleces of plywood for the tests.
A test surface for the abrasive strips, which were three
quarters of an inch wide, consisted of two strips placed
one half of an inch apart. The rubber mat, which contained
surface grooves, was oriented such that the sole material
Crossed perpendicularly to the grooves. Varnish and paint
were applied to regular wood stair tread material according
to directions. A regular wooden stair tread was used for
the tests on wood.

Because of the difficulty encountered in obtaining
used tread materials, the worn tread materials were pre-
pared in the laboratorv. They were prepared by rubbing

12
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new tread materials with a very fine sand (50 mesh) as

sugegested by Hunter (10).

Shoe Sole Materials

The shoe sole materials used in this study were neo-
prene, neolite, leather, a neoprene base crepe, ripple and
a hard surface sole made by B. F. Goodrich. The investi-
gation was carried out using new and worn specimens for
two different sole sizes for each of the six soles studied.
The Aifferent sole sizes represented the worn area of an
average size sole for a man and woman. The area of the
two sole sizes was 16.4 and 10.7 square inches.

To perform the desired tests the shoe soles had to be
mounted in a metal holder (see testing equipment). The
soles were mounted as follows: |

1) A sole was trimmed to the desired size.

2) A piece of plywood was cut to the same size.

3) The plywood was nailed to a wooden block approxi-

mately 8% inches square.

4) The sole was cemented to the plywood and held in

place by clamps until dry.
The sole holder was attached to the metal holder by four
sSmall bolts.

The total thickness of the shoe sole holder had to
be constant because the arms connecting the metal holder
to the strain gage transducer had to be level during the
operation of the testing machine. The thickhess of the shoe
soles varied for the different materials so the total

thickness was held constant By ad justing the thickness of

the plywood. The sole was oriented so the vertical force
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applied to the metal holder was directly over its centroid.
The new soles were mounted to the holding block in
their original condition. Worn soles of all the materials
except the hard surface sole were obtained from old shoes
purchased at second hand stores. These soles were removed
from the shoes and mounted to the holder. The worn B. F,
Goodrich sole was obtained by rubbing a new sole with the

same type of sand used on the treads.

Testing Equipment

The coefficient of friction was measured with the
machine shown in Pigures 3 and 4. This machine consisted
of a movable table under a stationary holder. The holder
was fastened to two vertical bars containing strain gages.
The strain gage bridge was connected to a Brush ampl;fier
and inking oscilloeraph. The vertical load was applied by
placing weights at the end of the arm resting on the
holder. This arm had a 1 to 3 mechanical advantage (1
pound at the end of the bar places 3 pounds on the holder).

In this investigation the tread material was placed
on the table and the shoe sole material was fastened to
the holder. The tread materials moved under the holder at
&8 uniform speed and the horizontal force was recorded on
the oscilloeraph. From the horizontal and vertical forces
the coefficient of friction was calculated (coefficient of
friction equals the horizontal force divided by the vertical

force). The dvnamic coefficient of friction was used in



Figure 3: The mashine used to measure the coeffieient
of frietion.

Figure 4: A elose view of the machine used to measure
the eoeffieient of frietion showing the sole holder
and the stair tread.
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this studv.
The strain gage circuit consisted of eight SR-4 (type
4-5) strain gages, two in each arm of the Wheatstone Bridge.
The output of this circuit is given by the following
formula:
€ = 6 PL
E b H?

= Bridee output, in units of strain.

= Horizontal force, pounds.

Distance from the end reaction to the center of
the strain gage, inches.

Modulus of elasticity, psi.

%Width of the bar, inches.

Thickness of the bar, inches.

huh

> TowW um

diagram of the strain gage circuit and the deriva-
tion of the above formula is in Appendix I,

The circuit was calitrated by applying known loads to
the bars and adjusting the oscillograrh to read pounds per
line of deflection. It was possible to calibrate using
this procedure because € 1is directly proprortional to P
since L, E, b and H are all constant for anry measurement.
Once the strain gage circuit had been calibrated the
internal calibration circuit of the amplifier was used
before each test period to eliminate the process of manual
calibration. The calibration curve for the circuit 1is

shown in Figure 5.

Procedure of the Investigation
For this investigation the coefficient of friction
was measured for only one vertical force and one table

speed. A verticsl force of 117 pounds was used. Loads
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greater than this caused one of the tread materials to
tear arart. Higher loads alsc caused considerable wesar
on some of the soles. The table moved at a speed of 14.6
feet per minute. Preliminary tests indicated that faster
table speeds caused the vertical bars to vibrate when the
horizontal force was applied.

The investigation was designed so that it could be
analyzed statistically. The study was run as a series of
separate parts. Each part consisted of the new and used
specimens of a single sole type and size. The coefficient
of friction was measured using these soles and the twelve
different tread materials. Thefe were three duplications
of each sole and tread material. The order in which the
measurements were made was determined by randomizaticn.

Each indivicdual shoe scle was tested on twelve dif-
ferent tread materiels during each sinéle investigation.
To prevent the sole and tread materials from becoming
smooth they were brushed lightly with a piece of 3/0
sandpaper between each test. This procedure of keeping
the materials in a condition similar to that of natural

valking was suggested by Hunter (10).

MEASTIRING THE FORCES EXERTED ON STAIR STEPS

Description of the Equipment
The magnitude, direction and point of application of
forces exerted by a person ascending and descending a

stairway were measured by the force plate shown in Figure 6.



19

The force plate contains five separate strain gage circuits

and is capable of measuring the vertical force, both hori-
zontal forces and the point of arplication of these forces
in relation to the front edge and side of the tread.

The frame holding the instrumented stair tread 1s
supported at each corner by small columns made from
Revnolds 618T6 Aluminum. This aluminum has a yield stress
of 40,000 psi. The support is 5.62 inches higch with an
outside diameter of 0.876 0.008 inch. The inside dia-
meter is 0.787 0.002 inch. The force plate was designed
to be used in stairways with different riser height and

tread width combinations. A detailed drawing of the corner

support is shown in Figure 8.

Bridge Output
Each of the strain gage circuits consisted of eight
fR-4 (tyre A-5) etrain gages, two in each arm of the
Wheatstone Bridge. The equations for the bridge output of

the circuits are as follows:

Circuit #1 € = P (2e5-d) w P (d-2e;) (1)
d AE d AE
Circuit #2 €> = P (2e,-L) = P (L-2e,) (2)
LAE LAE
“Circuit #3 €3~ P ((u-l)(2e1e4)r‘(1-*1)(e4d-e1L)/udL)
dLAE
Circuit #4 €= Hy te (4)
. EI
Circuit #5 es - Hx t c (5)

EI

(3)
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Figure 6: The foree plate in one of th '
b gk P e experimental

Figure 7: OCalibrating the foree plate for vertieal forees
and the eoordinate system.
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Figure &8: The eorner support for the force plate.
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€nh = Bridge output in units of strain, N = circuit number
P = Vertical force, lbs.

A = Cross sectional area of one support, 9.116 in.

E = Modulus of elasticity of aluminum, 10" psi.
Hy = Horizontal force toward the front or rear edge of

the tread, 1lbs.

Hx = Horizontal force toward the ripht or left side of
the tread, 1lbs.

Distance from the end reaction of the supports to
the center of the strain gages measuring the Hx
and Hy forces, inches.

c Radius of the support, inches.

u = Poisson's ratio, 0.33 for aluminum.

L,d, e, e, e and e are specific dimensions of

the frame holding the stair tread. See Figure 9.

ctr
1]

The orientation of the strain gages on the supports,
2 diagram of the circuits and the derivation of the equa-

tions are in Appendix II.

N L
e2 |
' 03 oo eﬁi
Hy — + d !
| Ly I |

v

Figure 9: A schematic Aiagram of the tread holder
showing the specific dimensions.

Por any measurement the equations for circuits (1)
and (2) contain two unknown quantities. The vertical
force P and the location of the force with respect to the
front or side of the tread. For any measurement the equa-
tion for circuit (3) contains three unknown quantities;
The vertical force P and the location of the force with
respect to both the front and siie of the tread. To de-

termine the magnitude of the vertical force, equations
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(1) and (2) were solved in terms of e and e, and sub-

stituted into equation (3). The resulting equation was:

€3 = P (1#4) / AE €1 €, (u-1)
2 2 P

This equaticn can be put into the form of a quadratic

equation and solved for P,

e f‘f:s 2, (}__’f_i) (1/AE) (A E€1€2(u-1)>

2 2

P= 2(1/AF) (1 £ u)

2

Substitutineg in the numerical values for u, A and E reduces

the equation to:

g3t 62 4000 g6,
F)'= 6

1.146 x 10

Calibration

‘Because equations (1), (2) and (3) contalned more
than 1 unknown quantity, circuits 1, 2 and 3 were calibrated
so the oscillograph read 5 micro inches per inch of strain
per line of deflection. The internal calibration circuit
of the amplifier was used to achieve this reading. The
calibration was accomplished by placing the attenuator on
20 and adjusting the oscillograph pen for 15.5 lines of
deflection after the amplifier had been balanced in. The
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attenuator was then set at 5 and the measurements were
made at this attenuator setting.

The relationship between the applied and measured
vertical loads was determined by applying a known load at
a known position as shown in Figure 7. This procedure was
repeated for several different loads and positions. Cali-
bration curves showing the relationship between the applied
and measured vertical force are shown in Figures 10 and 11.

The vertical force could not be applied to a specific
roint but instead had to be applied over a small area. As
shown in Figure 9, the vertical force was applied by a
lever arm resting on a small block which was one inch
square. The vertical force was applied as near as possible
over the center of the block. The true position of e and
e, was the distance from their respective edges of the
tread to the center of the block. However, due to the
difficulty of cdetermining the exact position of the vertical
force an error of 0.125 and 0.29% inches were allowed for
ey and e, respectively. These twc limits allowed for
errors in measuring the center line of the block, the
placing of the lever arm on the block and the reading of
the oscillograrh chart. A larger error was allowed for e,
because this measurement was affected more by a change in
the placement of the lever arm. The relationship between
the true and measured positions for e and e, are shown in
Figures 12 and 13. The band formed by the two lines

indicate the region in which values were acceptable.
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Figure 14:

Calibrating the foree plate for the hori-

zontal forees.

Figure 15:
stairways.

A person deseending one of the experimental
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Equation 4 shows € to be directly related to the
horizontal force. This allows the oscillograph to be
calibrated directly in pounds of force. The horizontal
force was calibrated by applying known loads at three
different positions alone the front and rear of the tread
as shown in Figure 14. Figures 16 and 17 show the rela-
tion between the applied force and the meésured force.
The circuit that measured the horizontal force directed
toward the end of the tread was not used during this

experiment.

Stairways

To compare stairway desisns, nine different stairways
were constructed. Stairways with 9, 10 and 11 inch treads
were built for each of three riser heights. The riser
heights were 6, 7 and 8 inches. According to the standards
set by Parker, Gay and WacGuire (13) the stairway with the
8 inch riser and 9 inch tread is the only stairway of tﬁe
group which would be considered architecturally correct.
Each of the nine stairways contained five treads with the
force plate used as the third tread. Figure 15 shows a

person descending one of the experimental stairways.

Procedure of the Investigation
The purpose of this investigation was to determine
the vertical force, the horizontal force and the point of
abplication of the vertical force as a person ascended and

descended a stairway. Two male subjects were used for this
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study. Subject #1 weighed 140 pounds and subject #2
weighed 172 pounds.

Because the amplifiers failed to operate correctly
the horizontal and vertical forces were not measured at
the same time. The investigation was separated into two
parts. The vertical force and its point of application
were measured during the first part while the horizontal
force was measured during the second part. Both subjects
ascended and descended each stairway four times for each
p~rt Qf the invgstigation. Each subject walked up and
down the stairway at his own natural speed.

The time spent on the force plate could be determined
because the oscillograph chart paper moved at a constant
speed (5.05 inches per second). To determine how the un-
known quantities varied as a person moved acfoss the step
the measurement period (the time spent on the tfead) was
divided into eight parts. Each 1hdividua1 measurement
was resd at the eighth points and also at the first and
last sixteenth points.



RESULTS

COEFFICIENT OF FRICTION
The surface conditions of a sole or tread material
are dynamic properties chaneing from day to day or even
from hour to hour. Althoueh the surface conditions are
continually chaneing there are some characteristics which
would make a tread material desirable. These character-
istics are: 1) a high coefficient of friction for new and
worn surface conditions, 2) a high coefficient of friction
for a wide selection of sole materials and 3) a small varia-
tion in the coefficient of friction between new and worn
conditions of sole and tread. Because these character-
istics would be desirable the data of this investigation
will be analyzed with respect to the magnitude of the
ccefficient of friction and its variation between differen§

—

surface conditions.

Analysis of the Experiment
The coefficient of friction data were analyzed statis-
tically by the method of factorial analysis. Federer (6)
states that,

"A group of treatments which contains two or
more levels of two or more factors or substances in
all combinations is known as a factorial arrangement."

Federer also states that factorial experiments result in
an unbiased conclusion even if trends or gzradients are
present in the experiment, thus making this design very

favorable for this experiment because of small changes in

31
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the relative humidity.

The coefficient of friction data were divided into a
number of 2x2 factorial arrangements. The two variables
were sole and tread materials with two levéls of each
(new and worn). The factorial analysis was performed for
each tread material individually making a total of 72
analyses. A diagram of the 2x2 analysis 1s shown in Figure
18.  Each square indicates one of the four possible com-

binations in a 2x2 factorial design.

TREADS (T)

New Worn
New N.S.M.T. N.S.W.T.
SOLES (8)
Worn M.S.N.T,. W.S.W,T.

Figure 18: A schematic diagram of a 2x2 factoral
analysis.

fhe Dixon and Massey (4) method of testing for signi-
ficant differences between individual comparisons was
used. For this investigation a worn sole on a new tread
(W.S.N.T.) was compared to a worn sole on a worn tread
(F.S.W.T.). This was a compariscn of new and worn tread

materials with the sole materisl held constant.

Presentation of Results
The results of this investigation are presented by
1viding the analysis into four different phases: 1)
#€neral trends, 2) analysis of new and worn tread materials

for a worn sole materi=l, ) worn sole materials on worn
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tread materials and 4) compariscn of sole materials
independent of tread materials.

The accuracy of the results for this investigation
depended on how accurate the oscillograph charts could
be read. The reading accuracy for the charts was plus or
minus one pound. Because the vertical force was constant
the percent error decreased with an increase in the hori-
zontal force. The maximum error was approximately four
percent.

The humidity and temperature were not controlled
precisely during the investigation. All of the measure-
ments were made at room temperature (72°F), however, the
humidity varied some from day‘ to day. The averages given
In the table should not be considered absolute values be-
Causge of the variation in the humidity and the fact that

the values are for a 1imited number of surface conditions.

General Trends

The average coefficient of friction for each simulated
SUrface condition is given in Appendix III. Each value
1s 4p average of nine measurements except for the ripple
Sole. The values for the ripple sole are an average of
S1x measurements.

The graphs in Figures 19, 20 and 21 show the average
Triction value of each simulated condition of the six

tread materials for three of the soles investigated. The

graphs are for the large neoprene, crepe and ripple soles.
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These graphs show some of the general trends and particular
phenomenon of this investication.

Figure 19, which 1s for the large neoprene sole,
indicates that the abrasive strip had the highest coeffi-
clent of friction value for the six tread materials. The
abrasive strip had the highest friction value (the four
simulated conditions averaged together) of the six tread
mater!’als for nine of the twelve soles investigated. Only
with the small leather and the large and small ripple soles
were there other tread materials which had a higher coeffi-
cient of friction than the abrasive strip.

Another trend which 1is apparent from Figure 19 is
that the worn linoleum material had a higher coefficient
of friction than did the new linoleum. When the coeffi-
cient of friction was compared for the combination of a new
sole material on new and worn tread materials the worn mate-
rial had an equal or higher friction value for nine of the
twelve soles investigated. Only for the large ricple and
the large and small neolite soles was the friction value
of the new linoleum higher than that for the worn linoleum.
When the coefficient of friction for the worn soles on
new and worn linoleum material was compsred, the worn tread
material had an equal or higher coefficient of friction
for eight of the twelve soles investigated. The large
neolite and the small neoprene, neolite and B.F. Goodrich
soles had higher friction values on the new linoleum.

Another trend apparent from Figure 19 is the small
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variation between the means of the four simulated conditions
of the abrasive and rubber mat tread materials. To determine
the amount of dispersion in the data of each tread material
the data for the four simulated conditions are combined and
the mean and standard deviation of these data were computed.
This analysis was performed for each of the twelve soles
investigated. The standard deviation was computed from the
following formula suggested by Walrer and Lev (18).

2
- EE 2 (ZXx) 2

n-1

The mean (X), the standard deviation (S) and the inter-
val X S, which includes 68% of the data values, are giveh in
Table 1. From this table it can be seen that the rubber mat
material and the abrasive strip generally had the smallest
standard deviation of the six tread materials investigated for
the large and small neoprene, crepe and neolite soles and the
small ripple sole. The abrasive strip had the smallest stand-
ard deviation for the large ripple and small leather soles.
The painted tread had the smallest standard deviation for the
large and small B.F. Goodrich soles while the worn tread had
the lowest value for the large leather sole.

As a general rule the wood, linoleum and varnished
tread materials had a larger standard deviation than did
the abrasive, rubber mat and painted tread materials. For

seven of the twelve soles investigated the rubber mat,
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abrasive and paint had the three smallest standard devia-
tions. For four of the other five soles one of these
three tread materials had the smallest deviaticn of the
six tread materials.

FPigure 20, which is for the large crepe sole, reveals
a phenomenon, which occurred primarily with the crepe sole.
Por this sole the combination of a new sole material on
a new tread material gave the highest coefficient of fric-
tion value for the four simulated conditions. This was
true for the wood, abrasive, varnish and painted treads
for both the large and small crepe soles. This phenomenon
occurred for other sole and tread combinations but not
with the regularity that was observed with the crepe sole.

Figure 21, which is for the large ripple sole, shows
the high coefficient of friction values obtained with the
ripple sole. It should be noticed that the highest values
occur on the smooth surfaced treads. The abrasive strip
and rubber mat materials have the lowest values of the six
tread materials. This was true fof both the large and
small ripple soles.

Analysis of New and Worn Tread Materials
for a Worn Sole Material

When a stair tread material is placed on a stairway
it is expected to last for a period of years. During this
period of usage the surface condition of the tread material
will change. It would be desirable, however, if the
coefficient of friction of the tread material either
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remained constant or increased with use., To determine if

there were significant changes in the coefficient of fric-
tion between new and worn conditions of a tread material
the friction values for the conditions were compared using

the factorial analysis. This comparison was performed

only for the worn soles.
The results of the factorial analysis are in Table 2.

The values gziven are the difference between the average

coefficient of friction for the new tread material and the

average value for the worn material. A negative sign

inAicates th2t the average friction value for the worn
ma terial was hicher than the value of the new material.

An asterisk indicates there was a significant difference

be tween the two values at the 95% probability level.

For the large pneoprene sole the new treal material

haq 3 significantly larger coefficient of friction than
the worn material for the wood, varnish and painted treads.,
The two conditions of the linoleum tread were also signi-

fic antly 4ifferent except the worn tread had the highest

COe fficient of friction. For the small neoprene sole

S1er nificant Aifferences occurred with the varnished and

P2 X nted treads. For both treads the new condition had

the hichest friction value.

For the large crepe sole the linoleum and rubber mat
DA T erials had 3 significant difference between their two
In both cases the worn material had

For the small crepe

S\Y face conditions.
the hirhest coefficient of friction.
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sole there were significant differences between the two
tread conditions of the linoleum varnish, paint and rubber

mat materials. Except for the rubher mat material the

hichest coefficient of friction value was obtained on the

surface,
The linoleum, varnish, paint and rubber mat materials

had 3 sienificant 4Aifference between their two surface

conditions for the larze leather sole. Of these four

materials, linoleum was the only one which had its hirghest

coefficient of friction on tne worn surface. The wood,

varnish, paint and rub*er mat materials had a significant

A1 fference between their new and worn surface ccndition for

the small leather sole. The highest coefficient of friction

»asg obtained on the new surface for each of the four mate-

rials.
For the large neolite sole the linoleum and varnish

treads had significant jdifferences between thelr two

Staxrface conditions. The linoleum had i1ts hirghest value

the new material while the hichest friction value for
The varnish

on
the varnish was obtained on the worn surface.

LS o had a significant 4ifference between 1ts new and worn

S xr~ face for the small neolite sole. However, its hichest

fr 1 ction value was obtained on the new surface.

For the large ripple sole the linoleum material,

"h‘lch obtained its hiehest coefficient of friction on thne

SO T face, was the only material which had a significant dif-

ference between its new and worn surface., However, the
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linoleum, abrasive and painted treads had significant
Aifferences between their two surfaces for the small
ripple sole. For each of these three materials its highest
friction value was obtai;ed on the worn surface.

The results given in Table 2 are summarized in Table
3. Table 3 gives the number of times a tread material had
a significant difference between the two surface conditions
(maximum of 12) and whether the highest coefficient of
friction value was obtained on the new or worn surface.
Table 3 shows that the varnished tread had the highest
number of sisnificant differences with eight and that on
seven of these occasions the highest friction value was
obtalned on the new surface. This indicates that the
varnish tread is the most susceptible to wear and that
eenerally the coefficient of friction decreases with wear.
The table also shows that the abrasive strip had a signi-
ficant Aifference only once with the hizhest coefficient
of friction being obtained on the worn surface. The fact
of only one significant difference for the abrasive strip
Inficates that it is a very stable material and behaves

the Same under new or worn surface conditions for nearly

all ty pes of sole materials.

Analysis of Worn Soles on Worn Tread Materials
The combination of surface conditions most often en-
‘Ounte req durineg the use of a stairway 1s a worn sole

m
aterlal on a worn tread material, The average coefficient
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of friction for each sole and tread combination investi-

gated under this condition is contained in Table 4,

TABLE 3: Summary of the Factorial Analysis

Material No. of times Highest friction value on
gsignificant New surface | Worn surface
Wood 4 4 0
Linoleum g 3 4
Varnish 7 1
Abrasive 1 0 1
Paint 7 5 2
Rubber Mat 4 2 2

The six tread materials were compared with respect
to a particular sole material. The worn abrasive strip
had the highest coefficient of friction for the six tread
materials on nine of the twelve soles. For the large worn
ripple sole the worn varnish tread hed the hichest coef-
ficient of friction value for the small ripple sole. For
the small leather sole the rubber mat material gave the
hirheat friction value.

The data for the six worn tread materials was grouped
togzether for each worn sole. From these data the mean and
the standard “eviation was calculated for each of the soles.
The Mean, standard deviatlon and the interval of plus and
"1NUS ©ne standard Aeviation from the mean, (X S), which
Incluqeag 68% of the data, is given in Table 5.

A 11 of the standard deviation values were in the
"ANRe of 0,06 to D.14 except for the large leather sole.
This SOle had a standard deviation of 0.21. The standard

e
Viation obtained from the large leather sole is due to
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the wide difference between the coefficient of friction

values on the tread materials. The large leather sole had

friction values ranging from 0.34 on the wood tread to 0.84

for the abrasive strip. This is a range of 0.50 for the

leather sole while the ranges for the other soles varied

from 0.11 to 0.35. The large standard deviation for the

leather sole would indicate that the frictional properties

of this sole change considerably with the tread material.

The other soles indicate less variation between tread

materials which may make them safer.

Analysis of Sole Materials Independent
of Tread Materials

The average coefficient of friction of the sole

materials investigated is illustrated egraphically in Figures

22 and 23 and given numerically in Table 6. Each of the

Values is an average of 108 measurements except for the

rippl e sole and includes measurements from each of the

t"el v e tread conditions. The values for the ripple sole

re an average of 72 measurements.

As a general rule the worn soles had a hicsher coef-
rici-eirlt of friction than 4id the new soles when comparing
the % wwo conditions of a particular sole material. Of the
$ix =| ole materials investigated the crepe was the only
tate x~ X 3l in which the new sole had a higher coefficient of
fric € 1 on than the worn sole for both sizes of sole. The
larre neoprene and the small ripple soles both had a hicher

co
®T'f 4 cient of friction for the new materials. However,



rpw,
'rp
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there was very little difference between the new and worn

conditions, 0.01 and 0.02 respectively.

TABLE 6: The Average Coefficient of Priction for
the New and Worn Condition of each Sole.

Sole Material Large Sole Small Sole
New Worn New VWorn

Ripple 0.91 1.02 1.08 1.06
Neoprene 0.70 0.69 0.59 0.69
Neolite 0.61 0.66 0. 0.64
Crepe 0.60 92.55% 0.66 0.91

B.F. Goodrich 0.48 0.99 0.4 0.65
Leather 0.47 0.54 0.32 0.37

An average coefficient of friction value was calculated
for each sole size of ‘each sole material. This value was
for the twelve tread coniitions. The coefficient of
friction \}alues were ranked from highest to lowest, see
T=2ble 7. Althoueh the average friction value varied between
the two sole sizes the order of arrangement was the same
for both., The ripple sole had the highest friction value

followed by the neoprene, neolite, crepe, B.P. Goodrich and

len ther soles.

TABLE 7: The Average Coefficient of Friction Values
for the Shoe Sole Materials.

—_—
iDle Material Large Sole Small Sole
—_

Ripple 0.97 1.07
Neoprene 0.70 0.64
Neolite 0.64 0.61
Crepe 0.58 0.99
B.F. Gondrich 0.54 0.55
Leather 0.51 0.35
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Discussion of Results

For most of the conditions investigated during this
study the abrasive material had the highest coefficient of
friction values. This was most likely due to the fact
that the abrasive strip had a rough surface. When a sole
was placed on the abrasive strip and put under pressure
the asperities of the abrasive materisl would embed them-
selves into the cole material. Thus a larger horizontal
force was required to move the sole over the abrasive
material,

Durine this investieation the linoleum tread material
showed a tendency of having a higher coefficient of fric-
tion after it had become worn than when it was new, This
6ccurred because of the increased rougzhness of the material
Once it had become worn. The new linoleum material was
Very smooth and as a result some sole materials did not
Make good contact with its surface. This was generally
true with the large soles. Once the linoleum had become
WOorn it contained more asperities which oripped the sole
material, increasing the resistance to sliding.

Table 1 shows that there was a large difference be-
t"een the standard deviations of the data for different
tread materials., There appear to be two primary pro-
Perties of the materials which accounted for a large
Sha Te of the differences. These properties are the homo-
geheousness and the dursbility of the tread material. The

t
re&d materials which are made from ineredients that wear
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well and where each layer of materia'l is like the layer
preceding 1it, usually gave the lowest standard deviations.
The abrasive strip and rubher mat materials are good
inA1icators of this fact. For these two materials the
condition of their surfaces changed l1ittle as they became
worn.

The wood, varnish and linoleum treads underwent a
large change in their surface condition once they became
worn. The wood tread became smoother, the varnish wore
of £ and also became smoother, while the linoleum roughened
and contained more asperities. While this is not a fault
for the linoleum it does account for the large standard
deviation. For each of these three treads the change in
their surface conditions caused a variation in the coef-
ficient of friction. The standard deviation is a measure
Of this variation. ‘

These same reasons also account for the fact that
SOme tread materials had few sienificant differences be-
tween their new and worn surfaces while others had a larger |
Mamber of significant differences between their two surface
Conditions.

A possible reason that the worn soles eenerally had
2 h1 gher coefficient of friction than the new soles is
the ~ondition of the new soles. The new soles had a smooth
hard surface and therefore made poor contact with the tread
tmiter.ﬂal. The sole material would slide across the tread

w
1th relatively little resistance. However, once the sole
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had become worn, the hard outside layer was replaced with
a softer layer of material. This layer of material con-
tained many small asperities which gripped to the tread
material and increased the slidine resistance of the sole
ma terial,

The crepe material acted differently, however, because
the new sole was somewhat flexible and 4id not have a hard
surface coverinz. The new crepe material was ahle to take
the shape of the tread when it was placed under a load.
However, when the crepe soie became worn and/or was placed
on a worn tread material the asperities did not allow as

ight a contact with the tread material. The asperities
acted much like miniature ball bearinrs and Adecreased the
S11-ine resistance of the sole.

The high values which were obtained with the ripple
Sole conld be the result of two conditions: 1) the contact
Area of the ripple sole was less than the contact area of
the other scles. This resulted in a hizher psi for the
Con<%tact area. 2) The ripple sole was considerably more
Fle)(ihle than the other soles, which allowed the sole to
Yake the shape of the tread. The ability of the ripple
SOle to make a 2004 surface contact could have resulted 1in
2 S eal formed between the sole and tread material eiving
the effect of a partial vacuum. If this were the case an
Qg 1tional vertical load wculd he produced bv the pressure
diff‘erential. If it were possible to measure this extra

10"&(3 and use it 1n calenlatine the coefficient, a smaller
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value would have been obtained,

Eigler, et al. (15) while making coefficient of fric-
t 1 on measurements on wet and oily walk-way surfaces found
these surfaces to have a hicher coefficient of friction
than Ary surfaces. Sigler stated that when walking on wet
surfaces i1t w-s more difficnlt tc obtain a fcothold, but
after a firm contact had bheen made there wos less tendency
*o slip on the wet surface than on a dry surface of the
same material., Sigler also observed that this was espe-
cinally true on smoothface piane surfaces. He stated that
the increasc in the coefficient of friction was possibly
duae to a perfect contact givine the effect of a partial
vacuum under the shce,

When comparing the different tread materials it will
be noticed that all of *the smocth surface treads had higher
coefficients of friction with the rirple sole than did the
twWo tread materials with roush surfaces. The rubber mat,
Which had a grooved surface, had the lowest zverage cocefl-
Ticient of friction of the six tread materials investigated.
The abrasive strip, which w=s moderatelerough, had the
Next to the lowest friction value. BRecause of the einﬁ—
Iax‘lty between this investigation and the work reported
by S igler, et al., the effect of a partial vacuum may have
Peen 4 reason for the high frictional values of the riuple
Sole .

The variation in the coefficient of frictiorn hetween
the other sole materials was believed to be Aue primarily

\
© the characteristics of the individual materlals.



FORCES EXERTED ON A ETAIR ETEP

When a person ascends or descends a stairway he exerts
a vertical force and a horizontal force toward either the
front or fear edge of the tread. If the ratio of the hori-
zontal force to the vertical force is ereater than the
coefficient of friction for the particular tread material
the person's shoe will slide on the tread material. To
prevent the shoe frcm slippineg the coefficient of friction
mast be greater than the ratio of the two forces.

The magnitude o7 the vertical and horizontal force

wWas measured to determine what coefficient of friction a

material must have to prevent slippine. The point of

3prlication of the vertical force was also measured to

1etermine where this force was applied.

Analysis of Experiment
The two variable classification method of analysis of

Vairiance was used to analyze most of the stairway data.

The nine stairways were treated as one variable and the

hine pe rcent points were the other variable. The two vari-

Atle ¢ 1 agsificatior contained four items per cell. A sepa-

rate ANxnlysies was made for each of the eight combinations of
ibJect, force and Airection of travel. The analysis of
Varianc e table with Aegrees of freedom is shown in Table 8.
The €X perimental error term (SxPP) was tested using the

3
ampling error term (Error). If the SxPP term was found to

57
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be significant from the error term then the stairwayv and
percent point terms were tested using the SxPP term,

otherwise they were tested with the errcr term.

TABLE 8: The Analysis of Variance Table with Degrees
of Freedom for the Two Variatle Classifications
involving Stairways and Percent Points.

ar
Total 32%
Stairways
Percent Points 8
SxPP 64
Error 243

Because the vertical and hcrizontal forces were not
measured at the same time and the rate of travel by a
subjec't was not controlled it w»s possible for a subject
tc be moving at Aifferent rates when the two forces were
measured. To determine if there was any difference in a
Subject's speed when the two forces were measured a two

VYay classification analysis with four items per cell was

Perfformed. The nine stairways were treated as one variable
and the two forces (vertical and horizontal) were the other
variable, The length of time the foot wne on the tread was
the data analyzed. The error term was used to test the
Stairway and force terms unless the FxS term was signi-
ficant from the error term. If the FxS term was signi-
ficant 4t was used to test the two terms. The analysis
of Variance table with degrees of freedom for this analysis
1s “iven in Table 9. A separate analysis was made for each

c
0mbi-l'\s»tion of subject and direction of travel.
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_
TABLE 9: The Analysis of Variance Table with Degrees
of Freedom for the Two Variable Classification
involvine Stairways and Forces.

af
Total 71
Stairways 8
Forces 1
FxS 8
Error 54

The data for the initial point of applicaticn of the
vertical force was analvzed by the two way classification
method. However, for the analysis the replications were
treated as a variable. The stairways were treated as the
other variable. Using the replications as a variable
resulted in én analysis with one value per cell. A sepa-
rate analysis was performed for each combination of
subject and direction of travel. The analysis of variance
table with derrees of freedom is given in Table 10. The
stairway and replication terms were tested with the error

term (SXR).

W
TABLE 10: The Analysis of Variance Table with Degrecs
of Freedom for the Two Variable Classification
involving Stairways and Replications.

daf
Total 3g
Stairways
Replications 3
3¥R 24

e ———

The initial point of application analysis for each
SUbject while ascending or descending were combined to
a

etermine if therc was a significant difference between

the ¢y, subjects. The two variable classification was
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used, however, the two variables were subjects and stair-
ways . The replications were treated as renlications making
four values per cell. Two snalyses were performed, one
for each direction of travel. The analysis of variance

table with degrees of freedom is given in Table 11.

TABLE 11: The Analysis of Variance Table with DNDegrees
of Freedom for the Two Variable Classification
involving Stairways and Subjects.

af
Total 71
Stairways 8
Subjects 1
S xS 8
Error 54

All of the tests for significant differences in the
two variable classification analyses were made at fhe 95
Percent prohability level. All block and treatment averages
vere compared using the "Studentized Range Test" for the

Same probability level. For the comparison of block and

treatment averages given in this thesis 311 averages under
ihe same line are not siepificantly different.

Because of the difference in body weight it was dif-
fic\llﬁt to compare the forces exerted by the two subjects
Using analysis of variance methods. Therefore, a com-
FATiSon between the two subjects was made with the method
°f rang correlation. This method, as described by Walker
ANd Lev (19) uses the ranking of a particular group of
1telns by two people as a comparison of the two 1nd1v1dqals.

For this investigation the two subjects were compared by
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how they ranked the stairways or percent points for a
particular force. The averages were usually ranked from
hizhest to lowest. An examplc of the calculation of a
rank correlation value is eiven in Appendix IV. It was not
possible to check for significant differences between the
two subjects because Walker and Lev did not give a method
of testing.

The references used in the experimental design and

analysis were Dixon and Massey (4), Steel and Torric (17)

and Walker and Lev (19).

Percent Error

All of the calculated values of the vertical force

vere within five percent of the true value. However,

the percent error in the horizontal force ranged from
five to greater than twenty percent. The wide rancge was
Jue mainly to a reading error for the oscillorraph charts.
The charts could only be read accurately to plus or minus
one pound. For small values of the horizontal force the
reading error was nearly as large as the true value. How-
e€ver, as the horizontal force becomes larger the percent
érror 1is reduced. Although the percent error was high all
°f"t!1e values measured are accurate to plus or minus one
POund, A1l of the values for the initial point of appli-

@tion of the vertical force were within the range of

_ 0-125 inches, which was the 1nitial control limits.
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Time Spent on a Tread
It has been stated previously that the horizontal and
vertical forces were measured separately and that the sub-
Jects ascended and descended the stairways at their own

natural speed. Because the rate of travel was not con-

trolled it was possibtle for a subject to be moving at dif-

ferent rates when the two forces were measured. A statis-

tical analysis was performed to “determine if there was any

difference in a subject's spred when the tao forces were

measured. The same statistical analysis was used to

determine if there was a difference in the rate of travel

The length of time the foot was

i

on the nine stairways.
on the tread was used as a measure cof the rate of travel.

The statistical analysis for the 140 pound subject,
while ascendine the stairways, indicated no significant
d1f ference between the average rate of travel while

mean suring the vertical force and the average rate of travel

whi le measuring the horizontal force. However, the

. ANalysis A1d indicate a significant difference between

the stairway averages. A compariscn of the average time

SPent on a tread while ascending each stairway is given

in Figure 24, Figure 24 indicates that the highest averacge,

.79 secondis, occurred on the 8-10 (8 inch risers and 10
lnch treads) stairway and wes significantly different from
ONYy the averages of the 7-11 and 7-9 stairways. The lowest

8Verape, 0.68 seconds, was sienificantly different from

aly "nverages except for the 7-11 stairway.
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Figure 24: The comparison of the stairway avérages
for the time spent on a tread, 140 pound subject
ascending the stairways.

The statistical analysis indicated no significant
differences between either the stairway averages or the
averagee for the two forces for the 140 poundi subject
descending and the 172 pound subject ascendineg and de-
scendinz the stairways.

The averagze time spent on a tread while measuring
the vertical force and the horircntal force was given in

Table 12. Each value in Table 12 is an averzge of thirty-
2ix measurements. The average time spent on a tread by
€ach subject while ascending and descending each stairway
1S oiven in Table 13. Fach value in Table 13 is an average
OF. four measurements. Table 12 indicates that the average
time spent on a tread was nearly the same when ascending
Or Yescending. However, the 172 pound subject traveled at

? T gter rate than the 140 pound subject.

Ascending a Stalirway
The event of ascending a stairway may be divided into

tkrrﬁae basic periods, the "set", "11ft" and "swing" periods.

A
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Suppose a person standing at thre bottcm of a stalrway
Aec i1des he vants to ascend it. The person's first move
would be to 1ift one foot from the flcocor and place it on

the first steo. The instant at which the foot 1s placed

on the step will be called the "set" period. The forefoot

shall be deflined as the foot which is either staticnary

or cn the higher of any two steps. For this ex=mple the

forefoot 1s on the first step. The rearfoot will be de-

fineAd as tte foot which is either movine cr is con the

lower of any two steps. For this example the rearfoot

1s on the floor.

The person's next movement would te to apply pressure

on the tread with his forefoot and1 1ift his rearfoot off

the floor. The interval juring which this movement occurs

will be termed the "1ift" periocd. The final phase is

movine the rearfoot fureard and placing it on the next

step. The interval during which this movement occurs

W1ll ve defined as the "swing" period. When the person's

réarfcot is placed on the upper step he is again at the

" ,
Sset™ period and the rearfoot now btecumes the forefoot and

vice versa.
The event of ascending a stairway 1is simply a con-
tinuoug repetition of the "set", "1ift" and "swing"

Périod s, The three ceriods are illustrates in Figure 25.

Vertical Force, Ascending

The vertical force exerted by the 140 pound subject
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while ascending a stairway with 6 inch risers and 11 inch
treads is shown in Figure 26. Figure 26 illustrates the
general pattern of the vertical force while ascending
A1 f ferent stairways. '

When a person ascends a stairway two relative meximum
values in the vertical force occur. The first maximum
takes place during the "1ift" period and occurs when the
forefoot 1s applyine pressure on the force plate and liftine
the rearfoot from the lower tread. The first maximum value
was vwasually greater than the body weieht., A force greater
than %»ody weight occurred hecause the body weight is sup-
porte entirely by the forefoot and this foot is also
apply 4ineg a force on the tread, The first wmarimum value
occurred approximately when 29 percent of the step had
been completed.

After the first maximum point was reached a depression
occurs 1in the force curve. The depression occurs durineg
the "swine" period. Althoueh the total body weight was on
the forefoot during this period, the total force measured
¥as less than body weight. Since F = ma (Newton's Law) the
smaller force may possibly be explained by the upward
acceleration of different parts of the body which produce
forces that partially offset the bofv weight.

The second maximum point occurs durine the "set"
period, The bodyvy is under 1ittle upward acceleration due
to the completion of the "swing" pertod. The rearfoot

¥hich 1s pow on the upper step supports little of the body
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weieght. Thus most of the hody weight is still on the
force piate. The second maximum value is usually less
than the total body weieght and occurs approximately when
75 percent of the step has been completed.

T~ble 14 zives the value of the vertical force exerted
on each stairway at the 25 percent pro‘nt., This value was
the - 1argest value which was calculated; however, this r}
valwue was not necessarily the maximum vertical force exerted
on the step. The maximum force may 'iave been exerted
either just before or after the 25 percent point.

For the 140 pound csublect there was little difference -
between the values at the 25 percent point. The values
range from 119.7 pounds on the 6-9 stairway to 159.1 pounds
on trie 7-11 stairwav. There was no definite relationship
"etwe en the force excrted and the riser heignt. However,
for emch riser height the maximum value occurred on the
stat way with an 11 inch tread.

For the 172 pound subject there was a greater variation
In thhe vajues with a minimum of 174.9 ponun's on the 8-9
St‘aix‘way and a maximam of 215.6 pounds on the 8-11 stairwav.
ARaln  there is no definite relationship between the force
€Xerted and riser heignt. But for each riser height the
MAXLmnam value ocenrred on the stairway with an 11 inch
treaq _ '

A statistical analysis of the vertic2l force for the
149 Pound subject showed no significant difference be-

tween the averare force exerted on each of the nine stairways.
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However, the analysis did show siznificant differences
between percent points (percent of the step completed.)
The analysis indicated no significant difference between
the 50.C, 87.5, 12.5 an? 62.5 percent pcints. ®ach of
the remaining voints was sirnificantly different from all
the other points. The highest average, 147.0 pounis,
occurred at the 25 percent point. The lowest average
~#as 27.8 pounds for the 93.75 percent pnoint. The compari-
son of percent averages is shown in Figure 27. All values
under the same line are not sienificantly different from

each other.

Percent Points

0 0 ® O O©
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Averages

Figure 27: Comparison of the percent point averages
for the vertical force, 140 pound subject ascending
the stairways.

For the 172 pound subject the statistical analysis
fave nearly the same resul*s. There was no significant
dif??erence between the average force exerted on each of
the nine stairways. However, there was significant dif-
fer‘ence between the averagves of the percent points. The
Mrhegt average, 194.0 pounds, occurred at the 25 percent

POint, This value was sienificantly different from all
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the other averages. The lowest average was 28.1 pounds
for the 93.75 percent point. This value was also signi-
ficantly different from all the other averarses. The com-

parison of percent averages is given in Figure 28.

Percent Points

0 o
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Fisure 28: Cocmparison of the percent point averaces
for the vertical force, 172 pound subject ascending
the stairways.

The percent point averages of the twc subjects were
compared usine the method of rank correlation. The analysis
cave a correlation value of R = 0.98, The correlation value
tndicates that the vertical force curve for each subject
has the same pattern. Figure 29 indicates that the force
curves dc follow the same pattern. The difference in the
two curves 1s due to a difference in body wveight.

The average vertical force exerted by each subject
"hile ascending each of the nine stairways is given in
Table 15. The average vertical force exerted by each sub-
Ject for each of the percent points is given in Table 1lo6.
%ach of the averages in Tables 15 and 16 contalns thirty-
$1X measurements.

Fiegure 29 shows the average vertical force at each
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percent point for both subjects. It should be noted that
the curves for both subjects were very similar. The rate
of application of the vertical force was very rapid for
each subject. The 140 pound subject applied a load that
was 34.2 percent of his body weight in the first 6.29
percent of the etep. The 140 pound subject had applied
a load that was 72.0 percent of his body weight in the
first 12.5 percent of the step. The 172 pound subject
showed the same characteristic by applying loads that
were 46.6 and 83.9 percent of his body weight in the first
6.25 and 12.5 percent cf the step. The values for each
subject ind icate that the force exerted cn the tread in-
Ccreases nearly linearly with time during the "1ift" period.

The curves in Figure 29 indicate that the "lift"
period occupies the first 25 percent of the step, the
"ewing" period the next 50 percent and the "lift" period
the last 25 percent. The first "1ift" period is the interval
when the forefoot is applving pressure on the tread to
lift the boAy, The second "1lift" pericd is the interval
when the reapfoot is heing lifted from the tread. The
"setn Period, which is the short interval between the
"swing and the second "1ift" period, occurs approximately
2t the 75 percent point. The length of the "set" period
1s Neglizible compared to the other two periods.

Figure 30 ghows the average vertical force at each
PeTreent Point as s percent of the body weizht. The maximum

val
Yes of 105,5 and 112.5 percent of body weight for the
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140 pound and 172 pound subjects, occurred a3t the end of
the "1ift" period. The maximum values at the "set" period
were 96.35% and 100.1 percent for the 14D and 172 pound

subjects.

Horizontal Force, Ascending

The horizontal force exerted by the 140 pound sub-
ject on three different stairways 1s shown in Figure 31.
Each curve illustrates the general pattern of the hori-
zontal force while ascending a stairway. However, the
curves are located differently on the coordinate scale for
Aifferent riser heights.

The general pattern of the curve indicates that a
positive horizontal force was applied at the beginning of
the "1 4 g period. A positive horizontal force was directed
toward the front edge of the tread. The horizontal force
changed Airection shortly after the start of. the "1ift"
Period and remained directed toward the rear of the tread
until g pproximately a quarter of the "swing" period was
comple ted. The force was directed toward the front edge
for the remainder of the step.

A possible reason the norizontal force changed direc-
tion during the "11ft" period was that the centroid of
the body was moving toward the rear of the tread. A move-
ment towsard the rear of the tread may produce a negatively
directed force which offsets any positive force produced

by the Tforefoot. The body movement was also aided by a push
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from the rearfoot. The force exerted by the rearfoot may
tend to reduce the amount of force eierted by the forefoot.
puring the last part of the "1ift" period and the start of

"swing" period the centroid of the body was moving over
Thus the

the
the point where the horizon*al force was applied.

pos1i tive horizental fcrce may he small compared to the
negative force exerted by the body during its movement.

The horizontal force shifts back to the positive direc-
tion Auring the "swing" period because the centrcid of
the becdy 1is movine away from the forefcot. The forefoot
has to exert a positive force to rive the body this
movement.

The curves in Figure 31 indicate a slizht dip at the
75 percent point. The "set" period occurs around this
Fount and some of the body weieght was shifted to the foot
°n the wupper tread. The added reaction may reduce some
°of the horizontal forece needed for stability. The final
rise in the curves is due to the push off by the rearfoot
?S the sgubject moves to the next step.

A1 though the curves in Figure 31 reprecent the zeneral
Pattern of the horizontal force there were some stairways
on whi<:}i the horizontal force varied considerably from this
Pattern. The curves in Fisure 32, for the 172 pound sub-
et 11 1ystrate some of the variations. The “orizonta)
force ©Xerted on the'8-9 stairway was positive for the
cplete step. The 172 pound subject slso showed thils

N
SA%€ Characteristic on the 7-7 stairway, The herizontal
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force on the 8-10 stairway was completely positive except
for the 12.5 percent point. Hcwever, the horizontal force
on the 8-11 stairway was negative for nearly two thirds of
the ster. |

Table 17 gives the valne of the horizontal force
exerted on each stairway at the 6.25 percent pcint. The
hori zontal force at the €.7°5 percent pcint was directed
toward the front edge of the trcad and was the force which
wou].é c3use a person to slio when ascendine a stairway.
The calculated value which was given was not necessarily the
max¥rmam horizontal force exerted. A higher value could
have been exerted either just befcre or after the 6.2
pércent point.

For the 140 pound subject there was little Aifference
between the €.2%5 percent point values cn the stairways
With 6 and 7 inch risers. However, the values for the
stairwavaith ? inch risers were considerabtly hieher. The
three highest values crlzulated occurred on the stairways
“ith the 8 inch risers. The Yiehest value, 2.9 pounis,
Oteurreq on the %-9 stairway with ©.3 pounds on the 8-11
stair‘"ﬂy. A force of 4.4 rounds was measured on the 8-1C
Stairway, For each set of stairvays with a constant riser
height ., the lowest horizontal force in the set occurred
°n the stairway with a 10 inch tread width.

The 172 pound subject showed a greater variation in
the 6'2‘5 perceﬁt point values. The higzhest value, 9.2

pounds . ooourred on the 8-9 stairwey. However, the next
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highest value, £.4 ponnds, occurred on the G-11 stairway.
For the stairways with 6 sni 8 inch risers the lowest value
occurred on the stairway with a 10 incnh trea®. However,
in the set of stairways with a 7 inch riser the highest
vslue occurred on the stairwvay with a 13 inch tread.

The statictical analysis of the horiscntal force for
the 14C rcund subject Indicated sienificant differences
within both t'e stairwav averaeces and the percent pcint
averaces, The conparison of the ~verare horizontal force
exerted on each of the nine stairways is shown in Figure
23. The average horizontal force for eaci, stairway is

alsc eiven in T-tle 1%, Each averare con‘ains thirty-six

-

néeasiirements.

The hizhest nverace, 3.5 pounds, which occurred on
the SR_9 stairwav, was significantly differert from ail the
Other sverzges. The lowest ~verase, -3.7 pounis, cccurred
on the 6-10 stairway. It was cignificantly different from
A1l other sverages. Sir of the nine stairways had a negative
>qvez‘agze value., Thus the ~verage horizcntal force was Adirected
towara tne rear of the tread.

The compariscn of the averace horizontal force at each
Pércent point is shown in Figure 4. The average hori-
ontal force for eacl: rercent point is alsc given in Table
19, Eaen average contains thirty-six measurements.

The highest average, 4.3 pounds, cccurred at the €.25
PETCent [oint. Yowever, the average for *Le 6.25 percent

POINT  wag not significantly different from the average for
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the 87.5 or the 93.75 percent points. This faet indieates
that the initial foree exerted by the forefoot is approxi-
mately the same as the foree exerted by the rearfoot when
leuviug the tread. The lowest average, -3.3 pounds, whieh
oseurred at the 25 percent point, was signifieantly dif-

ferent from all the other averages.

Stalrways
e == -—q o =) o
o tao Lo o ® @
i '“-L’Jn " [ 1 L
! be =g © o o

oo - ) )
1 [ I | ]

Averages

Figure 33: Comparison of the stairway averages for
the horizontal foree, 140 pound subjeet aseending
the stairways.

The statistieal analysis of the horizontal foree for
the 172 pound subjeet indieated signifieant differenees

within both the stairway averages and the pereent point

averages.
Pereent Points
0
o ) ) gO, Q No ©
) N 7] (2
Q o n oe 3 ob o
—t 4 + +— : éi. i
- o) oon o VN <
9 ~ " - N Mo ¢
? 1 |
Averages

Figure 34:. Cowumparison of the percent point averages
for the horizontal foree, 140 pound subject
aseending the stairways.
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A graphical comparison of the average horizontal force’

on each stairway 1i1s given in Figure 35. The average for
each stairway is slso given in Table 18. The highest aver-
age, 5.3 pounds, occurred on the °-10 stairway. However,
this value was not significantly dAifferent from the aver-
ages of 5.1 and 3.7 pounds which occurred on the 8- and
7-9 stairways. The lowest value, -2.9 pounds, was mcasured
on the 6-1C stairwav. This value was significantly Aif-
ferent from all other averarges and was the only stairway
with 3 negative =2verage,

The comparison of the percent roint averages is given
in Figure 36. The average for each percent point is also
2ivepr in Table 19. The highest average, 7.1 pounds, occurred
2t the 7.5 percent roint. This average was not signi-
filcantly different from the average of 6.2 pounds for the

6.25 rercent point. The lcwest average, 3.0 pounds, occurred

Stairway
e = o
- -0 = -
6 S ool 3 R
P -S— ——H— : + rdrd
j = K®O N N =M
(:' o oOo- N 0 i
Averages

Figure 35: Comparison of the stairway averages for
the horizontal force, 172 pound subject ascending
the stairways.

+
2t the 25 percent point. This average was significantly .

Mff&rent from all other averages.
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Figure 36: Comparison of the percent point averages
for the horizont~l force, 172 pound subject ascend-
ing the stairwaye.

The horizontal force exerted by the two subjects was
compared usine a rank correilation snalysis. The analysis
gave a correlation of R = 2,73, This value indicates a
considerable deecree of correlation hetween the two sub-
Jects. Thus when the averages for the stalrwavs are
ranked frem the lowest to the hirchest the order in which
the stairways occur is approximately the same. This fact
cAn be observed by lonking at Flpgures 33 and 35, starting
from +the left side and proceedine to the right.

Fienre 37 shows the average horizontal force exerted
by ©ach subject while ascending the stairways. Each per-
CéNt point 1s an averase of the nine stairways. Figure 37
Ind1 o 5tes that the horizontal force curve for the two sub-
lect s was very much alike., The 140 pound subject exerted
? €reater force ot the beginning of the step than did thne
172 Pound subject. However, the 172 pound subject exerted
A lgilfaer force at trhe end of the step than 414 the 140

PO gybjent

- e
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Center of pressure, ascending
The force exerted on a stair tread i1s distributed
over sone proportion of the shoe sole area. The force
applied on the stair tread can be replaced by a concen-
trated force, equal in magnitude, acting through the cen-
troid of the distributed force. The force plate was de-

signed so the point of application of the vertical force

coulé be mensured, This point, which is termed the center

of pressure, is the centrcid cf the force applied on the
stair tread. -

The center of pressure was measured during this in-
ves tigation to determine whether the dimensions of a stair-
way affected the initial point of application of the ver-
tical force. Althoueh the center of pressure was meas-
"'red for the complete step only the meaenrenent at the
6.25 percent point will be analyzed. The center of pressure
at the 4,25 percent point 1is the initial point of applica-
tlon of the vertical force. If a person 1s to slip on a
Stag I*'way because he is off-balance he will slip when he
first places his foot on the tread. Once the person's
foot 1 s completely on the step there is very little chance
of S141igpping. For this reason only the initial point of
"PPlication will be analyzed.

The center of pressure for each subject while as-
CenA 4 ng 4 stairway with 6 inch risers and 10 inch treads

18 Shown in Figure 38. The curves in Figure 38 illus-

trate the zeneral pattern of the center of pressure while
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9l
ascending the different stairways.

The basic differences indicated in Figure 38 can be.
accounted for in the wsy each subject ascended the stair-
way. The 140 pound subject placed his complete foot (sole
and heel) on the tread when ascending. The second sub-
ject ascended the stairway placing only the sole of his shoe
on the tread.

Figure 33 indicates that the center of pressure
moves toward the front edee of the tread durineg part of
the step. When the subject applies rressure on the tread
to 14ift his body a lar-er pertion of the shoe sole touches
the tread. The vertical force is distributed over a
lareer area which csuses the center of pressure to move
toward thé froht edre of the tread.

Ficure 38 indicates th~t at the completion of the
" Step the center of pressure for the 140 pound subject was
located a ereater distance from the front edge of the
tread . This occurred bécanse the 140 pound subject placed
his entire foot on the tread. Therefore, the front of
his Shoe was further from the front edee of the tread than
Y38 thie ‘shoe of the 172 pound subject.

The reasons for the sharp increase at the begzin-
Pine o f the step for the 140 pound subject and the dip
M€Ar the end of the step for the 172 pound subject are not
known, However, these features appear to be character-

istic cf each subject since these features occurred in

MOt of the stairways analyzed.
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- The values of the center of pressure at the 6.25 per-
cent pcint are ¢iven in Table 20. The vafue for each of
four repetitions on each stairway are ¢iven. Fach value
1s the Aistance from the front edge of the tread.

A statistical analysis cof the values in Table 20
indicated no sienificant differeﬁces between the stairway
averacges for either subject. A combined analysis indicated
no sienificant difference between the two subjects. The

etatistical test was performed at the 95 percent probabi-

lity level.

Descending a Stairwey

The event of descendine a.stairway can be divided into
three tasic pertcds, the "swing", "set" and "support"
periode,

Surpose a person standing at the top of a staii'way
decides he wants to descend the stairwayv. The person's
first move would be to 1ift one foo‘t from the floor and
*Wing 4t forward. The time interval durine which the foot
13 11 fted from the floor and moved to a position in front
°f thc body shall he termed the "swine" period. The fore-
foot shall be defined se the foot which is either stationary
°r on the lower of any two steps beine considered. Durine
the ** mwing" period the forefoot is the foot which s
stat g Onary. The rearfoot shall be defined as the foot
¥hich 1s either moving or con the higher of any two steps.

At the completion of the "swing" pericd the rearfoot
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is in front of the body at approximatelv the same level as
the forefoot. The "set" period is the time interval during
which the rearfoot 1s lowered to the next step. When the
rearfoot is rlaced un the lower tread it becomes the fore-
foct ~nd the "supcort" period is started. The "supgort"
period extends frum the instant the rearfoot becomes the
forefoot until the time the foot on the upper tread (rear-
foot) 1s 1if*ed to stert tne "swine™ perlod.

The event of descending a stairway 1s a continuous

repetition of the '"swing", '"set" and "support" periods.

Each of these periods is illustrated in Figure 39.

Vertical Force, Descending

The verfical force exerted by the 140 pound subject
while descending a stalrway with 6 inch risers and 10
inch treads is shown in Figure 40, Figure 40 also ilius-
trates the reneral pattern of the vertical force while
desceanding a stairway.

Figure 40 indicates that while descendine a stairway
the wve rtical force has twé maximum values. The first
MAX1mum occurs near the end of the "support" period when
the €©ntire body weight i1s rlaced on the forefoot and the
reabfoot, has just been lifted from the upper tread. The
first maximum value nsually occurrcd at either the 12.5 or
the\ 25 percent point, The second maximum value occurred
"®AT the end of the "set® period. At this time the entire
body weight was still on the forefoot and the body was under
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very little upward acceleration due to the completion of

the "swing" period. The second maximum value usually

occurred near the 75 percent voint. Both maximum values
were usually sreater than body weizht.

The depression in the curve is believed to be due to
an upward acceleration of different parts of the body.
The upward acceleration produces an upward force which
cancels scrme of the force due to body weight.

The percent of the step taken by each basic period
i1s not clearly desienated. The "support" period occupied
the first 12.5 tc 2?5 percent and the last 25 percent cf
the step. The second portion of the "support" period was
the <timc Aurines which the foot was removed from the tread.
The **swineg" period usnally covered the interval from the
end of the first "support" period to the 62.5 percent
Point. The "set" period occurred between the €2.5 and 7%
Perc ent points.

Table 21 gives the value of the vertical force
€¥erted on each stairway at the 12.5 and 25 percent points.
The Values are the calcnlated values and not necessarily
the mayxigum force which occurred on the step. A larger
force may have been exerted between the two points.

The maximum calculated force for the 140 pound sub-

J S X  yanged from 141.9 pounds on the 7-10 stairway to
192~9 pounis on the 8-9 stairway. The forces exerted on
the Stairways wilth 8 inch risere were considerably hirgher

YNan the forces exerted on the stairways with 6 or 7 inch
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risers. The maximux force on the stairways wiln 6 inch
risers ranced from 145.1 to 1€5.5 poundis while a ran-e
of 141.9 to 156.4 pounds was ohtained on the 7 inch stair-
ways., However, the stairways with 8 inch risers had
maximum forces rangineg from '65.7 to 197.9 pounis. There
was nc relaticnship between the maximum force and the
tread width for the 140 pound subject.

The maximum force for the 172 pouni subject varied
from 187.6 pounis on the 7-9 stairway to 235.4 poun?s on
the 6-11 stairway. The stairwaye with 7 inch treads had
the lowest forces with a rarce from 187.9 to 236.6 pounde,
Most of the forces on the stalrways with 6 and 8 inch
risers were above 200 pounds. For the 172 round subject
there seemed to be a relationship between the maximum
force and the tread? width. For each set of stalrways with
a constant riser heieht the maximum force for the set
cecurred on the stairway with an 11 inch tread.

A statistical 2nalysis of the vertical force for the
140 pound subject indicated there were significant differ-
ences between the averages of the nine stairways. The
Analysts also indicated sienificant differences between
the percent point averages. The comparison of the stair-
way averages is eiven in Figure 41. The average vertical
force exerted on each stalrway 1s given in Table 22, Each
Average contsins thirty-six measurements,

The stairway #1th 8 inch risers and 9 inch treads had

the largest average vertical foree, 117.6 pounds. The
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st"irways with 8 inch risers had the hiphest averages;
however, there was no sienificant difference between these
averages; The 7-10 stairrav had the lowest average, 94.6
poundis; however, this average was not significantly dif-

ferent from the averages of the 6-9, 6-10 and 7-9 stairways.

Stairways
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Figure 41: Comparison of the stairway averages for
the vertical force, 14C pound subject ascending
the stairways.

The comparison of the percent point averages is gziven
in F4eure 42, The average vertical force exerted at each
Pércent point is riven in Table 23. Each average contains
thirty —six measurements.

The comparison of percent roint averages indicates
that the 12.5 percent roint had the hichest average, 156.9Q
Pounds . However, there was no sienificant difference be-
tween the average for the 12.5 rercent point and the average
°of 148 .o pounis for the 75 percent point. The 2% percent
Point wyth an average of 146.8 pounds was signif‘ic’antly
fferent from the 12.% percent point but was not signifi-

cantly Aifferent from the 75 percent point. The lowest

averagze, 25,82 pounis, occurred at the 93.75 percent point
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and was significantly Aifferent from all the other averages.

Percent Points
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Fieure 42: Comparison of the percent point averages
for the vertical force, 140 pound subject descend-
ing the stairwavs.

A statistical analysis for the 172 pound subject
indicated sienificant differences within both the stair-
way averages and the percent point averages. The compari-
son of the stairway averages is eiven in Figure 43 and the
comparison of the percent averages is e¢iven in Figure 44.
The averarce vertical force exerted on each stairway is
also given in Table 22 and the average vertical force at
each percent point is eiven in Table 23.

Figure 43 indicates the stairway with 6 inch risers
and 11 inch treads had the highest average, 1236.7 pounds;
however, the =2verage for the 6-11 stairway was signifi-
cantly different from only the 8-9 and 7-9 stairways. The
lowest average, 1131.9 pounds, occurred on the 7-9 stairway
and was sienificantly Aifferent from the 8-11, 8-10 and
6-11 stairways.

A comparison of the percent point averages indicated

the 25 percent roint had the largest averaee, 211.9 pounds.

w
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The value at the 8% percent point was significantly dif-
ferent from all of the other averages. The lowest average,
26.5 pounis, occurred at the 93.75 percent point and was

significantly Aifferent from all the other values.

—
Stairwvays
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Figure 43: Comparison of the stairway averages for
the vertical force, 172 pound subject descending
the stairways.

The stairway averages of the two subjects were com-
pared using rank correlation. For the stairway averacges
3 rank correlation value of R = 0,27 was obtained. This
value indicates very 11tt1é correlation between the two
subjects. When the stairwav averages for each subject were
ranked from highest to lowest the arrangement of the stair-
ways was not the same for each subject.

The percent points were also compared using the rank
correlation. For the percent points a correlation value
q{ R = 0.67 was obtained. The correlation value indicated
that the two subjects did not descend the stairways alike.
When the averages for the percent points were ranked the
order of ranking for the two subjects A1id not agree. The

Af{ference in the patterns of the two subjects may be seen
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in Figures 42 and 44 and Figure 459.
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Figure 44, Comparison of the percent point averages
for the vertical force, 172 pound subject descend-
ing the stairwavs.

Fieure 45 shows the averaee vertical force at each
percent point for the two subjects. Figure 45 indicates
that the first maximum value for the 172 pound subject
occurred approximately at the 25 percent point. However,
for the 140 pound subjlect the first maximum value occurred
somewhere between the 12.5 and 29 percent points. Figure
45 also indicates that the =2prlication of the vertical
force during the "support" period varied linearly with
time for both subjects. The second maximum value for rach
subject occurred at the 75 percent point.

Figure 46 shows the average vertical force at each
percent point as a percent of body weight. Fisure 46
indicates that the first maximum value was greater than
body weisht for both subjects. However, the second maxi-
mum was greater than body weight for the 140 pound subject
and less than body weieht for the 172 pound subject.



105

*8fBMITRIS SUTU 89Ul X0F 938I9AY °sSABMITB}S8 3Y3
3utpusesep oTTUM 8403[qne om3 £Qq POIIIXS 99I0J TVITIISA 9YJ 1Gh aIm3tTd

03137dW00 d31S 3H1 40 1IN3O¥3d

00l m.h - . 08 mm . o
FOb
08
AT TS,
VM 1o3r8ns 81 ov_/\ N
\ ’ N ]
\ _ \ []
w/ + +02i
\ ]
// )
/
A X 1
N\
=7 109l
103r8ns ‘871 2.1

< 002

‘30804 VOILN3A

SANNOd



106

*sfemxTel8

8UTU 89Uy IO0J 93BIAY °sSAvaITeys 9y} Surpusosssp STTUm 3eofqgns yswI

£q pajxaxs ‘au3tom Lpoq Jo juserad ¥ 8 ‘99103 TBETIIVA OYL 94 eIn314
031437dN0D d31S 3HL 40 1N3DO¥3d
00| . nm 0 oom , mm n o
X\ .\
N P
LN L
X \ 02
\ !
\ /
: {ov
\
\
\ !
y + 109
\ {
]
!
/
Arom
4.00_
193rans 91 221
..-ON—
09!

1HOI3M AQO08 40

‘39404 VIILY¥3IA

dN30¥3d



107

Horizontal Force, Descending

The horizontal force exerted bv each subject while
descending a stairway with 6 in-h risers and 10 inch
treads is shown in Figure 47. The two curves illustrate
the general pattern of the horizontal force exerted by
each subject while descendire the stairways. -

The general pa2ttern of the curve for the 140 pound 'ﬂl”
subject indicates that a positive horizontal force (toward
the front edge of the tread) was exerted during the first é
portion of the step. The maximum value for the 140 pound
subject occurred between the 12.% and 25 percent points
which was approximatelv the same rl=ce as the first maxi-
mum value of the vertical force. The horizontal force
remained fairly constant durine the middle portion on the
step. A large negative force was produced when the foot
pushed off the tread. The large negative force usually
occurred at the 87.% percent point. For most of the
stairways the absolute values of the maximum negative and
positive forces were approximately the same.

The reneral pattern of the horizontal force for the
172 pound subject was somewhat different than the curve
for the 140 pound subject. The 172 pound subject exerted
a negative force at the beginning of his step. Apparently
the subject's fcot was moving toward the rear when it
touched the tread. WHowever, the horizontal force changed

to the positive direction and reached a maximum value
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around the 25 percent point which was approximately the

same tine as the first maximum of the vertical force for

The 17?2 pound subject maintained a posi-
On

this subject.

tive force much longer than the 140 pound subject.

many of the stairways the horizontal force at the 37.9

percent point was nearly the same value as the force at

the 2% percent point. The horizontal force for the 172

Found subject d4id not change Airections until some ti~e

hetween the €2.5 and 75 percent points. The maximum nega-

tive force was exerted at the 87.5 percent point.
Table 24 epives the value of the horizontal force at

the 12.¢ and 25 percent points. The horizontal force

at thiese points, which is directed toward the front edge

of the tread, would he the force which would cause a per-

son to slip when Adescending a stairway. The force eiven

18 not necessarily the maximum force. A larger force

coul® have occurred between the 12.5 and 25 percent points.
A statistical analysis for the 140 pound subject

Inlicateq a sienificant Aifference within both the stair-

Ay ave rages and the percent point averages. The statis-

tleal Conmparison of the stairway averages is shown in

Fleure 4R, The stairway averages are also ziven in Table

2R, Each average containe thirty-six measurements.
For the 140 pount subject the stairway with 8 inch

rise
s And 9 inch treads had the hiehcst averasge hori-

zont o
L force, 3.5 pounis. However, the average for the

6-9
T Sta 1rway was not sienificantly Aifferent from the
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average of 3.2 pounds for the 7-9 stairway or the 8-10
stairway with an average of 2.0 pounds. The lowest average,
-2.3 pounis, occurred on the 6-10 stairway but was not
significantly Aifferent from the average of -0.8 pounds
on the 8-11 stairway. The 6-10, 8-11, 6-9 ani c¢-11 stair-

ways each had a negative average horizontal force.

Stairways ’ !

(o]
5 = o = © = ° o o
© UL [ ] [
® o © ~ N~ ® ~ o
N P G PR " 2 2 )
L] L D AR LA | v L R
" ® 0 o T N o S
N O O O o 0 N n o
! [ v
Averarges

Figure 48: Comparison of the stairway averages for
the horizontal force, 140 pound subject descending
the stairwave,

A comparison of the percent point aver=ges is shown
in Figure 49, The percent point averaeges for the 140
pound subject are also given in Table 26, Tach =verage
contains thirty-six measurements.

For the 140 round subject the 25 percent point had the
hichest average horizontal force, 8.1 pounds. However,
the average for the 25 percent point was not siegnificantly
1ifferent from the average of 7.6 pounds for the 12.5
percent point. The lowest average, -10.1 pounis, was at
the R7.5 percent point and was significantly different

from all the other averages. It should be noted that the
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absolute value of this force was greater than the value

at the 25 percent point.

Percent Points

ITs)
0 o N~ wo 0w 0 n O
N 0 N N ; ) 0
™ NS o3 ™ © Y
1 L A LA i j- :&
o) - -4 O o -
o M8 OO0 = m NS
1 1
Averaees

Figure 49: Comparison of the percent point averages
for the horizontal force, 140 pound subject descend-
ing the stairways.

The statistical analysis for the 172 round subject
indicated significant Aifferences within the stairway
averarces and within the percent point averazes. A com-
parison of the stairwny averazes is given in Figure 50
and the values are also eiven in Table 25. ¥ach average
contains thirtv-six measurements.

For the 172 pound subject the 8-10 stairway had the
highest average, 8.5 pounds, and was significantly dif-
‘ferent from all the other stairwavs. The lowest average
-0.9 pounds, was obtained on the 6-10 stairway. However,
the average on the 0-10 stairway was not sienificantly
different from four other stairways, the %-11, 7-10, 7-11,
and 6-9, The 6-10 and S-11 stairwavs were the only ones
*1th a negative averagze.

A comparison of the percent point averages for the
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172 pound subject is given in Figure 51. The percent
point averages are also given in Table 26. Each average

contains thirty-six measurements.

E
Stairways
% 9 % o @ °
0O ~~ O © .~ ® ®
Y R W | < | R 1 A
o~ o0 O ~ ~ o Q
990 o W ¢ 7 ©
Averages

Figure 50: Comparison of the stairway averages for
the horizontal force, 172 pound subject descend-
ing the stairways.

For the 172 pound subject the highest average, 12.5
rounds, occurred at the 25 percent point. However, the
averace at the 25 percent point was not significantly
di{fferent from the averare of 11.5 pounds which occurred
at the 37.5 percent point. The lowest average, -12.3
pounds, which occurred at the 87.5 percent point was

significantly differenthfrom all the other averarges.

Percent Points

~ © 3 N : ~ o
® ~ 5 @ 0o Y 8 0 N
— 4 —t —t ¢ +—4-
9 ~ N N v g o 0w
N ") ?‘ o N < ® -
[} ]
Averages

Figure 51: Comparison of the percent point averages
for the horizontal force, 172 pound subject descend-
ing the stairways.
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The stairway averages of the two subjects were com-
pared usine the rank correlation analysis and a value of
R = 0.82 was obtained. This value indicates that a cor-
relation between the two subjects exists. Fizures 48 and
50 indicate that the two lowest and the three highest
averarces for each subject occurred on the same stairways.

The percent point averages were also compared using
the rank correlation analysis and a value of R = 0.83 was
obtained. A correlation exists hetween the two subjects
for the percent points and may be seen by comparing Figures
49 and 51, For each subject the hiechest and thfee lowest
averages occurred at the same percent points.

Figure 52 shows the average horizontal force at each
percent point for each subject. The curves represent the
averages for the nine stairwavs. Figure 52 indicates
that the 172 pound subject exerted a larger positive hori-
zontal force for a much greater time than the 140 pound
subject. The 140 pouni subject exerted a maximum force
and then quickly reduced the force to 2 value near zero
for the 37.5, 50 and 62.5 percent roints. However, the
172 pound subject exerted 2 maximum horizontal force near
the 25 percent point and slowly reduced this force to zero.
The negative portion of the horizontal force was very

similar for the two subjects.

Center of Pressure, Descending

The center of pressure for each subject while
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descending a stairway with 6 inch risers and 10 inch treads
is shown in Fieure 53. The curves in Fizure 53 illustrate
the general pattern of the center of pressure while ascending
the different stairways. Figure 53 indicates that the
characteristics of the center of pressure for the two

subjects differed considerably,

3

The basic Aifferences in the two curves can be ac-
counted for in the way each subject descended the stair-
wavs, The 140 pound subject placed his entire foot on the
tread while the 172 pound subject descended the stairway
on his tip-toes and 4id not place his heel on the tread. R

When the 140 pound subject descended the stairway
he placed his sole on the tread and then eradually set
his heel dAown. Thnis method of descendineg accounts for the
movement of the centroid away from the front edge of the
tread. As the 140 pound subject leaves the tread the foot
1s 1ifted in a rolling fashion. Thus the centroicd of
the force moves toward the fron*% edge.

When the 172 round subject descended the stairway he
rlaced only the sole of his foot on the tread. Because
all the body weight is on the sole the center of pressure
moves to an equilibrium point and remains nearly constant
for a portion of the step. Firsure 53 indicates that the
center of pressure moved toward the front edge. This
characteristic occurs because the foot makes its initial

contact with the tread on the rear part of the sole. The
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foot then rolls slightly forward as the body moves forward.
The movement of the center of pressure toward the
rear edge as the foot left the tread cannot be accounted

for. This characteristic is definitely a part of each

subject's step since it occurred on nearly all of the stair-

ways, Slow motion pictures of a person descending 2 stair-

way would probably he needed to explain the movement.

Because this movement does not affect the person's chances

of slippine no further attention will be given to it.

A cstatistical analysis of the center of pressure data

vas performed. However, only the value at the 6.25 per-

cent point, which is the initial roint of application of

the vertical force, was used. If a person is to slip on

3 stairway because he is off-halance, he will slip when

he firet places his foot on the tread. All values used

Nere the distance from the front edge of the tread.
The analysis for the 140 pound subject indicated
that sienificant differences did exist between the stair-

Yay averages, A comparison of the averages is shown in

Flgure 4 while the values for each of the four repeti-

tions =aye given in Table 27. Fieure 54 indicates that the

8-11 S tairway had the hizhest average, 3.64 inches. How-
SVer, the average of the 2-11 stairway was not signifi-
®aNtly  Aifferent from the averages of 3.40 and 3.21 inches
"hich O ccurred on the 7-11 and 6-10 stairways, respectively.

Th '
®7-9 stairway, with an averase of 2.36 inches, was
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significantly Aifferent from the 7-11 and 8-11 stair-
ways. Althoueh the 8-11 stairway had the highest average,
3.64 inches, the other stairways appear to have averages
which woul? eliminate any chance of slipping when off-
balanced.

The analysis for the 172 pound sublect also indicated
significant Aifferences between the averages for each
stairway. A comparison of the averages is shown in Figure
55. The value for each of the four repetitions is given

in Table 27. The largest average, 3.61 inches, occurred

Stairways
® o -—-99o o — =
0 N L ! | [}
~ 0 © o~® © ~ ®
6 © moke -' o g
v < B338eor o < ©
o N o N ™ ™ 0]

Averages

Figure 54: Comparison of the center of pressure
averages, 140 pound subject descending the
stairways.

on the 8-9 stairway but was not sienificantly Aifferent
from the average of 3.33 inches which occurred on the R-11
stairway. The lowest average, 1.58 inches, occurred on
the 7-9 stairway, but was not significantly different

from the average of 1.72 inches for the 7-10 stairway.
WYhile the hichest averages for the 172 pound subject
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Stairways
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Figure 55: Comparison of the center of pressure T,
averages, 172 poun? subject descenfing the K
stairways.
appear safe with regard to slipping the lowest values _
Are questionable. "
The combined analysis of the data indicated no signi- b

flcant Aifference between the two cubjects.



CCONCLUSICNS

The followineg conclusions mav be d4rawn from this

investiration:

1) The abrasive strip and the rubber mat shcwed

the best frictional properties of the materials studied.

The coefficient of friction for these two tread materials

was hirsher than the other trea”? materials for most all

of the sole materials studied. For these two treads,

there was little Aifference between the new and used

materials. Woord, varnish and pa‘nt generally showed a

“ecrease in the coefficient of friction with use while

linoleum increased with use.
The rirple sole had the highest averace coefficient

2)
The

of friction values of the sole materials studied.
hichest coefficients of friction for the ripple sole
°ccurred on the smooth surface tread materials. The
hichest coefficients o friction for the other soles

°Ccurred on the rough surface tread materials (abrasive

AN rybher mat). The crepe sole was the only sole for

which the new material had a hicgher coefficient of fric-

tion than 4i3 the worn material.

3) The vertical force exerted by a person while
eithel‘ ascendine or descending a stairway contained
two Ma ximum values. When ascending the stairway the
f'irSt maximum val{xe occurred near the 25 percent point
na T aanged from 100 to 125 percent of body weight.

123
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When Aesceniing the stairways the first maximum value

occurred between the 12.% and 5 percent points and

range” from 100 to 140 percent of body weight. The

second maximum value occurred near the 75 percent point

for both Airections and wa:s aprroximately equal to the

body weieht. The initial rate of application of the

vertical force varied linearly with time when nscending

or Aescendineg the stairways.

4) The horizontal force exerted by a person while

either ascendine or Aescendine a stairwav varied con-

siderably with Aifferent stairways and between subjects.

When ascending a stairway the horizontal force had two

Max imum values and a minimum value. The maximum values

occurred near the 6.25 and 87,5 percent points. The mini-

Mam wvalue occurred near the 295 percent point. When

"eSCenf‘ing 2 stairway the horizontal force had a2 maximum
Valwue which occurred between the 12.5 and 25 percent points

N 5 pintmum value which occurred at the 87.5 percent

POint . A1l miximum volues were directed toward the front

“ze of the tread, the mintmum values were directed toward
the rear edoe of the tread.

2 The initial point of application of the vertical
forece was independent of both stairways and subjects
"hen ascending. ™hen Jescendineg the initial pcint of
qp‘blicqtion was independent of subject but varied some
"itnh the stairwavs. The initial point of application

of
the vertical force Aid not appear to be critical
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with respect to slippine for this investigation.
6) The forces exerted by the subjects in this in-

vestication normally were not large enough to cause a

person to slip on a stair tread. However, each subject

knew the objective os this investigation. Bscausa 21ch
sibJect had some knowledge of the investigation it is

ndssible that they were more careful when ascending or

LI

Aesceniinz than they normally o wld e,

) Al%'woah L vertical force tended to increase
with an increase in the riser heizht none of the stair-
wayes mav be reearded to be critical with respect to

cliopine unier the conditions investicated.

et

v
Cna



SUGHESTIONS FOR FI'TURE INVESTIGATIONS

The following list contains areas for future investi-
ration and surgested chaneges in experimental procedure.
1) Evaluating the coefficient of friction for dry
sole materials on wet tread materials, wet soles on Ary
treads and wet soles on wet treads. This investigation
would determine the effect of surface wetness on the
coefficient of friction.
2) Measurine the forces exerted on a stalr step when

carrying different loads or when movine at different

speeds.

3) Measuring the forces exerted on a stair step when
people are not aware of the investigation. An investi-

gation of this type would give a truer evaluati-n of the
ratio of the horizontal and vertical forces.

4) Enclosineg the experimental stalrways and adding

more steps to make them more like a regular stairway.
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APPENDIX I. The strain gage circuit and bridge output
for the transducer of the friction measurineg machine.

=T = H._..R
L
la 2q
AV o°
I
b Lr b bl d
L
= 1' o h=—R .
Bar™I Bar®2 CIRCUIT

Gares a and b are in tension.
Gaeces ¢ and d are in compression.

I bar #1 receives P

amount of the total load, bar

2
#2 will receive PZ-P amount of the total load. The
Z
reactions at the supports will be:
Bar #1 R = P_ Bar #2 R « PZ-P
) 2Z 22

€=Mc where M = RL
ET

For Bar #1 M - PL , for Bar #2 M = L(PZ-P)
22 2Z

The indicated strain for each arm of the Wheatstone
Bridge 1is as follows: (Gages connected in series in an

arm will average)

Ar‘ml-.-A % [gZL% 4 12>ZL ]-.- gzLi
Arn?;-%El;Li -ch] - Bl
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APPENDIX I (Continued)

Arm3a§|:PZ-PLcl PZPL ].. PZ-P)L ¢
‘("—%22 T

Arm 4 - -(PZ-P)L £ -SPZ- L ¢ (PZ- PZL c
3 [ 22 %I] 2Z £

The indicated strain of arms 1 and 3 of the Wheatstone
Bridge is positive while the indicated strain of arm 2
and 4 is negative. Therefore the bridge output is the
sum of the strain in each arm without respect to their

siegns,

= 2|PLec| # (PZ P)L ¢ PLec
[225:1 [221 :l E 1

Since ¢ - the distance from the center to the extreme

fibers and T = 9_23 the above formula can be simplified
12

to the followine:

[’; Bk - F




APPENDIX II. Porce Plate Design and Operating Circuits.

When a person ascends and descends a stairway a force
F is exerted on the stair tread. This force is generally
three dimensional and can be broken down into three
component forces which lie along the coordinate axes. To
determine the magnitude of these three components an
instrumented stair tread was constructed usine strain

gaces as the sensing element.

3

The top view of the'instrumented stair tread is shown

in Pigure 56. This stair tread is under the influence of a

l?—" L

force F. The two horizontal components are shown acting
in their respective directions while the vertical force P
is shown as a point. The tread is supported at the four

corners with supports 2 and 4 being along the front edge.
I

I T )
| €2 d
Hy "—*P i
by [°
? 4 Hy 4 + 4

Figure 56: A Schematic Diagram of the Instrumented
Stair Tread. A Tcp View Showing the Specific
Dimensions.

Two basic assumptions were made with regard to the
design and construction of the stair tread. The first was
that the three forces were considered to be concentrated

at a point rather than applied over an area. This assumption
131
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makes it easier to compute the forces and strains at

the supports. This assumption has no effect on the ac-
curacy of the instrument because a series of forces may be
replaced by a single force acting throueh their centroid.

The second assumption was that the instrumented tread
underwent negligible deflections when it was stepped on.
Thus the length L and depth 4 of the tread remained con-
etant. This assumption is valid because the tread was
constructed using heavy pieces of angle iron to prevent
any deflections.

The vertical reactions at each support can be deter-
mined by applying the elementary laws of statics. The
first step is to determine the proportion of P taken by
supports 1 and 2 (call this P15 ) and the proportion taken
by supports 3 and 4 (call this P34 ). The next step is to
determine the proportion of l"]_2 taken by support 1 and the
amount that is taken by support 2. The same procedure
is followed for supports 3 and 4. The reactions at each

support are g¢iven by the following formulas.

Rlp: fflfﬁ R2p— Pe2e4 R3p= Pele3 R4p— Pe2e3
aL da.L dL dtL

Rnp is the vertical reaction at the support n.

Looking at the tread from the top it is possible to
apply the laws of statics and determine the proportiocn of
Hy taken by suprorts 1 and 2 and the portion taken by

supports 3 and 4., Because supports 1 and 2 are fixed at
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one end and a constant distance is maintained between thenm,
where they connect to the tread, each suprort will receive
one-half of the Hy comronent proportioned to them. The
same follows for supports 3 and 4. The reactions due to
Hy at each support are:

R,, = R = Hy e, R,, = R = Hy e

2y 3y 4y

B
———— —

ly y
2 2

Rny is the horizontal reaction at support n due to Hy.

The eame procedure can be followed for the horizontal

component Hx. This force is divided between supports 1

and 3 and supports 2 and 4, The reactions due to Hx at

each suprort are:

Flx "Myx = Brer o Rox % Rex © A 2
2d 2d
R is the horizontal reaction at support n due to Hx.

nx

Strain Gage Techniques
Since strain is the fuﬁdamental quantity measured by
strain gages the equations for the forces at the reactions
must be changed to units of strein. The fundamental for-
mulas for changing stress to strain is
€e=_9_

E
where € equals strain, micro inches/inch,

O = stress, psi and E = modulous of elasticity. For the

vertical force g = Rnn and for bending o = gfg where
A

¥ =R, () for the Hy force and ¥ - Rhx(t) for the Hx force.
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t « Distance from the reaction to the strain
gages, inches.
¢ = Radius of the support, inches.
A - Crossectional area of the supports, sq. inches.
I - Moment of inertia of the support, (inches)

Perry and Lissner (14) state that the Wheatstone

Bridge will be unbalanced only in proportional to the

difference of resistance chances in any two adjacent arms,

or in proportional to the sum of the resistance changes
in any two opposite arms.

During this analysis the Wheatstone Bridge will be
labeled as shown in Figure 57. The strain in any parti-
cular arm will be indicated by the notation €an where

n is one of the arms.

A4 A3

FPigure 57: The Labeling of the Wheatstone Bridge.

Since strain is the fundamental quantity measured
by strain gages units of strain can be used to determine
the amount of unbalance 1n’the Wheatstone Bridge. Using
the above statement by Perry and Lissner and starting
with arm Al, the unbalance for the Wheatstone Bridge can

be written

€ €

B> €1 - €2 £ €3 - Saa (1)

where eB is the strain indicated by the unbalanced

bridege.

R
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The placement of the strain gages on the supports is
shown in Pigure 58. The top row of gages was used to
determine the vertical force. The middle row was used
for determining the coordinate systems. The bottom row
was used to determine the horizontal reactions. These
gages were placed at the bottom to increase the lever
arm thus increasing the sensitivity of the circuit.

Circuit No. 1
Strain Gage Circuit for Determining e; and e, .

The strain gage circuit and the placement of strain
gages for determining e; and e, 1is given in Figure 59.
There are only two forces measured by the gages in this
circuit. The strain due to the vertical force and to the
horizontal component Hx. The horizontal component Hy is
canceled out because of symmetry of the zages. The strain
due to the vertical force will be considered negative.
The bending stress on the left hand side of the supports
will also be considered negative. Assume the horizontal

component Hx is acting to the left.

Particular combinations of the different quantities
appear in all equations derived for each circuit. To
make the presentation easier the following substitutions

will be made,

&ng B, 1 = D, _J‘_: A*
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A - Location of the strain guges measuring €, .

B - Looatcilon of the strain gages measuring e|
and e, .

C - I..oca,tion2 of the Btrain gages umeasuring €,
and €5 .

Figure 58: Location of the strain gages on the corner
supports.
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Using these substitutions the following equations
can he written for the Wheatstone Bridge.

2 D | -A¥* - A* - = 1 Fe.P
€4, [A Rip # RB - A Rap RaB L reP
2E|dA]
A% - - A% = e P
€, = D |-A*R, - BR, A¥R, 4 R“ﬂ 1 |-eP
_ 2 E(d A
= - * _ - A* 7= o P
a3 =P | Tpht - PRy - MRy ABRy = 1 1eP
- - 2 E|Ad]
B -1

[~ .

- * - At = -
€pq = D [-R4pA* - BR,, A¥R, / BR,., 1 |-eP
- - 2E|Ad]

Using equation (1) the bridege output is
EdA
Tsing the relationship e, £ e, = 4 the following formulas

may be solved for.

= _ AE€
‘1 %l:l _5-{] , e> = g [1 £ Af;e]:l

Circuit No. 2
Strain Gage Circult for Determining e3 and e4 .

The strain gage circuilt and the placement of the

strain gages for determining e3 and e, is given in Figure
59, The strain due to the vertical force and the hori-
zontal component Hy are measured by the circuit. The

strain due to the horizontal component Hx 1s canceled
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of the symmetry of the gages. Assume the horizontal com-

ponent Hy is acting toward the front edge of the tread.
This puts the front side of the supports in compression
thus a negative strain results. The strain due to the
vertical force is also negative.

The following equations may be written for the
Wheatstone Bridge.

- D|-A®R, /BR,_ - A%R__ - R_B|= ~e4P |
€a1 [ 1p * PRy 2p T T2y :l R Bt
2E| aL

-nl e ~

€2 = D|-A*R3p / BRy, - A*R,, - R, B| = 1 [-eqP

- = 2E[ AL

- D[-a® - - A% 7 | _e . P |

€3 ° D|-A*R, - BRyy - AR, /4 BR, | = 1 }-e;P

~ = 2E| AL |

B 7] =

= ~4 - - A% - -

€4 = D LA Ry, = BRy, - A%R, £ BRy | = 1 -egp

4 28 aL

Using equation (1) the bridege output is

€2 = P(63 - 94)
EAL
Using the relationship e3 £ € = L the following formulas

may be solved faor.

= L 1 4 AEE ,
2 P

P

93 e4

n
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Circuit No. 3
Strain Gage Circuit for Determining the Vertical Force

The strain gage circuit and the placement of the
strain gages for determining the vertical force P is given
in Figure 60. The strain due to the vertical force and
the horizontal compronent Hy are measured by the circuit.
The horizontal component Hx is canceled because of the
symmetry of the gages. Four of the strain gages, A, B,
G and H, were mounted in the transverse direction of the
support. If this had not been done the additicn of the
strains for the vertical force would have been zero.
Assume the horizontal comronent Hy 1is acting torard the
front edge of the tread. Thus the strains on the front
side cof the support are negative. The strain due to the
vertical force is also negative.

The following equations may be written for the
Wheatstone Bridge.

Al i 1lp ly

m o~

N i -+ - B
2D |/ ua Ry, # BR A uA*R BR ue e45]

B =] —
A2 =D |- A*R, £ BR2y - A*R2p - BRy, -e,e.P

-

- #* !

=D |/ ua*R,  # BR, # 2Ry - BRyy
-

A3

b

Hilr~ &)=
Q
=
>

|~
[
)
N
®
N
il

) Y - - _
4 3 [ Ry, # BR,, - AXRy BR3y] _

=
-
>
Q,
e
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Using equation (1) the bridge output is
63 = P # (uele4)("‘ele3) 71 (u92e3) - (—3284)]
EA4L
Using the relationships e, = d-e, and ey = L-e, the above

equation becomes

63 = P Eu-l)(2e184) 7( (1"‘-1)(94(1 7( elL) # \IdL]

EAdL

To determine the magnitude of the vertical force P
the equations of circuits 1 and 2 were solved in terms

and e and substituted into the above equation.

1 4
Upon substitution the above equation takes the form

of e

aP2 # bP £ ¢ « O which can be solved by using the quadratic

formula. The equation for P becomes

N2 144\ Azee(-l))'
P o= 31€3 4<2)(¢\E)( Lgu ~
2(1)(1/u)
AE 2

Circuit No. 4
Strain Gage Circuit for Determining Hy.

The strain gage circuit and the placement of the
strain gages for determining the horizontal component Hy
is gziven in Figure 61. The strain due to the vertical
force and the horizontal component Hy are measured by the
circuit while the horizontal force Hx is canceled out.
Assume the horizontal force Hy is acting toward the front
edge.

The followinz equations may be written for the
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Wheatstone Bridge.

[~ p— —
= -A% - A% = 1 |-e P BHy
€ = D|A*Ryp A BRy, - A¥Ry, S B“3y] Bl b W i
- 2E| daA 2
€A2 = DLjA*RZP - BR2y - A*R4p - BR4y = 1 -€5 -BHy
- 2E[ dn 2 ™
€,, 3 D-:A*R # BR - A¥R # BR_1 a 1 [-eP fPHy| .
A3 2p 2y 4p 4y 2
B - 2®flaa 2
= D|-A*R - BR - A*R - BR ] = 1 [-eP -BHy | Py
€as l: 1 ly 3p 3y 1 J
~ L
2 B d A 2 ]

Using equation (1) the bridge output is

eB=Hytc Hy = EI €
EI t c

Circuit No. 5
Strain Gage Circuit for Determining Hx.

The strain gage circuit and the placement of the
strain gages for determining the horizontal component Hx
is given in Figure 61. The strain due to the vertical

force and the horizontal component Hx are measured by the

circuit while the horizontal force Hy is canceled. Assume
the horizontal force Hx is acting toward the left side of
the tread.

The following equations may he written for the
Wheatstone Bridge.
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APPENDIX II.

€2 =

€

(Continued)
—— — 1_ _1
~A% - BR, - A*® - = - -t
Rlp B 1x A R3p BR3x 1 Eli HxBe
B ~ 2E|Ad 4
[_a* AR 1. — ]
A R?p £ BRZx A R4p ¢ BR4x = -l- ng # HxB32
} T 2E|ldaA a4 _
[_A*R BR. - A*R BR. | = e P 4 HxBe. |
1p 4 1x 3p g BJJ _1_ o ol g EXBel
- T 2E[dA d
- = 2E[ aa a
Using Equation (1) the bridge output 1is
Hx t ¢ Hx ET
= €.
-2

5

D
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APPENDIX III. The Coefficient of Friction Values for the

Sole and Tread Materials,

Large Soles

New Neoprene
Worn Neoprene

New Crepe
Worn Crepe

New Leather
Worn Leather

New Neolite
Worn Neolite

New B.F. Goodrich
Worn B.F. Goodrich

New Ripple
Worn Ripple

Large Soles

New Neoprene
Worn Neoprene

New Crepe
Worn Crepe

New Leather
Worn Leather

New Neolite
Worn Neolite

New B.F. Goodrich
Worn B.F. Goodrich

New Ripple
Worn Ripple
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Linoleum
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Small Soles

New Neoprene
Yorn Neoprene
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New B.F. GGoodrich
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Worn Ripple
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APPENDIX IV: The Calcnlation of a Rank Correlation Value.

The rank correlation value is a3 measure of the cor-
relation between two people while performing the same task.
For this investigation the two subjects were compared by
how they ranked the different stairways or percent points
with respect to the average force exerted on the stairways
or percent points. |

The correlation value will be calculated for the
percent points while the two subjects ascended the stairways.
The percent points for each subject are ranked from highest
to lowest. PFor this example each subject exerted the
largest force at the 25 percent point and the smallest
force at the 93.75 percent point. The correlation value {is

calzculated from the followineg formula:

6> [\

TN INED

Ranking of the Percent Points
Percent 140 1b. 172 1b.

Po;gts Subaecg Subgecg

1205
25.0
35:3
62.5
ZS.O
7.5
{ 93.75

owoowoooow>

O OV HJW =

O N D O N
ﬂowoowooooF&

For this example the correlation valge is
_ - _8(2) = 1--1_ 20983
R= 1= —g5@mn 6

148
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APPENDIX V: The Magnitude of the Vertical Force, Horizontal
Force andi the Point of Application of the Vertical Force. _

Note: The vertical and horizontal forces were not measured
at the same time. e (the point of application of the
vertical force) is the distance from the front edge of the
tread. For the horizontal force, positive values are
directed toward the front edge of the tread; negative
values toward the rear edge. Each value is an average of
four replications.

140 POUND SUBJECT r-1
Stairway: 6" risers, 9" treads - R O
% of Ascending Descending
Ste P € H P e _H .
) i‘.zl 5 40.1  3.21 T 53.2 2.48 Izg 3
12.5 91.2 4,15 -7.2 125.2  2.61 6. Eo
25.0 139.7  3.40  -9. 145.1 381 6.7 J
37.9 121.9 3.24 -1.6 105.0 3.91 -0.7 ‘
50.0 10109 3.49 107 9703 3059 ‘106
6205 11102 3070 303 127.4 2071 -101
3500 123.3 4075 004 15403 1060 -201
7.5 10209 6.21 206 7700 0065 "'1109
93075 30.1 6077 306 26‘1 1.59 "4.0
Stairway: 6" risers, 10" treads
gtof Ascending | Descending
ep P e _Hy P e Hy
6.25 60.3 3.91 2.7 63.1 3.21 1.1
12.5 10105 4.22 "13.5 14904 3;58 203
25.0 14306 3062 -160 135.5 3038 2.5
3705 11701 3033 -704' 11007 30 2 -105
S0.0 9902 3.4 -104 100.7 3036 "‘206
6205 1120 3082 "008 13009 3002 "2.1
ZS.O 139. 4‘078 "2.6 14603 2.06 -506
705 4.2 6.20 "002 72.3 1087 "1205
93.75 16.5 Q-26 208 2109 1.81 "2.4
Stairway: 6" risers, 11" treads
g of Ascending Descending
geg P e Hy P e H
.25 45.9 3.41 g.? 84,2 2.58 2.5
12.5 10102 4000 - 08 165.5 3005 7.7
2500 14405 3.38 "1002 15001 3098 900
37.5 125.1 3.22 -2.1 102.1 4.28 2.2
50.0 101.7 3034 106 900I 4.22 -006
62.5 110.2  3.51 2.2 113.3  3.01 -0.8
55-0 136.6 5000 008 1 505 1.73 "405
7.5 112.2 6.57 305 009 0.Z3 -1406
93.75 39.7  6.71 3.1 29.0 1.e3 -2.8
149 ‘
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Stairway: 7" risers, 9" treads

g of Ascending Descending
e P e Hy P e H
"2%'9.25 49.2 3.98 2.2 78,8 _2.‘2'6 4:.'8
12.5 Q 01 3-97 -609 156.4 2. 4 1105
25.0 148.1 3.01 -3.8 14%.0 2.91 15.1
37.9 123.1 2.65 -1.% 98.% 2.92 5.0
50.0 92.3 2.49 3.7 91.% 2.6 3.1
62.5 99.9 2.62 3.1 127.4 1.57 2.9
Zﬁ.o 135.4 4.04 2.7 142.3 0.74 -1.2
705 101-5 5-04 404 6801 0090 '9.6
83.79 34.0 5.35 4,2 25.8 2.11 2.7
Stairway: 7" ricers, 10" treads
% of Ascending Descending ’
Step P e _Hy P e Hy !
.25 40.1 3.70 1.9 43,0 2.67 2.3 '
12.5 85.5 4-16 ‘9.3 11405 3023 07
25.0 139.2 3.20 -901 14109 3.6 601
3705 11902 2.79 -2.8 108.4 4.03 3.2
50.0 9202 2.47 "105 9003 3029 '003
62.5 102. 3.16 1.5 112.9 2.27 -0.2
5.0 129.9 4.94 1.9 138.9 1.50 -2.6
OS QIQS 6-10 4.7 74.2 0072 "1005
93075 23o0 6.85 3-7 27.6 2.07 “2.1
Stairway: 7" risers, 11" treads
% of Ascending . Descending
Ste P e H P e Hy
6.25 62.0 3.79 2.8 88.6 2.Z4 2.0
12'5 1?101 4.16 "203 155;‘; 20-9 6.3
2500 15901 3062 - 00 14401 2.33 5.7
37.9 122.1 3.50 -=2.1 104.7 2.83 2.1
50.0 92.0 3.97 0.2 97.2 2.61 0.5
6205 9705 4‘.50 1.2 13708 2006 -0.2
gs.o 141.2 2.58 1.0 146.8 1.55 -205
7.5 102.5 £2. 2.8 56.8 1.70 -6.7
93.75% 30.3 7.51 2.3 22.0 2.37 -1.2
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Stairway: 8" risers, 9" treads

% of Ascending ‘ Descending
Step P _Hy P e Hy
.25 70.4 3.62 9.5 109.3 2.&4 5.9
12.5 115.0 3.65 -~4.5 192.9 2.89 12,6
2500 149.1 2.94 —§.2 15301 2.33 1404
37.5 123.2 2.40 o7 103.0 2.83 4.6
50.0 94. 2.24 5.6 99.1 2.61 4.2
6205 11103 2.61 6.8 1420‘5 2006 3.3
Z5.0 144.1 4.03 5.6 156.4 1.55 0.1
-7.5 88.2 5021 604‘ 73.7 1070 "1007
93075 22.3 5.99 4‘.9 2707 2.37 —206

Stairway: 8" risers, 10" treads

% of Ascending Descending
Ste P e Hy P e Hy
6.25 3R.2 2.92 4.4 104.6 2.65 4.9
12.5 103.1 3.48 -5.3 186.6 3.10 8.2
25.0 145.¢ 2.71 =7.5 14€.8 3.55 7.8
37.5 124.2 2,71 -1.2 92.2 2,8 3.2
5000 940 2058 400 907 203% 2.0
62.5 105. 2.63 6.4 135. 1.7 1.4
Zs.o 131.3 3.84 608 144. 1034’ "-’cl
7.5 104.7 5.44 5.0 64.4 1.37 -£.0
93.7% 26.7 6.4 4.3 24.5 2.27 =0.6
Stairway: 8" risers, 11" treads
% of b Ascending . Descending
Ste e H
2.23 28.4 3.46 5.8 85.3 3.64 2.6
12.5 90.7 4,12 =7.2 165.7 3.72 .0
25.0 154.2 3.30 -11. 162.3 4.02 5.0
37.5 134.5 3.05 -4, 104.4 3.80 0.1
50.0 99.6 3.09 0.6 93.7 3.62 =0.7
62.5 105.0 3.31 0.5 134.2 3.12  -2.1
gs.o 137.6  4.79 0.8 154.6  2.63 -9.4
705 10008 5.94 4.3 7%07 2039 "1104
93.7% 26.4 6.55 2.7 28.0 3.11 -0.3
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(Continued)
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172 POUND SUBJECT

Stairway:
Ascending
P - _
66.9 3.02
141.5 3.06
195.9 2.60
151.9 2.35
131.4 2.52
%;Z.g %.0{
105.5 3:88
33.0 3.14
Stairway:
Ascending
‘qg“' & __
N
192.4 .86
150.5 2.52
121.0 2.83
143.5% 3.12
174.2 3.12
93.7 2.52
28.6 3.21
Stairway:
Ascending

P
63.2 E%EB

3.
125-8 2.68
200.0 2.49
182.5 2.36
145.4 2
146.5 2
163.1 3.1
83.4 2

30.0 3

6" risers, 9" treads

Descending

e Hy

4 771.0 2.63 -0.
-2.1 132.9 2.29 1.6
-4.,2 201.3 2.41 9.7
-l.4 174.1 2.21 12.1
2.0 139.5 1.99 5.6
~O.2 1°1.0 1.71 10.3
1. 16801 1059 "5.5
6.% 98-2 1072 "1506
1. 35.2 3025 -003

6" risers, 10" treads

Descending
2.EE ;400 20 3 -102
"'500 13209 2054 1.7
-11.0 211.2 2.01 73
-8.1 175.8 1.50 6.4
-3.9 139.2 1.61 6.4
"301 142.8 1.68 "007
"‘2.4 156.2 1. 3 -500
2.6 7707 O. 4 -17.0
2.1 30.  1.91 -6.3
6" risers, 11" treads
. Descending
P e Hy
8.4 66.0 3.01 2.1
-C.4 199.2 2.90 S.g
“'207 2 9.‘ 2021 13.
004 1 906 1.66 10.5
0.4 130.8 1.64 9.3
1.7 126.0 1.53 3.2
4.5 1 5.8 105 -log
802 85.2 0045 "150
2.0 32.2  0.76 -1.7
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APPENDIX V. (Continued) \

Stairway: 7" risers, 9" treads

% of Ascending Descending
§ggg P e Hy P e Hy
025 74.2 3-03 4.1 53.9 10 —1"’)
12.5 137.1 2.6" 1.1 1083.2 1.60 3.6
25.0 182.8 2.42 0.4 187.8 2.16 13.6
37.5 165.6 2.42 2.7 155.9 2.38 13.4
0.0 136.8 2.62 4.2 130.6 2.44 12.0
62.5 132.4 2.73 4,8 135.1 1.73 6.6
gs.’) 157.4 2.9 g-s 155.0 1.44 -3.5
7.5 97.7 3.37 8.1 73.7 1.45 -5.9
93.75 31.0 3.77 2.2 24.7 2.69 1.1
Stairway: 7" risers, 10" treads
% of Ascending Descending
] P H P e Hy
2.23 9.8 3.25 5.0 B0.6 1.72 -O.g
12.5 150. 2.54 0.7 166.1 2.06 3.
25.0 183.7  1l.hl -2.6 201.g 1.60 11.7
37.5 13701 1017 -105 156. 1064 1206
62.5 147.8 2.26 =0.2 142.5 0.75 g.z
7.5 90. 1.2¢ 5.2 74.9 0.b1 -13.8
93.75 29.2 1.9% 2.1 28.4 1.06 -=3.7
Stairway: 7' risers, 11" treads
% of Ascending Descending
§égpg P _ Hy - g e Hy
.2 90.3 3.64 4.0 48,3 3.16 3.7
12Q5 15201 3.58 -0.8 122.2 2.55 2.3
25.0 200.4 3.37 -=2.5 206. 2.30 8.&
37.5 1820‘ 3020 -1-6 187-9 2.36 5.
53.0 155.3 3.36 -0.1 159.3 1.96 3.2
62.5 155.9 3.&0 0.3 164.5 l.41 -0,1
ZS.O _143.6 3.87 1.4 134, 1.17 -=3.0
7:5 54.4 4.85 4.7 7509 2092 -1108
93.75 15.4 5.72 5.8 25.7 4.24 -17,2
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(Continued)

AFPENDIX V.,

8" risers, 9" treads

Stairway:
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Stairway:

8" risers, 1D0" treads

N OO NN OO0 O

SO WNO g N
— N~

SO I~ O
O MNed = 74 74

L] L] L] L d L

. .
322221102

8200890/8
02255631

Descending
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8" risers, 11" treads

Stairway:

557497614
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HO37742183
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Descending

N MO —~0 O
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