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Gravitational and inertial effects of mass
on the perceived heaviness of objects
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Previous research has drawn a distinction between mass perception and weight perception. This
distinction is based on data showing that subjects' ability to judge the heaviness of an object is
less acute under conditions of zero gravity. Following a discussion about the mass of an object
and the gravitational and inertial effects of that mass is a proposal that this distinction between
mass and weight perception is misleading. An experiment is reported that shows that the per
ceived heaviness of an object is a function of the magnitude of the external forces acting on that
object rather than a function of the type of force, inertial or gravitational, acting on that object.

Several recent papers have purported to show that sub
jects ' perceptions of differences in the mass of objects are
less acute than their perceptions of differences in the
weights of those objects (Crawford & Kama, 1961; Rees
& Copeland, 1960; Ross & Brodie, 1987). As Ross and
Brodie pointed out, the perception of mass, without
weight, can be studied on earth if the masses are supported
against gravitational force and moved in the horizontal
plane. Typically , subjects are required to judge weight
by moving masses up and down in the vertical plane in
a procedure used to determine weight perception , and to
judge mass by moving the masses in the horizontal plane
in a procedure used to determine mass perception. The
subjective sensations that correspond to mass and weight
are called heaviness (Ross & Brodie , 1978).

Results have shown that the Weber fractions for mass
are significantly higher than the Weber fractions for
weight . Although these psychophysical data add impor
tantly to the body of knowledge about human perception,
Ross and Brodie's (1987) notion that the perception of
the inertial effects of mass is in some way qualitatively
different from the perception of the gravitational effects
of mass is questionable. This notion is exemplified by such
statements as: " It is interesting to consider why an ob
ject feels lighter when judged by its mass than by its
weight" (p. 79), and "In practise, 'weight' perception
typically involves 'mass' perception" (p. 78) (Ross &
Brodie , 1987). Given that physicists have known for cen
turies that gravitational mass and inertial mass are in fact
identical, Ross and Brodie 's distinction is, to say the least,
surprising. It also introduces unnecessary confusion both
to the description of what the subject is doing and to the
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analysis of the mechanisms responsible for judgments of
heaviness. This paper aims to correct what seem to be
misconceptions about the mass of an object and the iner
tial and gravitational effects of that mass .

To clarify this matter , it is necessary to define the terms
weight, mass, and inertia . Mass is the quantity of matter
that a body contains. Weight is a force that increases or
decreases in proportion to like changes in mass . When
a force is applied to a mass , it causes the mass to acceler
ate in the direction of the applied force. Weight, by means
ofgravity, causes the mass to be accelerated in the direc
tion of the earth. Ifair resistance is neglected, objects of
any mass are accelerated in the same manner. This ac
celeration of mass is summarized by the equation force
= mass x acceleration. When motion is the result of
gravitational force, mass is correctly referred to as
gravitational mass. Inertia is the property of an object that
causes the object to resist changes in its condition or to
oppose applied forces. Inertia andmass are closely related
in that inertia is proportional to mass. Massive objects
are less reactive to applied forces than are smaller ob
jects. Thus, the force required to overcome the inertia
of a large mass is greater than the force required to over
come the inertia of a small mass, and any resulting mo
tion can be described by the same equation as that describ
ing acceleration of objects under gravity: force = mass
X acceleration. When motion is the result of forces other
than gravity , mass is correctly referred to as inertial mass.

In any situation in which an object is moved by forces
other than gravity, such as in the mass-perception proce
dure, or is moved in addition to gravity, such as in the
weight-perception procedure (Ross & Brodie, 1987), the
inertial effects of mass are in operation. The resultant
force can be calculated by vector addition of the compo
nent forces. The point being made here is that the differ
ence between the weight and mass conditions of Ross and
Brodie (1987) may be quantitative rather than qualitative .
The purpose of this experiment was to demonstrate what
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to some might seem intuitively obvious: namely, if the
inertial effects of mass and the gravitational effects of mass
are equated in the objective domain of external force, the
result will be corresponding equivalence in the subjec
tive domain of perceived heaviness. To put it simply, and
in the terminology of Ross and Brodie (1987) , subjects'
mass perception will be as good as their weight per
ception .

MEmOD

Subjects
Six right-handed psychology students, 4 male and 2 female, were paid

to participate in the experiment.

Apparatus
The stimuli consisted of two setsof 11 identical plastic containers filled

with specified amounts of lead shot . Each set had a standard stimulus
of 400 g and 10 comparison stimuli that ranged from 408 to 480 g in
8-g increments. The bottles were coded for identification. The standard
and comparison stimuli were slotted manually into one of two identical
arms . Each arm was constructedof balsa wood 50 rom wide and 800 rom
long, and weighed 90 g . At one end of the arm , twin ball bearings
(Picador) gave a low-friction bearing. Through the center of the bear
ing ran a rod that was gripped by a heavy-duty lockable ball joint. This
ball joint enabled the balsa wood tube to swing horizontally or verti 
cally according to its setting . A spirit level was used to ensure that the
arm was properly oriented. At the end of the arm away from the bear
ing were two sockets at 90° angles to each other . 'These sockets provided
a snug fit for the stimuli for both vertical and horizontal directions of
movement. Also at this end was a cord attachment point. In the horizontal
plane, the arm plus its designated load could be given a constant horizon
tal pull approximately equal to that of gravity by the simple expedient
of passing a cord over a ball-bearing pulley and attaching the correct
stimulus. Thus, the arms could operate in three conditions of external
force: vertical force (gravity) and two horizontal forces , one of which
approximated gravity and the other of which was minimal. The two arms
were mounted side by side on heavy stands , with the center line 1 m
from the floor . The subject sat on a lab stool at a height of 660 rom
and was positioned so that he/she was equidistant from both arms .

Procedure
The subject sat on a stool opposite the experimental table with eyes

closed and wearing headphones through which white noise was played
to mask any possible auditory cues . Using the right hand , the subject
moved the stimulus-bearing arms consecutively and made verbal
responses of "first" if the first arm was judged to be heavier thanthe
second arm and " second" if the second arm was judged to be heavier
than the first arm. Each subject performed under three conditions, the
order of condition being counterbalanced across subjects. In Condition 1,
the subject gripped the load-bearing arm between the thumb and fore
fmger and moved the arm rapidly up and down in the vertical plane
three times. In Conditions 2 and 3, the subject again held the arm be
tween the thumb and forefmger, but moved the arm backward and for 
ward three times in the horizontal plane. In Condition 2 this horizontal
movement was made against a constant externally imposed horizontal
force approximately equal to that of gravity. In Condition 3, this horizon
tal force was not imposed. Each subject chose his/her own amplitude
of movement, and was instructed to maintain this amplitude through
out the experiment. Most subjects chose an amplitude of approximately
160 rom. In the terminology of Ross and Brodie (1987) , Condition 1
represented the weight procedure, and Conditons 2 and 3 were bothmass
procedures. A BBC microcomputer was programmed to generate a ran
dom double-staircase stimulus-sequencing procedure (Cornsweet, 1962).
There were 48 trials per condition. The position of the standard stimu
lus was randomized over all trials such that for each staircase, the stan
dard stimulus was placed equally often on the first and second arms .
The increment was 8 g, and the response criterion was at the 50% level.
The experimenter loaded the stimuli onto the specified arms and en-
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tered the subjects ' responses into the BBC. For each trial , the staircase,
the order of standard stimulus presentation, the comparison stimulus
presented, and the subject's response for each trial were stored on disk .

RESULTS

The difference limens (DLs) for each subject in each
condition were converted to Weber fractions using the for
mula 2.!lW/(WI+W1) , where .!lWis the DL, WI is the stan
dard stimulus, and W1 = .!lW+ WI. These fractions are
presented in Table I.

A one-way repeated measures analysis of variance
showed a significant effect of condition [F(2, 10) = 43.2,
P < .01]. The Newman-Keul's procedure for multiple
comparisons among treatment means revealed a signifi
cant difference between Conditions I and 3 and between
Conditions 2 and 3 at the .01 level, but revealed no differ
ence between Condition I and 2. Thus , the Weber frac
tion for mass varied as a function of the resultant force,
being the same as that for weight when the judgments were
made under a constant horizontal external force equal to
that of gravity but significantly greater when the judg
ments were made under minimal force conditions .

DISCUSSION

The results of the present experiment show clearly that in a situation
in which subjective sensations of heaviness are based on objects mov
ing through space and time, those sensations are a function of the ex
ternal forces operating on the objects . It does not matter whether that
force is gravitational or inertial . What does matter is its magnitude. Sub
jects do not perceive mass or weight , but rather the gravitational and
inertial effects of mass, both of which can be described in terms of the
same equation relating force and acceleration. In the weight condition
(Condition 1), the stimuli were subject to a constant external force, oper
ating in a vertical direction, known as gravity. The subjects made judg
ments of heaviness by moving the stimuli in the same plane as that of
gravity. In one of the mass conditions (Condition 2), the subjects made
judgments of heaviness by moving the stimuli in a horizontal direction
against a constant external force , equal in magnitude to that of gravity ,
which operated in the horizontal plane. In the othermass condition (Con
dition 3) , the subjects made heaviness judgments by moving the stimuli
against minimal horizontal force . The Weber fraction for Condition 3
was significantly greater than that for Condition 2 . In other words, the
subjects' mass perception varied as a function of the amount of exter
nal horizontal force acting on the object. There was no significant differ
ence in the Weber fraction for weight and mass as measured under Con
dition 2 , in which the amount of external force operating was the same;
the Weber fraction for mass as measured under Condition 3, however,
was significantly greater than the Weber fraction for weight .

Ross and Brodie (1987) considered the question of why an object should
feel lighter when judged by its mass rather than by its weight. In light
of the present results , it seems to be more accurate and far more infor-

Table 1
Weber Fractions for Each Subject in Each Condition

Subject Condition 1 Condition 2 Condition 3

I 0 .058 0.077 0.182
2 0 .039 0 .058 0 .131
3 0.058 0.058 0 .113
4 0 .039 0 .039 0.077
5 0.039 0.039 0.113
6 0 .039 0.039 0.131

M 0 .045 0 .051 0 .125
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mative to consider why an object feels lighter when the magnitude of
external force acting on that object is greatly reduced . This experiment
does not address this question directly . It does, however, have some
bearing on previous explanations of the psychophysical data . Rees and
Copeland (1960) and Crawford and Kama (1961) proposed that sensa
tions of heaviness were a function of the amount of force used by the
subject to move the object. Ross and Brodie (1987) suggested that "the
reduction in apparent heaviness for mass (without weight) is more likely
to be due to the loss of the reactive force contributed by the weight of
an object than to a reduction in applied force" (p. 80). The data ob
tained in the present experiment are consistent with both these views .
The subjects did have to apply approximately the same force to over
come the resistance to movement in Conditions I and 2, but far less
force to overcome resistance to movement in Condition 3. Common sense
tells us that we can apply more force than is necessary to lift or move
objects , but much information is given by the interaction between ap
plied force, resistance to movement, and acceleration of objects . It is
precisely this information that is degraded in Condition 3 of this ex
periment and in the mass conditions of previous work. It would be a
relatively simple matter to investigate this relationship directly .

In conclusion, the results of this experiment do not support the idea
that mass perception is based on mechanisms that differ from those that

underlie weight perception . One cannot rule out the possibility that sub
jects' perceptions of the inertial effects of mass are based on the same
mechanism as that underlying subjects' perceptions of gravitational ef
fects of mass . The data presented here are consistent with the view that
the perceived heaviness of an object is a function of the magnitude of
the resolved forces operating on that object.
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