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ABSTRACT 

In the present study, blindfolded subjects had to explore 
differently shaped objects with two hands and to judge their 
volume. The results showed a significant effect of the shape of 
objects on their perceived volume. Additional analysis showed 
that this effect could not be explained by the subjects’ tendency to 
base the volume judgment on a specific object dimension other 
than the volume itself. This contrasts with the results from 
previous studies, which used cylindrical objects or objects that 
could fit in one hand, in which the effect of shape on volume 
perception could be explained by the height/width ratio or the 
surface area of objects, respectively. 
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1 INTRODUCTION 

A large part of the actions that we perform during the day require 
an adequate estimation of the size of the objects that we encounter 
and want to manipulate; e.g. grasping a cup, catching a ball, 
selecting the largest apple from the fruit bowl. Despite the 
frequency of these actions, judging the volume of a 3-dimensional 
object is not always as easy as it may seem to be. The perceived 
volume of an object is not only determined by the object’s 
physical volume, but it may be influenced by other object 
properties as well. A number of studies have focused on the 
influence of the shape of objects on their perceived volume. When 
human observers explore two cylindrical objects of the same 
physical volume, but the one being taller than the other, they will 
perceive the volume of the cylinders as being dissimilar. In 
situations in which the objects were explored visually or 
bimodally (vision + touch), studies have shown that the taller 
object was perceived as being larger in volume than the relatively 
smaller object [1-7]. On the other hand, when objects were 
explored by touch only, the relatively taller object was perceived 
as being smaller in volume [8]. It has been suggested that this 
effect of shape on volume perception occurred because the 
volume percept tended to be influenced by the most salient 
dimension of the object. The height of the objects may be salient 
for the visual sense and influenced the visual volume percept, 
while the width of the objects may be salient during haptic 
exploration and was therefore the influential factor for haptic 
perception of volume. 

The effect of shape on volume perception is not only present 

with those cylindrical objects, which differ only in the height-
width ratio. Kahrimanovic, Bergmann Tiest and Kappers [9] used 
sets of tetrahedrons, cubes and spheres as stimuli and asked 
blindfolded subjects to discriminate the volume of two differently 
shaped objects. The results showed that a tetrahedron was 
perceived as being larger in volume than a cube and a sphere of 
the same physical volume, and that the cube was perceived as 
being larger than the sphere. The volume biases, i.e. the tendency 
to over- or underestimate the volume of an object, were large with 
an overall average bias of 31%. In order to understand these 
biases, the authors examined whether the occurrence of the biases 
could be explained by the subjects’ tendency to base the volume 
judgment not on the volume itself but on other, maybe simpler, 
object dimensions. The analysis showed that the haptic volume 
percept was mainly determined by the surface area of the objects. 
Hence, when subjects were asked to explore two differently 
shaped objects of equal physical volume and to select the one that 
they perceive as being larger in volume, they would indicate the 
object with a larger surface area as being larger in volume 
compared to the object with the smaller surface area. This finding 
may be related to the cutaneous stimulation that is received when 
solid objects are explored haptically. Cutaneous stimulation 
caused by the surface area of the objects is probably quite salient 
during enclosure of the objects, and that may be the reason for the 
tendency to base the volume percept on the surface area instead of 
on the volume itself.  

The objects in the Kahrimanovic et al. study were relatively 
small, with volume ranging between 2 and 14 cm3, and they could 
be enclosed in one hand. However, a large number of objects that 
we explore in daily life are larger than those small stimuli. 
Because of their size, it would be more natural to explore these 
larger objects with two hands instead of one. The main question in 
the present study is whether the effect of shape on volume 
perception will still be present when exploring large objects 
bimanually. If an effect is found, the second question will be 
concerned with the origin of the effect, i.e. whether the volume is 
misjudged because it is based on other object dimensions, like 
height/width or surface area.    

2 METHODS 

2.1 Subjects 

A total of 10 subjects (5 male, 5 female), with a mean age of 22 
years (SD 2 years), participated in the present study. They were 
all right-handed as tested by Coren’s handedness test [10]. The 
subjects were all students at Universiteit Utrecht. They were paid 
for their participation and they provided informed consent. 

2.2 Stimuli 

Sets of tetrahedrons, cubes and spheres were used as stimuli. They 
were made out of a synthetic, post-cured board material on a 
polyurethane base (Ebaboard S-1) and were manufactured on a 
computer controlled milling machine.  Each object set consisted 
of fourteen objects with volume ranging between 240 and 500 
cm3, in steps of 20 cm3. The density of the material at 20C is 0.70 
± 0.02 g/cm3. The weight of the objects correlated with the 
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volume of the objects. However, during the experiment no 
information was provided about the relationship between volume 
and weight. Figure 1 shows the objects. 

2.3 Conditions 

The experiment consisted of three object pair conditions: 
tetrahedron-cube, tetrahedron-sphere and cube-sphere. Each 
object pair condition consisted of 40 trials. At each trial, subjects 
had to compare the volume of a reference stimulus to the volume 
of a test stimulus. Each of the three different objects was the 
reference in one half of the trials and test in the other half. The 
order of the reference and the test stimuli was randomized within 
each condition. The stimulus range was fixed and therefore the 
reference had to be selected appropriately in order to obtain an 
adequate range of test stimuli. This selection was based on pilot 
studies, which showed that a tetrahedron was perceived as being 
larger than a cube and a sphere, and that a cube was perceived as 
being larger than a sphere. Therefore, the selected tetrahedron 
reference should be smaller than the cube and the sphere 
reference, and the selected cube reference should be smaller than 
the sphere reference. Consequently, the reference volumes were 
320 cm3 for the tetrahedron, 360 cm3 for the cube and 400 cm3 for 
the sphere. 

2.4 Procedure 

The stimuli were kept out of view of the subjects before and 
during the experiment. After providing informed consent, the 
subjects were blindfolded and seated themselves behind a table. 
They were asked to place their hands next to each other, with the 
elbows resting on the table and the hand palms facing upwards. At 
the start of each trial, the experimenter placed the first stimulus in 
the hands of the subject. The subject was asked to explore the 

stimulus and to focus on its volume. Exploration was not 
restricted, except that the subjects were required to use two hands 
for the exploration (see Figure 2). Furthermore, the period of 
exploration was not restricted but the stimulus could not be 
explored again once the subject had indicated that he/she was 
finished with the exploration and that the stimulus could be 
removed. After exploration of the first stimulus, the stimulus was 
replaced by the second comparison stimulus, which had to be 
explored in the same way as the first one. Finally, the subject was 
asked to judge which of the two stimuli was larger in volume.  

2.5 Data Collection 

The stimuli were presented by means of a computer driven one-
up-one-down staircase procedure. The data for each reference 
were collected during 40 trials, with two staircases intermingled 
and each starting at one side of the stimulus range: one at 240 cm3 

and one at 500 cm3. This number of trials was enough to reach a 
constant threshold level. For an example of the staircase see 
Figure 3. The three object pair conditions, with two references per 
condition, were performed within one session, with a short break 
between the different conditions. Each object pair condition lasted 
for about 25 min per subject. 

2.6 Data Analysis 

For all combinations of references and test volumes, we calculated 
the fraction of times that the test stimulus was selected to be larger 
in volume than the reference stimulus. Subsequently, for each 
reference data set, a cumulative Gaussian distribution as a 
function of the volume was fitted to the data with the maximum-
likelihood procedure, with the following equation; 
 

,        (1) 

where ! is a measure of the discrimination threshold and " 
represents the volume at which 50 % of the time the test stimulus 
was selected to be larger in volume than the reference (see Figure 
3). The value that is found for the " indicates the volume of the 
test stimulus that was perceived to be equivalent to the volume of 
the reference stimulus, also known as the point of subjective 
equality (PSE).  

From these data, we calculated relative biases in the same way 
as has been done previously in the study on unimanual volume 
perception with small objects. For each matched object pair (i.e. 

Figure 2: Subject during the exploration of a tetrahedron. The 

volume of this tetrahedron was 380 cm
3
.  

Figure 1: The sets of tetrahedrons, cubes and spheres that were 

used as stimuli. The objects are ordered, from top to bottom and 

from right to left, from the object with the largest volume to the one 

with the smallest volume.  
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tetrahedron-cube, tetrahedron-sphere and cube-sphere) the volume 
of the object mentioned first was subtracted from that mentioned 
second and expressed as a percentage of the volume of the first 
mentioned object. Consequently, a positive bias indicates that a 
tetrahedron is perceived as being larger in volume than the sphere 
and the cube, and that the cube is perceived as being larger in 
volume than the sphere. 

3 RESULTS 

3.1 Biases 

The data revealed that on average the tetrahedron of 320 cm3 was 
perceived as being equal in volume to a cube of 355 cm3 and to a 
sphere of 390 cm3 (absolute bias of 35 cm3 and 70 cm3 

respectively); the cube of 360 cm3 was perceived as being equal to 
a sphere of 395 cm3 and to a tetrahedron of 323 cm3 (absolute bias 
of 35 cm3 and 37 cm3 respectively); and finally the sphere of 400 
cm3 was perceived as being equal to a tetrahedron of 332 cm3 and 
a cube of 369 cm3 (absolute bias of 68 cm3 and 31 cm3 

respectively). In order to illustrate more clearly the strength of the 
influence of shape on volume perception, relative biases were 
calculated from these PSEs. For each object pair condition, the 
data from the two different references were taken together. This 
was justified first of all because no differences were expected 
between these biases. Second, for none of the object pairs a 
significant difference between the biases observed with the two 

different references was shown by the performed pairwise 
comparisons (p > 0.05). In this way, for each subject we had three 
relative biases; one for each object pair comparison. These 
relative biases are presented in Figure 4. Comparing a tetrahedron 
to a sphere resulted in an average bias of 22 % (SE 5 %) and 
comparing it to a cube in a bias of 12 % (SE 4 %). A comparison 
between the cube and the sphere resulted in an average bias of      
8 % (SE 5 %). One sample t-tests showed that the tetrahedron-
sphere and the tetrahedron-cube biases were significantly different 
from 0 (p < 0.01), but that the cube-sphere bias was not 
significantly different from 0 (p = 0.14). Furthermore, a repeated 
measured ANOVA with object pair as the within subjects factor 
revealed a significant main effect of shape (F (2,18) = 3.6,            
p < 0.05). Post hoc paired comparisons showed that there was 
only a significant difference between the tetrahedron-sphere and 
the cube-sphere bias (p < 0.05, Bonferroni-corrected for multiple 
comparisons); the tetrahedron-sphere bias was significantly larger 
than the cube-sphere bias.  

The data in Figure 4 suggest that the sum of the tetrahedron-
cube bias and the cube-sphere bias will result in the tetrahedron-
sphere bias. This could be understood as follows: if, for example, 
a tetrahedron of 320 cm3 is perceived as being equal to a cube of 
355 cm3, and this cube of 355 cm3 is perceived as being equal to a 
sphere of 390 cm3, then consequently the tetrahedron of 320 cm3 
and the sphere of 390 cm3 will be perceived as equal, if individual 
subjects perform consistently between conditions. In order to test 
this, the calculated biases (i.e. the absolute biases in cm3 for the 

tetrahedron-cube added to the absolute bias from the cube-sphere 
conditions and expressed in terms of the tetrahedron reference) 
were correlated with the measured tetrahedron-sphere biases. The 
data for the ten subjects are plotted in Figure 5. Pearson’s 
correlation analysis showed a moderate correlation between the 
calculated and the measured bias (r = 0.75, p < 0.05).  

3.2 Discrimination Thresholds 

In addition to the biases, discrimination thresholds could also be 
derived from the psychometric curves. These thresholds are 
related to the steepness of the curves, and indicate the subjects’ 
sensitivity to perceive volume differences. The average 
discrimination thresholds were 45 cm3 (SE 6 cm3), 43 cm3 (SE 4 
cm3) and 45 cm3 (SE 4 cm3) for the tetrahedron-sphere, 
tetrahedron-cube and cube-sphere conditions, respectively. The 
thresholds in the different condition were not significantly 
different (F (2,18) = 0.05, p = 0.95).  A comparison between the 

Figure 3: Example of a staircase (top) and the corresponding 

psychometric curve (bottom), in a tetrahedron-sphere condition 

with the sphere as reference. The horizontal and vertical lines at 

400 cm
3
 indicate the volume of the reference stimulus. The dashed 

lines indicate the point of subjective equality. The two intermingled 

staircases in the top figure are distinguished by the colors of the 

dots.  

Figure 4: The average relative biases in the three object pair 

conditions, with standard errors of the mean indicated by the error 

bars. The 2-D symbols along the horizontal axis represent their 3-D 

counterparts.   
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magnitude of the thresholds and the magnitude of the absolute 
biases revealed that the bias was larger than the threshold in 21 
out of the 30 cases (subject ! object pair condition). The fact that 
the biases are larger than the thresholds indicates that the biases 
were of substantial magnitude. 

3.3 Influence of Geometric Properties 

In order to understand the origin of the biases, we can question 
whether the overestimation of the volume of one object compared 
to the volume of another object occurs because subjects tend not 
to compare the objects according to their physical volume but 
according to another specific object dimension, e.g. largest linear 
dimension or surface area. If the data expressed in a specific 
dimension do not show significant biases, then it would be 
reasonable to assume that the objects were matched according to 
that dimension, although the task was to compare the objects 
according to their volumes. This analysis was performed for four 
different values: 1) linear dimension A (smallest distance between 
two parallel planes that can enclose the object), 2) linear 
dimension B (largest distance between two parallel planes that 
still contact the object), 3) circumsphere radius (radius of the 
smallest sphere that can contain the geometric object), and 4) 
surface area (the total surface area of the object). These 
dimensions are the same as in the paper on the influence of shape 
on volume perception of small objects [9]. Figure 6 shows the 
average data expressed in terms of these four object dimensions. 
As can be seen in the figure, the average biases are still large, or 
even larger than when the data are expressed in terms of volume. 
From this, we can conclude that none of these dimensions could 
account for the volume biases measured in the present experiment.  

In addition to these average biases, an analysis of the individual 
data could reveal whether different subjects based their judgments 
on different object dimensions; a pattern that could not be 
observed with the average data, as presented in Figure 6. 
Examination of the individual data showed no obvious differences 
between subjects for the comparison of volume with the factors 
linear dimensions or circumsphere radius. For all subjects, the 

biases expressed in terms of these factors were larger that 
expressed in terms of volume. For the surface area, there are 4 
subjects for whom expression of the data in terms of surface area 
resulted in smaller biases compared to expressing the data in 
terms of volume (subjects 1-4; see Figure 7). For these four 
subjects, the average volume bias for the three object pair 
conditions together was about 25 %, while the average bias 
expressed in terms of surface area was about 12 %. This indicates 
that, in contrast to the overall pattern, some subjects may have 
based their judgments on the surface area of the objects, at least to 
some degree. However, for the majority of the subjects expressing 
the biases in terms of volume itself resulted in the smallest values. 

4 DISCUSSION 

It has already been shown that the shape of 3-D objects has an 
influence on the perceived volume of these objects when 
exploring them by touch. For example, a relatively wider cylinder 
is perceived as being larger in volume than a taller cylinder of the 

Figure 5: The sum of the tetrahedron-cube and the cube-sphere 

bias is plotted on the horizontal axis and the tetrahedron-sphere 

bias as measured in the present experiment is plotted on the 

vertical axis. The solid line indicates the perfect correlation. The r 

indicates the Pearson’s correlation coefficient for the present data 

set.   

Figure 6: The average biases expressed in terms of the different 

object dimensions: Vol is volume, SA is surface area, LinA is linear 

dimension A, LinB is linear dimension B, and CR is circumsphere 

radius. For explanation of the dimensions see the text. The error 

bars represent the standard errors of the mean.   

Figure 7: The relative biases for the data expressed in terms of 

volume and surface area, for the individual subjects. Each bar is an 

average of the biases from the three different object pair 

conditions. For the comparison of the two dimensions we were 

mainly interested in the magnitude of the bias, rather than the 

direction, and therefore the absolute values are used. The subjects 

are ordered from the subject with the largest volume bias to the 

one with the smallest volume bias.  
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same physical volume [8]. Also, a tetrahedron that is explored 
unimanually is perceived as being larger than an equally sized 
cube and sphere, and the cube is perceived as being larger than the 
sphere [9]. The present study extends these findings by showing 
that volume perception of larger tetrahedrons, cubes and spheres, 
which had to be explored bimanually by blindfolded subjects, is 
also not veridical. Overall, the present results showed a significant 
effect of shape on bimanual volume perception of large objects. 
The main significant effect was the perception of the tetrahedron 
to be larger in volume compared to the volume of the sphere and 
the cube. This resembles the direction of the effect that was 
measured for unimanual exploration of small stimuli [9]. 
However, the size of the present effect is much smaller. The 
average bias in the present study was 14 %, whereas the bias for 
the small stimuli was 31 %. A possible explanation for this 
difference might be that the volume percept takes place at a higher 
level of processing for the large stimuli than for the small stimuli. 
The small stimuli are explored with one hand by enclosure of the 
object. The volume processing of these stimuli may occur already 
in the primary somatic cortex, which contains cortical areas that 
receive information from receptors in the skin (Brodmann’s areas 
3b and 1), as well as areas that receive proprioceptive information 
from receptors in muscles and joints (Brodmann’s areas 3a and 2). 
In contrast, for the large stimuli the information is extracted with 
two hands each sending its information to one of the hemispheres 
in the cerebral cortex. In order to process the whole stimulus and 
to make a judgment concerning the volume, the information from 
the two hands has to be integrated at a high-level of cortical 
processing. Integration of information from two hands has been 
shown to occur in the posterior parietal cortex (Brodmann’s area 
5). This part of the cortex has shown to be involved also in the 
integration of information received from the primary sensory 
cortex [11]. Because of the required deeper processing of 
information when objects are explored with two hands, the 
volume percept of large objects might be less prone to systematic 
distortions.  

The difference between the volume percept of large and small 
stimuli is also evident from the additional analysis on the 
influences of geometric dimensions on the measured effect. This 
analysis showed that the average biases for the large stimuli could 
not be explained by one particular object dimension, in contrast to 
the biases for the small stimuli that could be explained by the 
subjects’ tendency to base the volume judgment on the surface 
area of the objects. In the present study, only for a few subjects 
the surface area seems to have had an influence on their judgment. 
The influence of the surface area on the volume percept of small 
stimuli is assumed to take place at a low level of processing. It 
was suggested that the object property that was salient during 
exploration would mainly influence the percept. The small stimuli 
could fit in one hand, and could be enclosed completely. In that 
way, the whole stimulus could be perceived at once. In contrast, 
the exploration of the large stimuli is more sequential. Even with 
an optimal enclosure of the stimulus with two hands the stimulus 
was still not completely in contact with the hands. Consequently, 
the surface area of the objects might be salient for the small 
objects but not for the large objects, and probably because of that 
the surface area does not determine the volume percept of the 
larger objects. Another related possibility is that the cutaneous 
stimulation by the surface area is also salient for the large stimuli, 
but that the exploration of, for example, a large tetrahedron and a 
large cube with the hands will result in the same degree of 
cutaneous stimulation. This could be assumed because the two 
objects are larger than the hands and consequently they will both 
stimulate the same area of the hands (i.e. the whole hand palm and 
the fingers). If the subjects’ judgment would be based on this 
stimulation, then there would be no possibility to discriminate two 

objects because all objects would provide the same information, 
independent of their shape or size. However, because the subjects 
could feel that the objects are larger than their hands they may 
assume that this cutaneous stimulation is probably not adequate 
and they will not base their judgment on the salient stimulation of 
the surface area but will use another strategy to perform the task. 
This strategy would include a more extensive manipulation and 
exploration of the object, in order to integrate information from 
two hands and to form a comprehensive representation of the 
object’s properties. That specific strategy may then result in 
consistent over- or underestimation of an object. 

In addition, the biases could also not be explained by the 
influence of the longest linear dimension, as was the case for the 
cylindrical objects [8]. When holding an object between two 
hands it would be reasonable to assume that the distance between 
the two hands might be used to make judgments about the volume 
of the objects. Apparently, this is not the strategy that was applied 
by the subjects. The fact that the biases observed during bimanual 
volume perception could not be explained by a tendency to base 
the percept on specific object dimensions, suggests that the biases 
are not related to the saliency of specific object dimensions.  

Another observation in the present study is the large between-
subjects variation in the data. The individual differences cannot be 
explained by gender differences. Figure 7 showed that the surface 
area of the objects influenced the volume judgment of subjects 1 
to 4 more than was the case for the remainder of the subjects. 
Subjects 1 and 4 were females and subjects 2 and 3 were males. 
Of the remainder, subjects 5, 9 and 10 were female, and subjects 
6, 7 and 8 were male. Hence, no relationship between the 
magnitude of the biases and the gender of the subjects can be 
observed.     

The individual differences may be a consequence of the large 
variation in the exploratory strategies that could be used in the 
present experiment. For example, one strategy was holding the 
object in one hand and exploring the rest of the object by the other 
hand in a smooth movement over the object. Another strategy that 
was applied frequently consisted of a sequential exploration of the 
different sides of the object, with the object being always in 
between the two hands. These different strategies may influence 
the perception of volume in different ways, resulting in a variety 
of biases.  Regardless of these large between-subjects differences, 
the correlation analysis showed that consistent patterns could be 
observed for individual subjects: the sum of the cube-sphere and 
the tetrahedron-cube biases correlated strongly with the measured 
tetrahedron-sphere bias. This indicates that the biases are not 
random, but that different conditions share related data within an 
individual subject. The large individual differences in the present 
experiment contrast the rather consistent patterns between 
subjects observed in our previous unimanual volume perception 
study. This may be related to the smaller variability in the way the 
small objects were explored: the subjects simply enclosed the 
objects when they were placed on their hand palm [9].  

In addition to the relative biases, discrimination thresholds were 
also derived from the present data. For the main part of the data, 
the threshold was smaller than the absolute bias, indicating that 
the biases were of substantial magnitude. It would be interesting 
to relate the present threshold (44 cm3 on average) to the threshold 
that was measured for the unimanual volume judgment of small 
stimuli in the Kahrimanovic et al. study [9]. In the part of the 
experiment in which the small objects were explored in the hand, 
an average discrimination threshold of 0.95 cm3 was found. The 
fact that the absolute threshold for the large stimuli is larger than 
the threshold for the small stimuli could be related to Weber’s 
law. Weber’s law states that the just noticeable difference of the 
change in the magnitude of a stimulus is proportional to the 
stimulus’s magnitude, rather than being an absolute value [12]. 
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Hence, for a subject to be able to perceive a volume difference 
between two stimuli, this difference must be larger for large 
stimuli compared to the difference that is needed to perceive a 
difference between two smaller stimuli. In order to test whether 
the two discrimination thresholds are comparable in terms of 
proportional values, we need to express them relative to the 
stimuli for which they are obtained. For this purpose, the 
thresholds can be expressed relative to the median of the stimulus 
range (i.e. 8 cm3 and 370 cm3). This resulted in a Weber fraction 
of about 0.12 for both studies, suggesting that the ability of 
subjects to discriminate two objects was not influenced by the size 
of these objects.  

A last note that we want to make concerns the influence of the 
weight of the objects on the present biases. The objects were held 
in the hand, and therefore weight information was available 
during the task. Although the subjects were asked to focus on the 
volume of the objects, some of them may have based their 
judgment on the weight of the objects. In previous studies we 
have shown that the perceived weight of 3-D objects is influenced 
by the shape of these objects. Overall, a perceptually smaller 
object is perceived as being heavier than a perceptually larger 
object of the same mass [13, 14]. The individual differences in the 
present study might be related to the possibility that some subjects 
performed the task by focusing on the volume while other subjects 
focused more on the weight of the objects. This was probably not 
a conscious process, since the majority of the subjects indicated 
afterwards that they were not using weight information to perform 
the task. However, weight information may have influenced the 
judgment at an unconscious level. Therefore, the first step for 
follow-up experiments would be to extend the present study with 
another experiment in which the weight information will be 
eliminated.  

Taken together, the experiment described in this paper is the 
first one in the investigation of bimanual volume perception of 3-
D objects. The results reveal that the shape of objects has an 
influence on haptic bimanual volume perception. This effect 
differs from the influence of shape on unimanual volume 
perception of small objects. It might be that different exploratory 
strategies are used for exploring small objects unimanually 
compared to bimanual exploration of larger objects. Another 
possibility for this difference may be the level of processing, with 
unimanual perception of the small stimuli taking place at a low-
level of processing and the bimanual perception of the large 
stimuli at a higher-level of processing. 
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