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PSYCHOPHYSICAL ASSESSMENT OF LOAD-CARRYING IN INTERNAL-
AND EXTERNAL-FRAME BACKPACKS

by
Pierre Meunier
Committee Chairman: Karl H.E. Kroemer
Industrial and Systems Engineering
(ABSTRACT)

The psychophysical method of adjustment was used to determine whether slight
changes in load position and comfort could have significant effects on the maximum
backpack load acceptable to subjects. Four males and four females, who were
accustomed to walking with backpacks, were given 15 minutes to adjust the load until it
was, in their judgment, neither too heavy nor too light for an 8 hour trek. The variables in
this 2° within-subject experimental design were horizontal and vertical load position, as
well as backpack type. The levels of the horizontal load position differed by a distance of
4.0 cm, which corresponds to the difference between the internal and external-frame
backpacks used in the experiment. The vertical distance levels were 1/3 and 2/3 of the
height of the pack. The pack types (internal and external-frame) were selected on the

basis of their harnesses, to provide two distinct levels of comfort.

The results indicated that the horizontal and vertical load positions did not have an
appreciable effect on the psychophysically-determined maximum acceptable load, although
there was a significant interaction between horizontal position and pack type. There was a
significant difference in trunk angle due to Pack type and Horizontal load position. Stride
rate was not affected by the treatment conditions, but it decreased significantly with the
addition of load. There was a significant difference in comfort ratings between backpacks,
with subjects choosing to carry 6% larger loads in the one they rated as more comfortable

(the external-frame backpack).
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1. INTRODUCTION

1.1 Backpacks

The backpack is one of the most popular load carrying methods available to
humans. The efficiency and practical nature of backpacks have made them the carrying
method of choice for heavy or bulky loads that have to be moved over long distances and
various terrains. Backpacks have been adapted to a large number of uses, and therefore
come in a variety of shapes and sizes. They have had a unique role in load carrying
applications in the military, industry and in outdoor recreation activities. In recent years,
recreational backpacking has experienced a boom. Partially as a result of this increase in
popularity, the evolution of backpack designs has been rapid over that time period.
Today's backpacks are designed using state-of-the-art technology and materials in an
effort to provide the user with greater comfort and the ability to carry heavier loads over

greater distances.

Backpacks have evolved from a simple pack with a set of shoulder straps
supporting the load on the shoulders, to a more complex framed system allowing the
distribution of load between the shoulders and the hips. Backpacks that distribute the load
fall into two categories: external-framed and internal-framed. The external-frame
backpack usually has an independent rigid frame (separate from the pack itself) onto
which the pack is hung, while the internal-frame backpack integrates the rigid support in

the pack, to form the appearance of a single piece pack.

It has long been known that it is preferable to carry the load as close to the body's
center of gravity as possible (Parkes, 1869), and one of the advantages of the internal-

frame backpack over the external-frame pack is that it follows this basic principle better.



The center of volume of the internal-frame pack lies closer to the trunk than that of an
external-frame pack, due to its different design approach. Another characteristic of the
internal-frame backpack is that the load is "worn" on the back, meaning that the load
contacts the back over a large area instead of only at the hips and shoulders. For these
and other reasons, internal-frame backpacks have enjoyed popularity in outdoor
recreation, and seem to have taken over as the new generation of load carrying equipment

for hikers.

In spite of the apparent advantage of carrying the load closer to the body, the
scientific evidence reported in the literature has not shown any significant physiological
advantage of the internal-frame over the external-frame backpacks evaluated (Kirk and
Schneider, 1992). However, some researchers have argued that this was basically due to a
lack in sensitivity of physiological measures in situations where similar load carriage
devices are evaluated (Pierrynowski, Norman and Winter, 1981a; Jorgensen, 1985), and
recommend other measures. Thus, the use of other approaches would seem appropriate
to complement the current body of knowledge by focusing on other aspects of backpack
load carrying. One of the goals of this study was to use the psychophysical method of

adjustment as an alternative means of measuring differences between backpacks .

1.2 Hypotheses
1. The backpack type and/or the position of the load relative to the back (both
horizontally and vertically) have a significant effect on the psychophysically

determined Maximum Acceptable Load to be carried.

2. The backpack type and/or the position of the load have a significant effect on

the static and/or dynamic trunk angles.



. The backpack type and/or the position of the load have a significant effect on

cadence (stride rate).

. The backpack type has a significant effect on the perceived comfort during the

load carrying task.



2, LITERATURE REVIEW

Load carrying, and particularly load carrying in a backpack, has been the object of
considerable attention over the years. Although most studies have been performed with
military applications in mind, the findings apply equally to the recreational backpacker.
Renbourn (1954) traces the appearance of the word knapsack (coming from the Low
German Knappen-Sack, meaning a food bag) in the English language to the year 1600 or
so, providing some indication of the appearance of this mode of load carrying in Europe.
Rucksack is another often used term, which means a sack carried on the “riicken” or back.
Although technology has made great strides since, the problems which were encountered
with backpack load carrying systems then, were basically the same as they are now: the
physical and physiological limits of the human body. The following is a discussion of

some of the factors of interest in the present study.

2.1 Factors affecting load carrying

2.1.1 Biomechanical aspects

The field of biomechanics is primarily concerned with the forces exerted by

muscles, and those acting on the bones and joints. It treats the human musculoskeletal
system as a mechanical system. In static and dynamic biomechanical evaluations, the
magnitude and direction of the forces acting on the body (both internally or externally
generated) and their point of application, must be known. Knowledge of the forces acting
on the body, and of the musculoskeletal posture, allows the forces within the body to be
estimated. Several techniques have been developed to predict muscle tension and
compressive forces on the skeletal system (Bean, Chaffin and Schultz, 1988), with the
ultimate goal of predicting dangerous work situations, and decreasing the potential for
injury. The larger the external load, the higher the muscle forces the human body must

exert to counteract it and the higher the stress on the muscles and joints. Large external



forces or moments may exceed either the muscle or joint capacity, and possibly lead to

injury.

From an analysis of the forces involved in backpack load carrying, it can be seen
that the position and size of the load will have a direct influence on the posture required
for equilibrium of the combined weight of the body and pack. In his study of backpack
loads on gait pattern, Kinoshita (1985) noted significant differences in forward lean
between varying conditions of load magnitude and position of the center of gravity.
Figure 1 illustrates this effect by comparing postures likely to be encountered with light
and heavy loads placed in a backpack. The forward lean of the trunk and body increases
as their combined center of gravity shifts. Similar effects were reported by Bloom and

Woodhull (1987), Klausen (1965), and Martin and Nelson (1986).

The change in posture during backpacking results from the need to counteract the
moment generated by the load. Klausen (1965) found increases in activity in the back and
abdominal muscles, and a flattening of the lumbar lordosis as a result of load increase.
One of the possible consequences of carrying loads for an extended period of time is that
this change in posture may lead to long term effects on the spine. Furthermore, its effect
may not only cause strain in the musculo-skeletal system, but also in the cardiovascular
and respiratory systems (Brown, 1972). Both physiological effects, which will be
discussed in more detail below, may reduce the physical efficiency and load carrying

capacity of the individual.

Another consequence of change in posture is that it is one of the single most
important factors affecting static and dynamic strength. This comes from the fact that

changes in joint angles affect both the size of the moment arm the muscle acts upon and



muscle length. A small moment arm means that a larger muscle force must be exerted to
keep the output force constant. Since there is a relationship between muscle length and
the maximum tension that it can exert, a change in muscle length can have a significant
effect on the output force as well. The combination of these two factors can be enough to
impair the biomechanical efficiency, causing local fatigue at a higher rate than normal.
Kinoshita (1985) noted a change in gait pattern due to "abnormal posture”, which was
amplified by heavier loads. In another study, Martin and Nelson (1986) found a reduction
in stride length and swing time accompanied by an increase in stride rate and double

support time as the load increased.

No load Light load Heavy load

- - B

© = Combined Center of Mass

Figure 1. The effect of increasing backpack load on posture.



Bloom and Woodhull (1987) investigated the issue of "postural adjustment” with
respect to loads carried in commercially available internal (Lowe Expedition pack) and
external (Kelty basic pack) frame backpacks. Significant differences were found between
the equilibrium postures of subjects bearing the same load in both backpacks. The authors
concluded that the internal-frame backpack affected the posture more, compared to the
control, than did the external-frame pack. However, the results were confounded by the
considerable difference between the design of both packs, particularly with respect to the
position of the center of volume, which was not taken into account. Because the authors
chose to use the center of volume of the pack as the center of gravity of the load, the load
position appeared to be considerably higher for the external-frame pack relative to the
hips, than it was for the internal-frame pack. From a biomechanical standpoint, the
position and magnitude of the load can have a significant effect on posture, which could
explain their surprising results. A more realistic approach would have been to pack the
same items in the same position for both packs, as if the same expedition was planned with
both packs. In this case, the real advantage of the internal-frame backpack, namely its
closer proximity to the trunk, would not have been confounded with the height of the load

on the back.

The height of the load, relative to the waist, was investigated by Bobet and
Norman (1984). Loads placed just below mid-back or just above the shoulder level were
compared in terms of the electromyographic (EMG) response of the erector spinae and
trapezius muscles during walking on a level surface at a velocity of 5.6 km-h'l. The
significant difference found in the EMG signals, between the two sets of conditions, was
attributed to the difference in rotational inertia as the trunk rotated during walking.
Although the kinematics of the trunk were not recorded, the authors used a qualitative

biomechanical analysis as a basis for their explanation.



In summary, the magnitude of the load, as well as its location relative to the body,
are two major considerations in the study of backpack load carrying and load carrying
systems in general. In comparing two systems, careful control of these two variables must

be exercised.

2.1.2 Physiological aspects

The ability to perform physical work depends, in large measure, on the body's
ability to convert food energy into mechanical energy. This ability varies from individual
to individual, from day to day and to some extent, even throughout the day. Apart from
the metabolic energy transformations, a large number of factors have an influence on work
capacity, some of which are physical, and some which are psychological. The complexity

of the relationship between these variables, discussed by Astrand and Rodahl (1977), is

depicted in Figure 2.
SOMATIC FACTORS
Sex and age Training P. S;';gH;C FACTORS
Body dimensions Adaptation M ¢ tfl ‘t’.
Health olivalion
NATURE OF WORK SERVICE FUNCTIONS ENVIRONMENT
I i .
[’J’Z‘,’;’tfg 1. Fuel intake, storage and mobilization ffig%:s prossurs
T .
scl:u_uque ™ 2 Oxygen uptake ] Heat
Position Cold
Rhythm a) pulmonary ventilation Noise
Schedule b) cardiac output (stroke volume, heart rale) Air pollution
c) oxygsen extraction p
F Energy yielding processes
Physical Performance Capacily

Figure 2. Factors affecting physical performance capacity (adapted from Astrand and

Rodahl (1977)).



Oxygen uptake is a widely used measure of energy consumption in work
physiology, because of the known relationship between oxygen and the amount of energy
released: 1 liter of O for 5 kcal. An individual's maximal work capacity can therefore be
expressed in terms of the maximum amount of oxygen his/her body can consume, or the
VO3 max- YO2 max is the major determinant of a person's capacity to carry loads
(Haisman, 1988), and load carrying task limits are therefore usually expressed as a
percentage of this value. Acceptable limits for physical work performed over an 8 hour
period are based on work paces that do not change the body's homeostasis, e.g. blood
lactate concentration (Jorgensen, 1985). These work paces have been determined to be at
energy consumption rates not exceeding 50% of VO3 4« for trained individuals and not
exceeding 35% of VO7 max for untrained individuals. The one-third of VO7 4« rule of

thumb (Haisman, 1985) appears adequate for most people.

Since VO max 18 correlated with somatic factors such as gender, age, and body
weight (Haisman, 1988), large variations in the population's load carrying ability can be
expected strictly on the basis of these factors. In addition, physical performance can also
be greatly influenced by psychological factors and the environmental conditions prevailing
during the work period. All of these factors are intertwined in a complex manner, and this
has made it very difficult for researchers to establish exactly how much load can be carried

and under which conditions.

Numerous attempts have been made to provide the definitive upper limit of weight
to be transported, using a wide array of experimental designs. In terms of absolute
weight, upper limits of 25 to 30 kg have been suggested for individuals in good condition
(Cathcart, Richardson and Campbell 1923, Shoenfeld, Shapiro, Portugeeze, Modan and

Sohar 1977, Haisman 1988). However, because of the relationship between weight and



VO2 max> such loads may be adequate for average weight individuals but would certainly
represent a very heavy load for a small person. Consequently, many of the
recommendations for load limits are expressed in terms of body weight. The traditional
rule of thumb is that individuals should be able to carry one-third of their body weight.
This would equate to a 23 kg load for a 70 kg individual, which is in agreement with the

above absolute weight limits.

Pierrynowski, Norman and Winter (1981b) reviewed the literature in an attempt to
determine the optimal load relative to energy expended per kilogram of weight. They
found a confusing mass of data which, they explained, was due to differing experimental
conditions and data presentation, the linearity or non-linearity of the metabolic rate/load
curve, and whether the subjects were given any credit for carrying their own weight.
Surprisingly, the optima obtained from the data surveyed ranged from 24% to 56% of

body weight, depending on the experimental conditions.

It can perhaps be concluded that there may not be an absolute optimal load, but
that there will be local optima depending on walking speed, grade, terrain, environmental
conditions, etc.. There have been studies where subjects have been asked to go at their
own pace for the performance of a variety of tasks. The self-paced "hard work" energy
expenditure of fit male subjects was found to be 494 watts + 10% (Goldman, 1965;
Hughes and Goldman, 1970; Levine, Evans, Winsmann and Pandolf, 1982). Using an
equation developed by Pandolf, Givoni and Goldman (1977), and later refined by Pimental
and Pandolf (1979), it is then possible to obtain load values or walking rates for various
conditions. For instance, by substituting 494 watts into the equation, with 0% grade and
on a treadmill, a 70 kg individual would choose to carry roughly 28 kg at a speed of 5.6
km/h, or 40% of his weight in self-paced "hard work".

10



2
M =].5W+2.0(W+L)(%) +M(W+ L) 15V +035VG )

where M = metabolic rate (Watts); W = subject mass (kg); L = external load
(kg); V = velocity of walking (m/s); G is % grade; M = terrain factor (1.0 for

treadmill).

The optimum velocity for backpack load carrying was found to be between 4.8 and
5.1 km/h (Brezina and Kolmer, 1912). Psychophysically established limits of acceptable
walking speed while carrying loads are in the vicinity of 4.7 km/h, or 2.8 mph (Snook,
1976). Loads of up to 21 kg could be carried as economically as so much extra live
weight, which represented approximately 30% of the subject's body weight (70 kg).
Heavier loads were found to bring about both absolute and relative increases in energy
output. They also found that it was more economical to increase the load than the speed

at which it was carried.

In conclusion, the one-third body weight or one-third VO, 4% rules appear to
remain adequate as a first order approximation. Individual factors, such as fitness and lean
body mass, can account for large deviations from these rules. A case in point is a study by
Nag, Sen and Ray (1978) who reported individuals of 53 kg average body weight carrying
up to 100 kg on a treadmill. For convenience, however, body weight was used to
determine the starting backpack loads whereas treadmill grade, terrain and velocity were
selected such that the metabolic rate would not be excessive during the experiment. An
average walking speed of 4.7 km/h (2.8 mph) at 0% treadmill grade was adopted for this

study.

11



2.1.3 Comfort

The aspect of comfort is all too often overlooked as a limiting factor in load
carrying. In situations of prolonged load bearing and dynamic exercise, the slightest
pressure point can be amplified until it becomes intolerable over time. High local pressure
can cause muscular pain and paralysis of the nerves (Noro, 1967). Kirk and Schneider
(1992) found increases in rate of perceived exertion (RPE) in the shoulders and legs over
time, although the energy expenditure and heart rate were relatively constant, indicating
that muscle fatigue was perhaps playing a role in the perception of exertion. While it may
be true that there does not seem to be significant difference in energy expenditure
measures of internal- versus external-frame backpacks (Kirk and Schneider, 1992;
Winsmann and Goldman, 1976), there are other factors, such as muscle tatigue and
comfort, that may significantly limit performance. A method of assessing these should

therefore be considered as an important element of a backpack evaluation.

Load carrying is really a combination of static and dynamic muscle exertion. In
simplified terms, the body must counteract the effect of the load acting on the shoulders,
back and hips through isometric and dynamic contractions, while the legs and arms are
involved in dynamic exertion. Rohmert (1960) showed the effect of exertion on
endurance time. The so-called Rohmert curve shows an exponential decrease in
endurance time for contraction forces above 15% of maximum. The implications of this
curve are that muscular fatigue will occur for all but modest isometric contractions.
Considering the posture imposed by backpack load-carrying and the resultant isometric
exertion of some of the muscle groups, it is difficult not to imagine fatigue taking place in
some part of the body. A method for the identification of these parts, and the assessment

of the magnitude of the sensations of discomfort, was proposed by Corlett and Bishop

12



(1976). Although aimed at assessing postural discomfort of workers operating industrial

machines, the principles can be readily transferred to load carrying tasks.

Corlett and Bishop (1976) reported the results of work performed by Kirk and
Sadoyama (1973), where a linear relationship was found between the perceived pain level
in the arm during static work (on a five-point scale) and endurance time, in terms of
percentage of maximum endurance. By extension, the perception of postural pain was
also assumed to be linear. Another concept proposed by Corlett and Bishop (1976) is that
the overall level of perceived discomfort is a summation of all the individual sensations

acquired either from the human-machine interface or the environment.

In their assessment of postural pain, or discomfort, Corlett and Bishop (1976)
settled for the use of a seven-point scale marked "extremely comfortable" at the left end,
and "extremely uncomfortable" at the right. The subjects were asked to indicate the point
on the scale which represented their current levels of overall comfort. Following this
rating, the subjects were asked to indicate on a diagram of the human body (see Figure 3)
which body areas were most painful. These areas were noted and covered with small
flaps. The next most painful areas were then solicited, and so on, until all of the areas of
discomfort were identified. The areas not identified as uncomfortable would be assigned

to the "no discomfort" category.

One of the interesting features of the body part rating is that there is no pre-set
limit to the number of categories of pain level that will obtained under each test condition.
Each separately reported group represents a noticeable difference between them. The
sensitivity and usefulness of the scale was clearly demonstrated in the study by Corlett and

Bishop (1976), as productivity was shown to increase significantly with decreases in

13



discomfort. This method was adopted for the collection of data on the relative comfort of

the two backpacks under study.
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Figure 3. Body regions diagram (adapted from Corlett and Bishop, 1976)
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2.2 Methods of evaluation of load carrying

Various types of measures have been used for the assessment of load carrying
methods over the years. Although the most commonly used are physiological measures,
several other techniques have been employed. The following is a critical review of the
literature concerning the two most prevalent methods of evaluation of physical exertion,

namely: physiological measures and perceptual measures.

2.2.1 Physiological measures in load carrying

Most of the literature on load carrying has been concerned with the physiological
cost of load carriage (Cathcart et al., 1923; Datta and Ramanathan, 1967; Legg and
Mahanty, 1985; Renbourne, 1954; Redfearn, Crampton, Williams and Mitchell, 1956), in
terms of respiratory, metabolic or cardiorespiratory parameters. These physiological
studies have provided valuable information, particularly in the comparison of various
modes of load carrying. For instance, Datta and Ramanathan (1967) were able to find
significant differences between seven modes of load carriage: Head, Rucksack, Double
Pack (front and back packs), Rice Bag, Sherpa, Yoke and Hand modes. Physiological
measures have been less successful in discriminating between similar types of load carrying
methods, where the load is basically carried in the same position and using the same
muscle groups. A study conducted by Winsmann and Goldman (1976) comparing two
types of backpacks, concluded that there were no significant energy cost differences
between them. They stated that, as long as the weight was "properly distributed over the
body", weight per se was the most important factor. While that statement may be true
from an energy expenditure standpoint, it has been suggested that an evaluation that only

considers this variable is incomplete (Kirk and Schneider, 1992).
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Legg and Mahanty (1985) came to the conclusion that some physiological
responses are simply not detected by cardiorespiratory and metabolic measurements.
Their results showed significantly different subjective assessments of different modes of
load carrying while the physiological measurements were not statistically different. To
understand why this may be the case, it is necessary to understand the type of information
provided by each of these measures. The measurement of oxygen consumption is an
overall indication of the body's need for oxygen, which is required in the actuation of the
muscles during exercise. One of the advantages of this measure, and at the same time its
downfall, is that it integrates the amount of oxygen required by all the muscles of the
body, large and small. A significant change in the degree of exertion in the larger muscle
groups is likely to cause a significant change in oxygen consumption, whereas a significant
change in the exertion of smaller muscle groups may not. Relatively speaking, the smaller
muscle groups do not contribute much to the overall oxygen consumption, and
overexertion may simply go unnoticed. Because of the network of sensors in the human
body, overexerted muscles will not go unnoticed, even though their contribution to the

overall effort may be small.

The lack of sensitivity to some physiological changes may stem from the fact that
energy expenditure is a general workload measure which does not account well for pain or
the overexertion of the smaller muscle groups. There are many examples of jobs in sitting
or standing positions which have moderate metabolic demands, yet put considerable stress
on some parts of the body (Jorgensen, 1985). The same may be true for backpack load
carrying, because of the involvement of small and large muscle groups in static and
dynamic activity. In fact, it is quite conceivable that local fatigue (in the shoulders and
back) may actually become the limiting factor in load carrying , in which case it would be

easier to detect subjectively than through the use of physiological measures. In essence,
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physiological measures appear to be adequate for the detection of large differences, but
not for small ones.

Some investigators have suggested supplementing physiological measures with
perceptual and biomechanical measures (Kirk and Schneider, 1992). Others have
proposed mechanical energy analyses, measures of changes in gait pattern or alteration of
muscle activity (Pierrynowski et al., 1981a) to detect differences between similar modes of
load carrying. The following section discusses the use of some perceptual measures,

either as a supplemental method or as the sole measure in the study of load carrying.

2.2.2 Perceptual measures in load carrying

Borg (1971) distinguishes among three kinds of physical stress indicators, or three
effort continua: perceptual, performance, and physiological responses. Although each
one can be used separately in physical work studies, the information they provide is
complementary. An example Borg gives is fatigue, which he defines as "a subjective state
of a person with both physiological and psychological aspects”. Borg (1971) also
mentions a rivalry between psychology and physiology when it comes to measuring
physical work, and that the three stress indicators have been divided between the two

disciplines in a manner depicted in Figure 4.

Perceptive

Psychology

Stimulus ——» Observer ~———» Performance
Physiology
Physiological

Figure 4. The rivalry between psychology and physiology (adapted from Borg, 1971).
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The importance of Borg's paradigm is that it suggests that the measure of muscular
work along a single one of the three effort continua will likely provide only part of the
total picture. This is certainly supported by some of the research discussed above, where
physiological measures remained constant as perceptual measures varied (Legg and

Mahanty, 1985; Kirk and Schneider, 1992).

Load carrying studies have, by and large, been studied in the physiological domain.
Few studies have incorporated measures in the psychological domain. Most of those that
have included both measures used Borg's rating of perceived exertion (RPE) because of its
simplicity and its properties which allow interindividual comparisons. The following is a
brief description and critique of this rating scale, followed by a description of the method

proposed for this study.

2.2.2.1 Borg's ratings of perceived exertion (RPE) scale
Since physiological parameters can be measured both objectively and subjectively,
it is quite conceivable that these measures could be correlated. Borg and his colleagues
attempted to correlate the two types of measures in the 1950's. A large number of studies
were performed to relate physiological measures to people's internal scales of perception

of exertion during steady state exercise.

The perception of exertion occurs through a relatively complex mix of sensations
originating from the organs of circulation and respiration, the muscles, skin and joints
during physical effort (Borg, 1962). Humans have been found to be consistent in their
appraisal of these sensations and are able to rate those sensations with respect to their
intensity in a reliable manner. Borg distinguished between two types of physical exertion

(short duration and relatively long duration) based on the predominance of neural

18



feedback. He notes that during short duration work on a bicycle ergometer, the muscular
force is the determining factor; such sensations originate in the skin, muscles, and joints
predominantly. During relatively long duration work, there is more stress on the organs of
circulation and respiration relative to the musculoskeletal system, and the sensations
originate from the cardiorespiratory system predominantly. These observations appear to
suggest two distinct sources of sensations: one coming from the muscles and the other
from the cardiorespiratory system. These have since been referred to as local and central

factors, respectively (Ekblom and Goldbarg, 1971).

Borg's development of a verbally anchored category scale for ratings of perceived
exertion (RPE) came to fruition in the early 60's. The most popular scale, i.e. the most
widely used in studies involving exertion, is the version of the Borg RPE scale that was
published in 1970. Borg's scale relies on the fact that there is a mathematical relationship
between sensations in the psychological domain and stimuli in the physical domain.
Finding the equation relating the two domains is all that is required to use either one
interchangeably. The form of the mathematical equation that best relates the two domains
is known as Steven's power law. In the development of his scale, Borg used Steven's

power law, relating perception, P, to stimulus intensity, / in the following form:

P=a+c(I-b)"

where a represents the basic perceptual noise, b is the starting point of the curve, ¢

is a conversion factor dependent on the type of effort and # is the exponent of the power

law.
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An exponent of 1.6 was used for the scale since it was found to be most
representative of the perception of muscular effort and force. The strategic placement and
selection of verbal anchors combined with the correct power law made such that a linear
relationship occurred between RPE and work load. Borg decided to link the RPE scale to
heart rate by starting the scale at 6, corresponding to a heart rate of 60 beats per minute,
and ending it at 20, corresponding to a heart rate of 200 beats per minute (Figure 5). The

scale was designed to grow linearly with heart rate, and exertion.

The RPE scale continued to evolve over the years, and Borg proposed a new
category scale with ratio properties (Borg, 1982b), intended to be simple and easy to use
by untrained test subjects. It uses a familiar 10 point scale, where () represents no exertion
at all and 10, "extremely strong (almost maximum)" exertion. Because of the smaller
number of categories in this new scale, the verbal anchors were changed somewhat from

the original scale, to stay in keeping with the power law .

The procedure normally used to collect RPE consists in asking the subjects which
of the descriptors corresponds best to on their sensation of the task. The rating can either
be collected from overall sensations or from specific areas of the body, such as legs, back,
arms, etc. One of the advantages of this scale is that it contains all possible subjective
impressions, from zero to maximum. In that sense, it is complete. When this property is
combined with linearity over the whole range, this category scale exhibits ratio properties.
This means that one can determine whether a given exertion 1s a fraction or a multiple of

another.
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Original scale (1970) New scale (1982)
6 0 Nothing at all
7 Very, very light 0.5 Extremely weak
8 1 Very weak
9 Very light 2 Weak
10 3 Moderate
11 Fairly light 4 Somewhat strong
12 5 Strong
13 Somewhat hard 6
14 7 Very strong
15 Hard 8
16 9
17 Very hard 10 Extremely strong (almost max.)
18 . Maximal
19 Very, very hard
20

Figure 5. Borg's RPE scales.

The validation of Borg's scale was performed mainly with bicycle ergometer tasks.
Borg himself validated the new scale with other sensory modalities, namely perceived
sourness (exponent of (.7) and perceived sweetness (exponent of 1.1). The fit obtained in

these modalities, however, was not as impressive as with the bicycle ergometer.

In a set of experiments by Ekblom and Goldbarg (1971), it was found that RPE
was higher in arm work than it was for leg work given the same oxygen uptake during
exercise. The same was found when comparing bicycling with running or swimming.
They proposed a two-factor model of perceived exertion including a set of local factors,
such as feelings of strain in the muscles, and a set of central factors, such as
cardiorespiratory feelings. They noted that in work involving small muscle groups, the
local factors were dominant, whereas in work involving large muscle groups, the

perception from central factors were added to that from the local factors.
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