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Abstract 

The ability to accurately predict object weight is essential for skilled manipulation 

and recent studies suggest that such prediction is based, in part, on learned size-weight 

maps associated with families of objects. Weight prediction based on size-weight maps is 

also involved when judging weights; there is strong evidence that weight judgments are 

biased by expected weight, based on size. This bias is revealed by the size-weight illusion 

(SWI) whereby the smaller of two equally weighted and otherwise similar objects is 

judged to be heavier because it is heavier than expected based on its size. The overall aim 

of the current set of studies was to examine how size-weight maps for different families 

of objects are organized and represented at the perceptual and sensorimotor levels. We 

found that distinct and independent size-weight maps, used to predict weight, were used 

when lifting objects and judging their weights. At the perceptual level, interference 

between size-weight maps for the different sets of cubes was observed; participants could 

learn the inverted size-weight relationship for the green cubes when experienced alone 

but not when experienced along with the black cubes with a normal size-weight 

relationship. However, about half of participants learned to scale lift forces accurately for 

both sets of cubes indicating that the sensorimotor system can learn, without interference, 

opposite size-weight maps. We further investigated why not all participants learned to 

accurately scale their lift forces and found that learning to lift objects with different and 

arbitrary size weight maps involves visuomotor working memory resources. Moreover, 

an outside task that steals attentional resources can interfere even after previous learning 

of the size-weight maps.  
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Chapter 1: Introduction 

People judge the smaller of two equally weighted and otherwise similar objects to 

be heavier. This phenomenon, known as the size-weight illusion (SWI), was first 

documented over 100 years ago by Charpentier who had subjects use hook handles to lift 

two equally heavy but different-sized spheres with their eyes open (Charpentier, 1891; 

Murray, Ellis, Bandomir & Ross, 1999). The participants reported that the smaller of the 

two spheres was heavier despite being identical weights. This illusion is both robust and 

persistent. It does not appear to weaken with experience manipulating size-weight stimuli 

(Wolfe, 1898; Flanagan & Beltzner, 2000) or when participants are informed that the two 

objects are equally weighted (Nyssen & Bourdon, 1955; Flanagan & Beltzner, 2000). 

Although the illusion is strongest when participants receive haptic information about the 

size of the objects, as when grasping, it is still strong when only visual information about 

size is available, as when lifting the objects with a handle or by strings (Ellis & 

Lederman, 1993).  

 

Hypotheses regarding the basis of the SWI 

Several hypotheses have been proposed to explain the basis of the SWI. 

According to the sensory mismatch hypothesis, the illusion arises from a mismatch 

between expected and actual sensory feedback related to object weight (Ross, 1969; 

Davis & Roberts, 1976; Granit, 1972). The idea is that the smaller of two equally 

weighted objects is judged to be heavier because sensory feedback indicates that it is 

heavier than expected. For example, when lifting objects, the time of lift-off is predicted 

based on the expected weight of the object (Johansson & Westling, 1988; Westling & 
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Johansson, 1987). A prediction of the sensory feedback (corollary discharge) that will be 

received is generated based on a copy of the motor command (efference copy) and an 

internal model of the mechanical properties of the object (Johansson & Cole, 1994; 

Flanagan & Wing, 1997; Wolpert & Flanagan, 2001). When the internal model is 

incorrect due to misleading cues about the object, then the predicted sensory feedback 

will not match the actual sensory feedback. When lifting equally weighted small and 

large objects that are otherwise similar in appearance, the small and large object will be 

heavier and lighter than expected. As a consequence, the large object will lift off sooner 

than expected and the small object will not have lifted-off when lift-off is expected. In 

other words, when lifting the large object, sensory events signaling lift-off will arrive 

earlier than expected and, when lifting the small object, sensory event signaling lift-off 

will not arrive at the expected time. According to the mismatch hypothesis, these 

mismatches between expected and actual sensory events influence perceived weight and 

lead to the size-weight illusions.  

However, Flanagan and Beltzner (2000) have shown that the SWI does not 

depend on errors in sensory prediction. They asked participants to repeatedly lift a small 

cube and an equally weighted large cube in alternation. Initially, participants were misled 

by object size and generated too much load force for the large cube and too little load 

force for the small cube. However, after several lifts of each object, participants scaled 

their force output to the true weights of the objects and reflex-mediated changes in force 

output resulting from erroneous predictions were no longer observed. Nevertheless, 

participants still experienced the SWI at undiminished strength. This finding suggests that 

the SWI is a higher-level perceptual phenomenon that is independent of lower-level 
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sensorimotor factors. Although sensorimotor memory and visual size both initially 

influenced predictive force control, cognitive knowledge about object weight did not 

seem to influence force prediction (Flanagan & Beltzner, 2000). Based on these findings, 

it was suggested that the illusion may stem from a mismatch between actual object 

weight and the perceptual representation of object weight that continues to be influenced 

by object size after the sensorimotor representation of weight is updated (Flanagan, 

Bittner & Johansson, 2008; Flanagan & Beltzner, 2000). That is, people judge the smaller 

objects to be heavier because they are heavier than expected at a perceptual rather than 

sensorimotor level. The idea that high level factors can influence weight perception is 

consistent with the findings of Ellis and Lederman (1998). They asked golfers and non-

golfers to compare the weight of a real golf ball with that of a practice golf ball that had 

been doctored to be equal in weight to the real ball. The golfers, who expected the 

practice ball to be lighter, judged it to be heavier than the real ball. In contrast, the non-

golfers, who had no reason to expect the practice ball to be lighter, correctly judged the 

two balls to be similar in weight. 

 

Sensorimotor predictions when lifting objects 

  The fingertip forces applied when lifting objects reveal sensorimotor expectations 

or predictions about the object’s weight. People often lift objects with the tips of the 

index finger and thumb on either side in what is referred to as a precision grip. When the 

sides are vertical, the motor system must generate a vertical load force tangent to the grip 

surface (equal to the weight of the object) as well as a horizontal grip force perpendicular 

to the surface that prevents the object from slipping. When lifting objects just slightly 
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above a surface, people estimate a target force based on the expected weight of the 

object. There is an initial increase in the rate of change of load force and then a decrease 

just prior to lift off from the surface. The peak rate of change of load force is scaled to the 

expected weight of the object (Johansson & Westling, 1988). There is a more rapid 

increase in load force for a greater expected weight and a slower increase in load force 

for a smaller expected weight. For example, when first lifting an object with abnormally 

high density, and therefore a higher than expected weight given its size, participants 

increase load force to a target force that is too low and, as a result, the object does not lift 

off at the expected time. This leads to further reflex-mediated increases in load force 

within about 100 ms until the weight is overcome and the object is lifted from the 

surface. If the object is lighter than expected, the object will lift off sooner than expected 

and this leads to a reflex-mediated decrease in force output, also within about 100 ms.  

(Johansson & Westling, 1988). Thus, the load force profile for a given lift indicates the 

weight that the lifter expects the object to be (Gordon, Forssberg, Johansson & Westling, 

1991b; Johansson & Westling, 1984).  

Participants rely on several sources of information to predict the weight of an 

object. These include visual and haptic cues about size (Gordon, Forssberg, Johansson & 

Westling, 1991a-c) and material (Buckingham, Cant & Goodale, 2009). When lifting 

objects repeatedly, immediate sensorimotor memory from previous lifts is also a strong 

predictor of lifting force. If the weight of an object being lifted repeatedly is 

unexpectedly increased or decreased, the participant will generate inappropriate forces on 

the first lift but will, in general, adapt to the new weight within a single trial. Similarly, 
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rapid adaptation has been demonstrated in the face of unexpected changes in surface 

friction (Johansson & Westling, 1984) and object shape (Jenmalm & Johansson, 1997). 

 

Learned size-weight maps 

Recent studies suggest that weight prediction is based, in part, on learned size-

weight maps, presumably associated with families of objects (Cole, 2008; Flanagan, 

Bittner & Johansson, 2008). Cole (2008) examined whether subjects used a sensorimotor 

memory of weight, or a memory of density coupled with an analysis of visual size, to 

predicatively set their vertical lift force when lifting a recently handled object. Two 

groups of subjects lifted an opaque brown bottle filled with water (470 g) during the first 

experimental session. Both groups were told that they would lift the same bottle in their 

next session. However, the experimental group returned to lift a slightly smaller bottle 

filled with water (360 g) that was otherwise identical in appearance to the first bottle. The 

control group returned to lift the same bottle from the first session, which was only 

partially filled with water so that it also weighed 360 g. Cole found that during the second 

session the control subjects scaled their lift forces based on a memory of the heavier 

bottle from the first session. In contrast, the experimental group appropriately scaled their 

lift forces to reflect the change in size and weight of the smaller bottle in the second 

session. Neither the control subjects nor the experimental subjects indicated that they 

observed any specific changes between sessions. Based on these results, the author 

concluded that visual cues concerning size along with a memory of density were used to 

predict weight rather than a memory of specific object weight.  
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More generally, it may be that people learn a size-weight mapping for a set of 

objects and then use size information of the object to be lifted to make weight 

predictions. Flanagan, Bittner and Johansson (2008) found that with sufficient practice, 

subjects adapted their lift forces to a set of objects (uniform in colour and texture), whose 

weights were inversely related to size and therefore had different densities. It was 

hypothesized that subjects learned and used a size-weight map (in this case an inverted 

map) for the family of objects in combination with size information about a particular 

object belonging to that family.  

Flanagan and colleagues (2008) also provided evidence that distinct size-weight 

maps are engaged when lifting objects and when judging their weights. They found that 

multiday practice in lifting a set of blocks (identical in colour and texture) whose weights 

varied inversely with volume gradually attenuated and ultimately inverted the SWI tested 

with similar blocks. In contrast to this gradual change in the SWI, the sensorimotor 

system rapidly learned to predict the weights of the size-weight inverted objects, as 

revealed by lift forces. These results indicate that distinct size-weight maps underlie 

weight predictions made in lifting objects and in judging their weights. It was suggested 

that size-weight maps engaged when judging weight change slowly because they are 

based on well-established correlations between size and weight for large families of 

objects whereas size-weight maps supporting action adapt more rapidly because they are 

tuned to specific sets of objects.  

Little work has examined the neural mechanisms underlying the different types of 

processes used in weight prediction. Chouinard and colleagues (2005) used repetitive 

transcranial magnetic stimulation (rTMS) to investigate cortical regions contributing to 
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two processes involved in weight prediction: sensorimotor memory gained from previous 

lifts and associative memory where arbitrary cues link certain weights to particular 

objects. They showed that rTMS applied to the dorsal premotor cortex, but not primary 

motor cortex, disrupts arbitrary associative memory for weight, whereas rTMS applied to 

the primary motor cortex, but not dorsal premotor cortex, disrupts sensorimotor memory 

for weight. This finding seems to suggest that sensorimotor memory and arbitrary 

associative memory occurs in different brain regions.  

 

Aims and hypotheses of the current study 

The overall aim of the proposed research is to examine how size-weight maps for 

different families of objects are organized and represented at the perceptual and 

sensorimotor levels. Three specific questions are posed: 

1) How does learning based on one family of objects generalize to other objects? We 

will address this question by testing how the acquisition of a new map, for a set of size-

weight inverted objects, generalizes to other objects. This question will be addressed at 

the perceptual level. Specifically, after participants interact with a family of size-weight 

inverted objects (green cubes), we will test the SWI with probe objects that look and feel 

like those in the training family and objects that differ in colour (black cubes), shape 

(green triangular prisms), and multiple features (glass of milk). We expect to see some 

generalization between the training and probe objects since generalization across shapes 

has been previously found (Flanagan, Bittner & Johansson, 2008). 

2) How well can people discriminate between families of objects with different size-

weight maps? Here, we will test for interference of learning when participants interact 
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with two families of objects with distinct size-weight maps. Participants will interact, 

over multiple days, with two families of objects: one family (black cubes) with a standard 

size-weight mapping and another (green cubes) with an inverted mapping. To assess 

interference at the sensorimotor level, we will examine lift forces. To assess interference 

at the perceptual level, we will test the SWI with black cubes and with green cubes. 

Based on the hypothesis that size-weight maps engaged when judging weight are based 

on correlations between size and weight for large families of objects (e.g., all cubes), we 

predict interference between the SWIs for the green and black cubes. In contrast, based 

on the hypothesis that size-weight maps supporting action are fine-tuned to specific sets 

of objects, we predict limited or no interference in terms of lift forces.  

3) Does learning the weights of multiple objects require visuomotor working 

memory? Data collected for specific question #2 indicate that not all participants learn to 

scale lift forces accurately when lifting multiple objects belonging to families with 

different size-weight maps. One explanation for this finding is that these participants 

have difficulty learning the arbitrary and contingent mapping between size and colour, on 

the one hand, and weight, on the other. To test this idea, we examined lift forces in a dual 

task situation in which participants have to remember (and respond to) an arbitrary 

visuomotor mapping while lifting the green and black cubes. We hypothesized that all 

participants would show impaired force scaling under these circumstances because the 

arbitrary visuomotor map would interfere with the arbitrary map between object 

properties (size and colour) and weight.  
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Chapter 2: General Methods 

Participants 

Participants in all studies were university students who volunteered to participate 

after giving informed consent. All participants had normal or corrected to normal vision 

and none reported any sensorimotor or neurological impairments. The experimental 

protocol was approved by the Queen’s University Ethics Board. 

 

Apparatus 

Participants sat at a table on which a platform was located directly in front of 

them (see Figure 1). Four force sensors (Nano 17 F/T sensors, ATI Industrial 

Automation, Garner, NC) were fixed to the lower surface of the platform. Small circular 

disks (diameter 3 cm) were attached to the top of each sensor and provided flat surfaces 

for placing and lifting the objects. The upper surface of the platform was located 0.5 cm 

below the sensor surfaces; the latter protruded through 4 circular holes (diameter 3.4 cm) 

in the platform. The sensors measured the vertical load forces as participants placed and 

lifted the test objects. An LCD data projector was used to provide participants with 

instructions during the experiment. The projector image projected down onto the tabletop 

via a 45-degree angle mirror. 
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Figure 1. (A) Drawing of the experiment apparatus. Participants sat at a table with a platform, instrumented 
with force sensors, directly in front of them. A data projector, that projected onto the platform via a 45° 
mirror, provided instructions to the participant regarding the object to lift. (B) Photograph showing the 
platform with 4 force sensors. The task involved lifting specified objects from the table top and placing 
them onto specified sensors and lifting objects off specified sensors and placing them onto the table top. 
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General Procedure 

Participants in all experiments repeatedly lifted, moved, and replaced small, 

midsized, and large objects of various materials (see Figure 1). These included green 

objects with an inverted size-weight relationship and black objects with a normal size-

weight relationship. The small, midsized, and large black objects were constructed from 

the plastic Delrin (density = 1.356 g/cm3) and weighed 95 g, 372 g, 725g, respectively. 

The small (721 g), midsized (372 g), and large green objects (54 g) were constructed 

from lead (density = 10.263 g/cm3), Delrin, and balsa wood (density = 0.118 g/cm3), 

respectively, and were covered in Balsa wood and painted green. All the small objects 

were similar in volume (70 cm3), as were the midsized objects (274 cm3) and the large 

objects (460 cm3). In one half of the lifts performed, participants lifted an object from a 

tabletop and placed it on one of four force sensors located in front of them. In the other 

half, participants lifted an object from a force sensor and placed it on the tabletop. In 

these latter lifts, we measured the load force applied to the object during lifting.  

Participants were asked to lift each object 1 inch off the surface, hold it stationary 

for a brief period, and then replace it to a new location. To instruct participants to place a 

particular object on a particular sensor, an image was projected onto that sensor. The 

shape and size of the image corresponded to the target object and was either filled or an 

outline to indicate a green or black object, respectively. To instruct the participants to lift 

a given object located on a given sensor, a small circle was projected onto the center of 

the object. Forces from the sensors signaled when each instruction was completed, and a 

computer program controlled the sequence of instructions. The object to be lifted in a 

given trial was randomly selected, subject to the constraint that a given object could not 
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be placed on a sensor and then lifted off again in successive trials. In trials in which an 

object was placed on a sensor, the sensor was randomly selected from the unoccupied 

sensors. The only additional constraint was that each object had to be lifted the same 

number of times within a session. Each day was divided into 4 blocks of lifts. 

To test the size-weight illusion, the experimenter randomly placed a small and an 

equally weighted large object on the two sensors closest to the participant while the 

participant looked away. To measure the illusion, we used the absolute-magnitude-

estimation procedure, whereby participants assigned numbers corresponding to the 

weights of the two cubes after lifting them in turn (Zwislocki & Goodman, 1980). To 

quantify the strength and direction of the size-weight illusion, we determined the 

percentage increase from the smallest to the largest magnitude estimate and assigned a 

positive value to this number if the small cube was judged to be heavier or a negative 

value if the large cube was judged to be heavier. The order of lifting was randomized. 

Participants were informed about the procedure ahead of time and were told that they 

could use any numbers they wished, including fractions and decimal points. No range 

was provided. If a participant asked whether the number should indicate units of weights 

such as grams, they were told that this was not required.  

Additional methods will be provided in each chapter. 

 

Data Analysis 

To assess the direction and strength of the size weight illusion (SWI), we first 

computed a percentage change score as follows: 

 

100 ! LWeight " SWeight
SWeight

# 
$ % 

& 
' (  Eq. 1 
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where LWeight is the larger of the two weight estimates and SWeight is the smaller of 

the two weight estimates. We then signed the resulting percentage change positive if the 

small object was judged to be heavier (standard SWI) and negative if the large object was 

judged to be heavier (inverted SWI). The magnitude of the signed percentage change 

score measures the proportional increase in perceived weight, and the sign indicates 

which cube is judged to be heavier. For example, a value of 25 indicates that the small 

cube was judged to be 25% heavier than the large cube and a value of -15 indicates that 

the large cube was judged to be 15% heavier than the small cube (see Figure 2A). One-

sample t-tests were used to determine whether the magnitude of the illusion was 

significantly different from zero on each day. Paired-sample t-tests were also used to 

determine whether the magnitude of the illusion for two different sets of equally 

weighted objects were significantly different from each other. 

 

!"#"

!"$%$#"
#"

&$#""$&$#$'$#""$(

)*

*$%$)
)

&$#""$&$%#$'$%+"$(

,-./01$20340/56.0$786/.0

0

500

0

Time (ms)

Load 
force 
(N)

Load 
force 
rate 
(N/s)

7

200

500

Day 1, Block 1 Day 11, Block 1! "

 

Figure 2. Measuring the perceptual and motor system. (A) Magnitude estimation procedure used to 
calculate the SWI, whereby participants assign numbers corresponding to the relative weights of the two 
cubes. A negative value indicates an inversion of the size-weight illusion. (B) Load forces during lifting. 
Individual load force and load force rate records from trials obtained on days 1 and 11 in which the small, 
heavy green cube was lifted. The black dashed vertical lines mark the times of the peaks in load force rate 
and the arrows indicate the times of the initial peak in load force rate. The grey solid vertical lines mark the 
time of lift-off. 
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 To examine sensorimotor performance, we sampled the vertical (z-axis) forces 

from the four force sensors at 500 Hz. For each lift trial, we identified the force sensor 

from which the object was lifted and applied a fourth-order, zero-phase lag, low-pass 

Butterworth filter with a cutoff frequency of 14 Hz to the raw force signals. The filtered 

(or smoothed) force signals were then differentiated with respect to time (using a first 

order central difference equation) to obtain the rate of change of load force.  

For each trial, we extracted the initial peak in the rate of change of load force with 

respect to time. This peak had to correspond to an increase in load force of 0.5 N or more 

over the baseline load force. This was the first maxima in the load force rate recording 

following the onset of the lift phase and was our main dependent variable of interest to 

assess sensorimotor performance (see Figure 2B). This variable was taken as an index of 

a participant’s prediction of the load force required to lift the object (Johansson & 

Westling, 1984; 1988; Flanagan & Beltzner, 2000). To assess sensorimotor adaptation, 

we examined changes in the initial load force rate peak as a function of day and trial 

block.  
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Chapter 3: Study 1 – Size-Weight Discrimination and Generalization 

Introduction 

Recently, our lab provided evidence that distinct size-weight maps are engaged 

when lifting objects and when judging their weights (Flanagan, Bittner & Johansson, 

2008). We showed that the size-weight illusion inverts after extended, multiday practice 

lifting a set of objects whose weights were inversely related to size. We showed that lift 

forces also adapted to this inverted relationship, but much more quickly than the illusion. 

We suggested that size-weight maps engaged when judging weight change slowly 

because they are based on well-established correlations between size and weight for large 

families of objects whereas size-weight maps supporting action adapt more rapidly 

because they are tuned to specific sets of objects.  

With these new findings came new questions. How are size-weight maps for 

different families of objects organized and represented in object manipulation and weight 

perception? To investigate discrimination in weight estimation at the perceptual level and 

at the sensorimotor level, we examined how effectively participants could discriminate 

between sets of objects when attempting to learn opposing size-weight maps. To 

investigate generalization in weight estimation, we looked at how learning a new size-

weight map affects the perceived weight of objects that differ from the learned set in 

colour, shape, and multiple features.  

Over 11 days, participants practiced lifting inverted size-weight green objects, 

normal size-weight black objects that were similar in appearance, or both. At the 

beginning of the first day, the SWI was tested with a pair of equally weighted large and 

small green cubes and a pair of equally weighted large and small black cubes. At the end 
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of each day, the SWI was again tested with the green cubes, black cubes, or both 

depending on the condition.  

The SWI was also tested with a pair of equally weighted large and small green 

triangular prisms and a pair of equally weighted milk glasses at the beginning of the first 

day and at the end of the last day to get a baseline measure of the SWI for these objects 

and to test whether the learned size-weight maps would transfer to these objects. The 

green triangular prisms differed only in shape from the practice set. The milk glasses, 

however, differed in many ways from the lifting set.  

We predicted that the motor system would show a greater level of discrimination 

for learning size-weight maps for different families of objects (with different size-weight 

maps) than the weight perceptual system. Our hypothesis was based on the suggestion 

made by Flanagan and colleagues (2008) that the motor system learns size-weight maps 

for specific sets of objects whereas the weight perceptual system learns maps for broader 

families of objects. We also hypothesized that the amount of generalization from the 

training objects would depend on the features that differ between these objects and the 

equally weighted objects being tested—the more weight-relevant features that differ, the 

less generalization that we should see. We expected to see little to no generalization to 

the milk glasses but we were unsure of how shape and colour are used as cues for weight. 

Objects that differ only in shape from the training set might show the strongest transfer 

since density would not be expected to change. Colour (or material) is a better indicator 

of density and so we expected to see less transfer to size-weight objects that differ along 

this feature.  
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Study 1A – Green and Black 6 Objects 

Methods 

Participants 

Twenty-seven university students volunteered to participate after giving informed 

consent. All participants had normal or corrected to normal vision and no sensorimotor 

impairments. The experimental protocol was approved by the Queen’s University Ethics 

Board. Participants were randomly assigned to one of 3 independent experimental 

groups, with 9 participants in the Green and Black 6 Objects condition, 10 in the Green 

Control condition, and 8 in the Black Control condition.  

 

Materials  

Three inverted size-weight green cubes and three normal size-weight black cubes 

(see Figure 3B) were used for the lifting phase of the experiment. The small green cube 

was approximately equal in weight to the large black cube and vice versa. The medium 

black and green cubes were also approximately equal in weight. Four pairs of equally 

weighted objects were constructed for testing the size-weight illusion. Of the four pairs of 

equally weighted objects, three were approximately equal in weight to the midsized cubes 

used in the lifting phase (372 g). These three pairs consisted of small and large equally 

weighted black cubes, small and large equally weighted green cubes, and small and large 

equally weighted green triangular prisms (see Figure 3C). In a given pair, the two objects 

were similar in shape, colour, and outside material but scaled in size. The small and large 

size-weight objects were equal in volume to the small (70 cm3) and large cubes (460 cm3) 

used in the lifting phase, respectively. The small and large stimuli were constructed from 
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lead and Delrin respectively with narrow bore holes through them (to adjust the weight 

appropriately). The holes were drilled from all six sides of each cube and evenly 

distributed over the side surface so that the mass was as evenly distributed as possible. 

The green cubes and green triangular prisms were covered in Balsa wood and painted 

green. The black cubes were covered in Delrin plastic. A final pair was introduced that 

differed substantially from the two sets of objects used in the lifting phase. These were 

small and large milk glasses, which had volumes of 290 cm3 and 485 cm3, respectively 

and weighed 435 g (see Figure 3C). This weight was the midpoint between the weight of 

a small filled milk glass and a large filled milk glass. The weight of the small and large 

milk glasses were adjusted using plastic photo film canisters filled with lead shot. Before 

a participant arrived, the glasses were filled to a marked line with homogenized milk, 

which covered the film canisters so that they were not visible to the participants. The 

filled glasses were also measured on a scale to ensure that the weight was consistent 

every time that they were used.  
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Figure 3. Schematic of the experimental set up. (A) While seated, participants lifted the objects from the 
tabletop and placed them onto one of four force sensors or vice versa. A data projector, located above the 
participant, provided instructions about which object to place on a given force sensor and which object to 
remove from a given force sensor. (B) Relationship between volume and mass for the 3 size-weight 
inverted green cubes, the 3 normal black cubes, and the small and large equally weighted cubes. (C) 
Equally weighted large and small green triangular prisms and equally weighted large and small milk 
glasses. 
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Procedure  

Participants in the Green and Black 6 Objects condition lifted both the green 

cubes, whose weight varies inversely with volume, and the black cubes, whose weight 

varies directly with volume (see Figure 3A). Each of the 6 objects was lifted (on or off a 

force sensor) 40 times per day. Participants in the Green Control condition lifted only the 

green cubes 80 times each per day and participants in the Black control condition lifted 

only the black cubes 80 times each per day. In each condition, there were a total of 240 

lifts a day for 11 days; 120 of these lifts were from the force sensors to the tabletop with 

20 such lifts per objects per day. 

In each condition, the SWI was tested on the equally weighted black cubes, green 

cubes, green triangular prisms and milk glasses on the first day of each experiment before 

any lifting (Day 0). The order in which these sets of objects were presented and the order 

in which the small and large stimuli were lifted was randomized. From Day 1 to Day 10 

of the Green and Black 6 Objects condition, the SWI was tested for both the equally 

weighted green cubes and the equally weighted black cubes after lifting. The order of 

presentation of the pairs and the cubes within each were randomized. Participants in the 

Green Control condition were tested on the SWI using the equally weighted green cubes 

from Day 1 to Day 10 after lifting. Likewise, participants in the Black Control condition 

were tested on the SWI using the equally weighted black cubes from Day 1 to Day 10 

after lifting. For participants in all three conditions, after lifting on Day 11, the SWI was 

tested for the equally weighted green triangular prisms and the equally weighted milk 

glass. In addition, the illusion was tested for the equally weighted green cubes and 

equally weighted black cubes in the Black Control condition and Green Control 
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condition, respectively. In the Black Control condition, the SWI was not tested on the 

equally weighted black cubes on Day 11 since the illusion was tested on multiple sets of 

objects, which might affect responses to the black cubes. Likewise, in the Green Control 

condition, the SWI was not tested on the equally weighted green cubes on Day 11. 

 

Results 

Weight perception when judging the weights of the equally weighted size-weight stimuli 

We tested the strength and direction of the size-weight illusion using a magnitude 

estimation procedure (Zwislocki & Goodman, 1980). Participants were asked to provide 

numbers representing how heavy the small and large size-weight objects felt. These 

numbers were then used to calculate a signed percentage change (SPC) score for each set 

of equally weighted size-weight stimuli (see Eq. 1). 

Figure 4 shows the SPC score as a function of days of lifting for the Green 

Control condition. As a result of technical problems with recording of weight judgments, 

there is some missing data from Day 0 to Day 4 and on Day 6. When participants were 

asked to judge the weights of the size-weight stimuli on the first day before any lifting 

(Day 0), the smaller objects were, on average, judged to be heavier than the larger 

objects, resulting in positive SPC scores. The mean SPC score across participants for the 

equally weighted green cubes, green triangular prisms, black cubes and milk glasses were 

significantly greater than 0% (t(6)=4.54, p=.004; t(6)=3.76, p=.009; t(6)=5.36, p=.002; 

and t(6)=7.42, p<.001, respectively). On the first day, after lifting (Day 1), the mean SPC 

score for the green cubes was again significantly greater than 0% (t(5)=3.07, p=.028). On 

Days 2 and 3, the SPC score dropped down and was no longer significantly different than 
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0% (p>.05 in both cases). From Day 4 to Day 10, the mean SPC score for the equally 

weighted green cubes after lifting was significantly less than 0% (p<.05 in all 7 cases). 

On these sessions, participants on average judged the larger green cube to be heavier than 

the smaller green cube. There was also an inversion of the SWI for the black cubes. On 

Day 11 after lifting, the mean SPC score for the equally weighted black cubes was 

significantly less than 0% (t(9)=-2.63, p=.027). The mean SPC score for the equally 

weighted green triangular prisms and equally weighted milk glasses were not 

significantly different from 0% (t(9)=-1.31, p=.223 and t(9)=1.53, p=.161 respectively). 

This means that the large and small green triangular prisms and the large and small milk 

glasses were not judged to be significantly different in weight. For the equally weighted 

green triangular prisms, black cubes, and milk glasses, the SPC score was significantly 

lower on Day 11 compared to Day 0 (t(6)=4.82, p=.003; t(6)=4.74, p=.003; and 

t(6)=7.94, p<.001 respectively). For the green cubes, the SPC score was significantly 

lower on Day 10 compared to Day 0 (t(6)=5.93, p=.001). The SWI was not tested for the 

green cubes on Day 11 (see Procedure). 
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Figure 4. Strength and direction of the size-weight illusion in the Green Control condition. Signed 
percentage change score as a function of day for the green cubes (GC), tested on Day 0 to Day 10, and for 
the black cubes (BC), green triangular prisms (GT) and milk glasses (MG), tested on Day 0 to Day 11. The 
height of the filled black circles and the thick lines represents the mean signed percentage change score 
across participants. The height of each vertical bar and each shaded region represents ±1 SE. The open 
circles represent individual participant scores. A positive percentage change score of 100 indicates that the 
small object was judged to be 100% heavier than the large objects; a negative score of 50 indicates that the 
large object was judged to be 50% heavier than the small object. The horizontal lines represent paired t-
tests across objects or days; significant tests (p< 0.05) are indicated by solid lines and non-significant tests 
are indicated by dashed lines. The stars indicate mean scores that are significantly greater or lower than 0%. 
 

Figure 5 shows the SPC score as a function of days of lifting for the Black 

Control condition. On the first day, before any lifting (Day 0), the mean SPC scores 

across participants for the equally weighted black cubes, green cubes, and green 

triangular prisms were all significantly greater than 0% (t(7)=2.74, p=.029; t(7)=4.90, 

p=.002; and t(7)=4.83, p=.002 respectively). The smaller objects were on average judged 
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to be heavier than the larger objects. However, the mean SPC score for the equally 

weighted milk glasses on Day 0 was not significantly different from 0% (t(7)=1.10, 

p=.306). That is, the small and large milk glasses were not judged to be significantly 

different in weight. The SPC scores for the black cubes were significantly greater than 

0% from Day 1 to Day 10, after lifting (p<.01 in all 10 cases). Also, the SPC score for 

these cubes was significantly greater on Day 10 compared to Day 0 (t(7)=-3.72, p=.007) 

meaning there was a strengthening of the illusion with days of lifting.  

On Day 11 after lifting, the SPC scores for the equally weighted green cubes, 

green triangular prisms, and milk glasses were significantly greater than 0% (t(7)=5.16, 

p=.001; t(7)=4.23, p=.004; and t(7)=2.88, p=.024 respectively). For the green cubes, the 

SPC score was significantly greater on Day 11 compared to Day 0 (t(7)=-2.85, p=.025) 

suggesting there was a strengthening of the illusion for these cubes as well. The SPC 

scores for the green triangular prisms and milk glasses were not significantly different on 

Day 11 compared to Day 0 (t(7)=-1.22, p=.260 and t(7)=-1.30, p=.234 respectively).  
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Figure 5. Strength and direction of the size-weight illusion in the Black Control condition. Signed 
percentage change score as a function of day for the black cubes (BC), tested on Day 0 to Day 10, and for 
the green cubes (GC), green triangular prisms (GT) and milk glasses (MG), tested on Day 0 to Day 11. The 
height of the filled black circles and the thick lines represents the mean signed percentage change score 
across participants. The height of each vertical bar and each shaded region represents ±1 SE. The open 
circles represent individual participant scores. A positive percentage change score of 100 indicates that the 
small object was judged to be 100% heavier than the large objects; a negative score of 50 indicates that the 
large object was judged to be 50% heavier than the small object. The horizontal lines represent paired t-
tests across objects or days; significant tests (p< 0.05) are indicated by solid lines and non-significant tests 
are indicated by dashed lines. The stars indicate mean scores that are significantly greater or lower than 0%. 
 

On the first day of the Green and Black 6 Objects condition, before any lifting 

(Day 0), the mean SPC scores for the black cubes and green cubes were significantly 

greater than 0% (t(8)=3.58, p=.007 and t(8)=6.13, p<.001, respectively; see Figure 6). 

That is, the smaller cubes were judged to be heavier than the larger cubes. The SPC score 

for the black cubes was also significantly greater than 0% from Day 1 to Day 10 (p<.01 

for all 10 cases) with no significant difference in SPC score between Day 0 and Day 10 

(t(8)=1.74, p=.119). From Days 1 to 4 and Days 6 to 8, the SPC score for the green cubes 

was significantly greater than 0% (p<.05 in all 7 cases). However, the SPC score was not 
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significantly different from 0% on Days 5, 9, and 10 (p>.05 in all 3 cases). On average, 

the small and large equally weighted objects were not judged to be significantly different 

in weight on these days. There was a decrease in the SPC score between Day 0 and Day 

10 for the green cubes (t(8)=5.53, p=.001). However, neither the mean SPC score for the 

green cubes nor the black cubes dropped below 0% during the experiment. That is, for 

both the green and black cubes the larger cube was never judged to be heavier than the 

smaller cube.  
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Figure 6. Strength and direction of the size-weight illusion in the Green and Black 6 Objects condition. 
Signed percentage change score as a function of day for the black cubes (BC) and green cubes (GC), tested 
on Days 0-10, and for the green triangular prisms (GT) and milk glasses (MG), tested on Day 0 to Day 11. 
The height of the filled black circles and the thick lines represents the mean signed percentage change score 
across participants. The height of each vertical bar and each shaded regions represents ±1 SE. The open 
circles represent individual participant scores. A positive percentage change score of 100 indicates that the 
small object was judged to be 100% heavier than the large objects; a negative score of 50 indicates that the 
large object was judged to be 50% heavier than the small object. The horizontal lines represent paired t-
tests across objects or days; significant tests (p< 0.05) are indicated by solid lines and non-significant tests 
are indicated by dashed lines. The crosses indicate a significant difference between the scores for the black 
and green cubes. 

 



 26 

To determine whether participants could differentiate between the size-weight 

map of the green cubes and that of the black cubes at the perceptual level, we looked at 

the difference between the SPC scores of the green and black cubes. The SPC scores for 

the green cubes and black cubes were not significantly different on Days 0 to 4, 6, and 8 

(p>.05 in all 7 cases). However, on Days 5, 7, 9 and 10, there was a significant difference 

between the SPC scores for the two sets of objects (p<.05 in all 4 cases).  

We also wanted to know whether combining the two families of objects affects 

the illusion. That is, whether changes in size-weight priors are affected by including two 

sets of objects with different size-weight relationships as opposed to one set with one 

size-weight relationship. To examine this question, we performed an independent 

samples t-test that revealed that the SPC score for the green cubes on Day 10 of the 

Green Control condition was significantly lower than the score for the green cubes on 

Day 10 of the Green and Black 6 Objects condition (t(17)=4.03, p=.001; see Figures 4 

and 6). In contrast with the Green Control condition, no participants in Green and Black 6 

Objects condition showed a reversal of the SWI except for one subject on Day 9. 

Similarly, the SPC score for the black cubes on Day 10 was significantly higher for the 

Black Control condition than for the Green and Black 6 Objects condition (t(8.51)=3.79, 

p=.005); see Figures 5 and 6). 

To examine generalization from the learned size-weight maps, we looked at the 

magnitude and direction of the illusion for equally weighted green triangular prisms and 

milk glasses. On the first day before any lifting (Day 0), the mean SPC score for the 

green triangular prisms and milk glasses were significantly greater than 0% (t(8)=6.80, 

p<.001; and t(8)=3.38, p=.010 respectively; see Figure 6). On Day 11 after lifting, the 
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SPC score was again significantly greater than 0% for the milk glasses (t(8)=2.82, 

p=.022), but not for the green triangular prisms (t(8)=.816, p=.438). There was a 

significant decrease in SPC score between Day 0 and Day 11 for the green triangular 

prisms (t(8)=7.12, p<.001). 

 

Sensorimotor learning when lifting inverted size-weight green cubes and normal black 

cubes 

To analyze sensorimotor adaptation, we focused on the lifts off the force sensor 

onto the tabletop of the heaviest objects: the large black cube and small green cube. We 

focused our analysis on these objects because we could accurately measure the initial 

peak in load force rate. When initially lifting the large, light cube, participants 

overestimated the weight and liftoff occurred while load-force rate was still increasing. 

Based on previous results by Flanagan and Beltzner (2000) and Flanagan and colleagues 

(2001) we assumed that adaptation to the other objects followed a similar time course as 

the adaptation to the heavy objects. 

In the Green and Black 6 Objects condition, each object was lifted off the sensor a 

total of 20 times each day. For each object and day, these lifts were binned into 4 

successive blocks of 5 lifts. In the two control conditions, participants lifted each cube off 

the sensor 40 times per day. This was divided into 4 blocks of 10 lifts per day. 

Figure 7 shows the load force rate records for the first 10 lifts of the heavy small 

green cube on Day 11 of the Green Control condition and the heavy large black cube on 

Day 11 of the Black Control condition. In the Green Control condition, all participants, 

except for Participant 10, were able to lift the small heavy cube in one smooth increase in 
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load force resulting in a single peak in load force rate. In the Black Control condition, all 

participants, except for Participant 8, were able to lift the large heavy cube with a single 

peak in load force rate. Note that we extracted the first peak in load force rate that 

resulted in an increase in load force of at least 0.5N (the weight of the lightest object) 

over the baseline load force (see General Methods). Therefore, we occasionally see peaks 

in load force rate prior to time 0 that represent the participant’s adjustment in grip prior to 

lifting the object.  
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Figure 7. Load force rate functions during lifting from the Green Control and Black Control conditions. 
Load force rate records from the first 10 trials lifting the small green cube on day 11 of the Green Control 
condition and the large black cube on day 11 of the Black Control condition. Data is shown for all 10 
participants and all 8 participants from the Green Control and Black Control conditions respectively. 
Records are aligned to the time of the initial peak in load force rate (time 0).  
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Figure 8 shows the load force rate records from the first 5 trials lifting the large 

black cube and small green cube on Day 1 and Day 11 of the Green and Black 6 Objects 

condition. We could identify three qualitative patterns of results as demonstrated by 

Participant 1, Participant 3, and Participant 8. Participant 1 was able to accurately scale 

their lift forces to the weights of both objects on the first day, as demonstrated by the 

single peak in load force rate, and maintained this accurate scaling until Day 11. 

Participant 3 showed poor scaling of their lift forces to the weights of the objects as 

demonstrated by the multiple load force rate peaks. Instead they appear to be showing a 

probing strategy early on whereby additional reflex-mediated increases in load force were 

required because the initial increase in load force was insufficient to lift the object. By 

Day 11 however, the participant learned the weights of both objects, lifting both the small 

green and large black cubes with a single peak in load force rate. In contrast, Participant 8 

showed a probing strategy on Day 1 and although there was improvement in scaling by 

Day 11, they still did not lift in one smooth motion. 

Six out of nine participants showed load force rate records similar to Participant 1 

or 3. By Day 11, these participants showed accurate scaling of their lift forces to the 

weights both the green and black cubes. Three participants, however, did not fully learn 

to scale their load forces to the weights of the objects showing records similar to 

Participant 8. The load force rate records also show that no subject performed well for the 

black cubes but poorly for the green cubes or vice versa.  
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Figure 8. Load force rate functions during lifting from the Green and Black 6 Objects condition. Load 
force rate records from the first 5 trials lifting the large black cube and small green cube on day 1 (block 1) 
and day 11 (block 1). Data is shown for all 9 participants. Records are aligned to the time of the initial peak 
in load force rate (time 0). 
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Correlation between weight judgments and load force rate 

To determine whether the ability to predict the weight of both the small green 

cube and large black cube at the sensorimotor level correlated with the ability to predict 

the weight of the equally weighted green and black cubes at the perceptual level, we 

calculated the correlation between participants’ first peak in load force rate and their 

weight judgments (see Figure 9). To measure perceptual predictions of weight, we took 

the difference between the signed percentage change (SPC) score for the equally 

weighted black cubes and the SPC score for the green cubes on Day 10. A greater 

difference represented greater learning of the two size-weight maps. Sensorimotor 

predictions of weight were measured as the average first peak in load force rate (N/s) of 

the small green and large black cubes on Day 11 (Block1) for each participant. Since we 

found that there was no difference in the initial load force rate peak between the green 

and black cubes (see Figure 8), the averages were based on the first five lifts of the large 

black cube and the first five lifts of the small green cube combined. A larger value 

represented better prediction of the weights of the two objects (see Figure 2B). We found 

that there was no reliable relation between the difference in SPC scores for the black and 

green cubes on Day 10 and the mean first peak in load force rate on Day 11 (r2=0.076; 

p=0.472). Therefore there was no significant correlation between perceptual prediction 

and sensorimotor prediction of weight of the green and black cubes. 
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Figure 9. Relation between weight judgments and load force rate. (A) Difference between the percentage 
change scores obtained for the equally weighted black cubes and the equally weighted green cubes on day 
10 as a function of average initial peak in load force rate on day 11, trial block 1 (average based on 10 lifts; 
first 5 lifts with the large black cube and first 5 lifts with the small green cube). Each point represents a 
single participant and the line represents the least-squares regression line. (B) Percentage change score 
obtained for the equally weighted green cubes on day 10 as a function of average initial peak in load force 
rate on day 11, trial block 1 (average based on the first 10 lifts with the small green cube). Each point 
represents a single participant and the line represents the least-squares regression line. 

 

A similar analysis was carried out for the Green Control condition. For each 

participant we took the SPC score obtained for the equally weighted green cubes on Day 

10 and plotted those values as a function of the average initial peak in load force rate on 

Day 11 (Block 1). This average was based on the first ten lifts of the small green cube on 

Day 11. Once again, we found no significant relationship between the perceptual and 

sensorimotor estimates of weight (r2=0.012; p=0.759). This analysis was not performed 

for the Black Control condition since participants in this condition only lifted objects 

with a normal size-weight relationship and were therefore not required to learn a new 

size-weight mapping.  
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Study 1B – Green and Black 18 Objects 

 In our lab’s first study demonstration that the size-weight illusion inverts 

following extensive practice lifting size-weight inverted objects (Flanagan, Bittner & 

Johansson, 2008), participants lifted a large set of size-weight inverted objects that 

included objects of varying shape as well as size. The results of Study 1A indicate that 

this inversion does not occur when participants lift a set of size-weight inverted objects 

(i.e., the 3 green cubes) as well as a set of size-weight normal objects (i.e., the 3 black 

cubes). However, in Study 1A, we used a small number of objects (6 in total). In 

addition, we tested the size-weight illusion using similar looking objects to those that 

were repeatedly lifted by the participant. We therefore felt it was important to 

demonstrate that our new finding also applies to the situation where participants lift a 

larger set of size-weight inverted and size-weight normal objects and where the SWI was 

tested with similar but not identical objects. Thus, the aim of Study 1B was to test 

whether we can replicate the results found in Study 1A using a broader set of objects that 

varied in shape as well as size. Specifically, we repeated the green and black 

discrimination experiment using size-weight inverted green circular, hexagonal, and 

triangular prisms and size-weight normal black circular, hexagonal, and triangular 

prisms.  

 

Methods 

Participants 

 Ten university students volunteered to participate after giving informed consent. 

All participants had normal or corrected to normal vision and no known sensorimotor 
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impairments. The experimental protocol was approved by the Queen’s University Ethics 

Board. 

 

Materials 

Participants lifted 3 circular, 3 hexagonal, and 3 triangular green prisms, whose 

weight varied inversely with volume, and 3 circular, 3 hexagonal, and 3 triangular black 

prisms, whose weight varied directly with volume. The volumes and masses of the 

objects were identical to the objects used in the Green and Black 6 Objects condition (see 

Figure 3B). The small, mid-sized, and large green objects were made of lead, Delrin, and 

balsa wood respectively and were covered in a thin layer of balsa wood. The black 

objects were made of Delrin. The SWI was tested using the same small and large equally 

weighted green and black cubes that were used in the Green and Black 6 Objects 

condition.  

 

Procedure 

Each of the 18 objects was lifted on and off a sensor 14 times each for a total of 

252 lifts a day for 10 days (Days 1-10). On the first day of the experiment (Day 0), the 

SWI was tested for the equally weighted small and large green cubes and also for the 

equally weighted small and large black cubes. There was no lifting of the 18 objects on 

Day 0. From Days 1-10, the SWI of the equally weighted green and black cubes was 

tested after lifting.  
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Results 

In the Green and Black 18 Objects condition, participants lifted objects with 

shapes (circular, hexagonal, and triangular prisms) that differed from the shape of the 

equally weighted size-weight objects (cubes). Participants also lifted a greater number of 

objects (18 in total) than the participants in the Green and Black 6 Objects condition (6 in 

total). Figure 10 shows the signed percentage change (SPC) score as a function of days of 

lifting for the Green and Black 18 Objects condition. On Day 0, the SPC scores for the 

green cubes and black cubes were significantly greater than 0% (t(9)=8.96, p<.001; 

t(9)=4.53, p=.001). The smaller cubes were judged to be heavier than the larger cubes. 

On Day 10 after lifting, the SPC score for the black cubes remained significantly greater 

than 0% (t(9)=3.77, p=.004). However, the SPC score for the green cubes was not 

significantly different from 0% (t(9)=2.18, p=.057) meaning the small and large cubes 

were not judged to be significantly different in weight. There was a significant decrease 

in the SPC score between Day 0 and Day 10 for the green cubes (t(9)=5.28, p=.001) but 

not the black cubes (t(9)=1.56, p<.153). On Day 0, there was no significant difference 

between the SPC score for the green cubes and that of the black cubes (t(9)=-.291, 

p=.778). However, on Days 6, 8, 9 and 10 there was a significant difference between the 

SPC scores for the green cubes and the black cubes (p<.05 in all 4 cases) suggesting that, 

on these days, the participants were able to discriminate between the two sets of objects 

at the perceptual level. Only one participant showed inversion of the SWI and this 

occurred on Days 2, 4, 6, 9 and 10 (see green open circles in Figure 10).  



 37 

1 2 3 4 5 6 7 8 9 100

Days Lifting
Object

BC          and GC       

300

-200

0

%
Change 
Score

 

Figure 10. Strength and direction of the size-weight illusion in the Green and Black 18 Objects condition. 
Signed percentage change score as a function of day for the black cubes (BC) and green cubes (GC), tested 
on days 0-10. The height of the thick lines represents the mean signed percentage change score across 
participants. The height of each shaded regions represents ±1 SE. The open circles represent individual 
participant scores. A positive percentage change score of 100 indicates that the small object was judged to 
be 100% heavier than the large objects; a negative score of 50 indicates that the large object was judged to 
be 50% heavier than the small object. The horizontal lines represent paired t-tests across objects or days; 
significant tests (p< 0.05) are indicated by solid lines and non-significant tests are indicated by dashed 
lines. The crosses indicate a significant difference between the scores for the black and green cubes. 

 

Figure 11 shows the load force rate records from the first 5 lifts of the small green 

objects off the force sensor and the first 5 lifts of large black objects off the force sensor 

on Day 10 of the Green and Black 18 Objects condition. To analyze sensorimotor 

adaptation, we focused on the lifts off the force sensor onto the tabletop of the heaviest 

objects: the large black objects (circular, hexagonal, and triangular prisms) and small 
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green objects. Participants lifted a small green object off a sensor onto the tabletop 21 

times per day and likewise for the large black objects. Five out of ten participants were 

able to consistently lift the small heavy cube in one smooth lift resulting in a single peak 

in load force rate during lifting on Day 10. The remaining 5 participants did not fully 

learn to scale their load forces to the weights of the objects by Day10 as demonstrated by 

the multiple peaks in load force rate. The load force rate records also show that no subject 

performed well for the black objects but poorly for the green objects or vice versa. 
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Figure 11. Load force rate functions during lifting from the Green and Black 18 Objects condition. Load 
force rate records from the first 10 trials lifting the small green objects and large black objects on day 10 of 
the Green and Black 18 Objects condition. Data is shown for all 10 participants. Records are aligned to the 
time of the initial peak in load force rate (time 0). 
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To determine whether perceptual predictions of weight correlated with 

sensorimotor predictions, we calculated the correlation between participants’ initial peak 

in load force rate and their weight judgments. To measure perceptual predictions of 

weight, we took the difference between the signed percentage change (SPC) score for the 

equally weighted black cubes and the SPC score for the green cubes on Day 10. 

Sensorimotor predictions of weight were measured as the average first peak in load force 

rate (N/s) of the small green and large black objects on Day 10 (Block1) for each 

participant. Since there was no observable difference in the initial load force rate peak 

between the green and black objects (see Figure 11), the averages were based on the first 

five lifts of the large black objects and the first five lifts of the small green objects 

combined. As in the Green and Black 6 Objects and Green Control conditions in 

Study1A, we found that there was no reliable relation between the difference in SPC 

scores for the black and green cubes on Day 10 and the mean first peak in load force rate 

on Day 10 (r2=0.082; p=0.422). Therefore there was no significant correlation between 

perceptual and sensorimotor predictions of weight of the green and black cubes. 

 

Discussion 

In this study we tested how well participants could discriminate between families 

of objects with different size-weight maps. Specifically, we examined whether there 

would be interference of learning when participants interacted with two families of 

objects with distinct size-weight maps. Participants interacted, over multiple days, with 
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two families of objects: a set of black objects with a standard size-weight mapping and a 

set of green objects with an inverted size-weight mapping.   

For both the Green Control condition and the Black Control condition, there was a 

standard size-weight illusion (smaller cube judged to be heavier) on Day 0, before any 

lifting occurred, for the equally weighted green cubes and black cubes respectively. In the 

Green Control condition, the magnitude of the size-weight illusion (SWI) decreased with 

days of lifting and by Day 4, the SWI inverted; the larger cube was judged to be heavier. 

In the Black Control condition, there was strengthening of the standard illusion on Day 

10 compared to Day 0. 

On Day 0 of the Green and Black 6 Objects condition, we saw the standard 

illusion for both the equally weighted green and black cubes and the magnitude of the 

illusion was about the same for the two sets of cubes. On Day 10, the magnitude of the 

SWI for the black cubes was significantly greater than that for the green cubes suggesting 

that subjects were able to discriminate between the green and black cubes to some 

degree. However there was considerable interference from the opposing size-weight 

maps demonstrated by the fact that no subject, except for one subject on one day, showed 

inversion of the illusion for the green cubes. Also, the SWI for the black cubes was 

attenuated which contrasts with the results from the Black Control experiment in which 

the illusion was strengthened. These results were replicated in the Green and Black 18 

Objects condition in which participants lifted 18 objects which included size-weight 

inverted green and normal size-weight black circular, hexagonal, and triangular prisms.  

Recent studies suggest that weight predictions are based, in part, on learned size-

weight maps, presumably associated with families of objects (Cole 2008; Flanagan, 
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Bittner & Johansson, 2008). Cole (2008) showed that when the size of a previously lifted 

object is slightly increased, participants scale their load forces appropriately, even though 

they are not aware of the change in size.  Based on these results, Cole suggested that 

participants remember object density, rather than weight, and then combine visual size 

analysis and memory of density to predicatively set their vertical lift force. 

More generally, it may be that people learn a size-weight mapping for a set of 

objects and then use size information of the object to be lifted to make weight predictions 

(Flanagan, Bittner & Johansson, 2008). Flanagan and colleagues (2008) provided 

evidence that distinct size-weight maps are engaged when lifting objects and when 

judging their weights. It was suggested that size-weight maps engaged when judging 

weight change slowly because they are based on well-established correlations between 

size and weight for large families of objects whereas size-weight maps supporting action 

adapt more rapidly because they are tuned to specific sets of objects.  

Based on this claim, we expected to see interference from the opposing size-

weight maps of the green and black cubes when judging weight. This is in fact what we 

found. Although subjects were able to discriminate between the green and black cubes, 

not a single subject showed inversion of the illusion when judging the weight of the small 

and large equally weighted green cubes during the Green and Black 6 Objects condition. 

Similarly, in the Green and Black 18 Objects condition, only one subject showed an 

inversion of the illusion for the green cubes and even for this participant, the inversion 

was not consistent. This significantly contrasts with the results found in the Green 

Control condition in which all participants showed an inversion of the SWI. There was 

also an attenuation of the illusion when judging the weight of the equally weighted black 
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cubes by Day 10 of the Green and Black 6 Objects, and Green and Black 18 Objects 

condition, which contrasts with results found in the Black Control condition.  

We also hypothesized that size-weight maps used when lifting objects are fine-

tuned to specific sets of objects and so we expected participants to show limited or no 

interference when lifting the training objects. Our results partially support this 

hypothesis. Six of the nine subjects fully learned the weights of both the green and black 

cubes in the Green and Black 6 Objects condition. This was demonstrated through 

smooth lifts resulting in a single peak in load force rate. In the Green and Black 18 

Objects condition, half of the subjects fully learned the weights of the small green objects 

and large black objects. However, in both the Green and Black 6 Objects condition and 

the Green and Black 18 Objects condition, some subjects did not lift in one smooth 

motion suggesting that there was some interference between the two size-weight maps for 

these individuals. One possibility is that these participants had trouble learning the 

association between size and colour, on the one hand, and weight, on the other.  

To determine whether the ability to predict the weight at the sensorimotor level 

correlated with the ability to predict weight at the perceptual level, we calculated the 

correlation between participants’ initial peak in load force rate for the heaviest objects 

and the difference between the percentage change scores of the black and green equally 

weighted cubes during the Green and Black 6 Objects condition and the Green and Black 

18 Objects condition. Our findings showed that there was no significant correlation 

between the two, which supports previous findings (Flanagan & Beltzer, 2000; Flanagan, 

Bittner & Johansson, 2008) that perceptual predictions of weight are distinct and 

independent from sensorimotor predictions of weight. Likewise, the initial peak in load 
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force rate while lifting the small green cube was not significantly correlated to weight 

judgments made on the equally weighted green cubes during the Green Control 

condition. 

Similar findings have also been shown for other weight illusions. In the material-

weight illusion (MWI), an object that appears to be constructed of a low density material 

(e.g., polystyrene) is judged to be heavier than an equally weighted and otherwise similar 

object that appear to be constructed of a high density material (e.g., brass) (Ellis & 

Lederman, 1999). Importantly, the MWI tends to persist even when participants 

repeatedly lift objects that violate the expected correlation between weight and material. 

Buckingham, Cant and Goodale (2009) found that the MWI is unaffected by repeated 

lifts of three equally weighted cubes covered by metal, wood, and polystyrene despite the 

fact that participants quickly adapt their lifting force to the true weights of the objects. 

These results, along with our current findings, indicate that predictions that bias 

perceived weight can be dissociated from predictions about weight used to scale lift 

forces. 

 

In this study we also examined how learning based on one or two families of 

objects generalizes to other objects. This question was addressed at the perceptual level. 

After participants interacted with a particular set of objects, we tested the SWI with probe 

objects that differed in colour, shape, and multiple features. On Day 11 of the Green 

Control condition, we found that the inverted size-weight mapping of the green cubes had 

generalized the most to the equally weighted black cubes. In fact, participants showed a 

complete inversion of the illusion for these cubes, judging the larger black cube to be 
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heavier. There was also generalization to the green triangular prisms and milk glasses in 

that there was a significant reduction in the magnitude of the illusion for these two sets of 

objects. However, the magnitude of the illusion was not significantly different from zero 

for either kind of object. In the Black Control condition, we similarly found that on Day 

11 there was generalization of the strengthened SWI, observed for the black cubes, to the 

equally weighted green cubes. The magnitude of the illusion significantly increased from 

Day 0 to Day 11.  There was no significant change in the magnitude of the illusion for the 

green triangular prisms and milk glasses. In the Green and Black 6 Objects condition, 

there was generalization from the size-weight mapping of the green cubes to the equally 

weighted green triangular prisms. The magnitude of the illusion decreased from Day 0 to 

Day 11, but did not invert, similarly to the equally weighted green cubes. There was no 

significant change in the illusion for the milk glasses.  

These results suggest that the level of generalization depends on whether the 

probe objects differ from the training objects in colour, shape, or multiple features. The 

milk glasses, which shared no similar features with the training objects, generalized the 

least in each condition. What’s interesting is that the training objects generalized more to 

probe objects that shared the same shape but differed in outside material and colour than 

to probe objects that shared the same outside material and colour but differed in shape. In 

the Green Control condition, the equally weighted black cubes generalized more than the 

equally weighted green triangular prisms. This suggests that participants may find shape 

to be a more useful cue for weight than colour and material. However, this is surprising 

given that material is often a more reliable indicator of density than shape is, so we would 

expect shape to be less critical. Perhaps arbitrary associations are more influential once 
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the standard relation between weight and size no longer hold and shape may be more 

important in defining such arbitrary associations. Although previous studies have found a 

colour-weight illusion and material-weight illusion, the effects are much smaller than the 

SWI (De Camp, 1917; Ellis & Lederman, 1999; Buckingham, Cant & Goodale, 2009). 

Future studies could examine the possibility of a shape-weight illusion by asking 

participants to judge the weights of objects that are identical in mass and volume but 

different in shape.  
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Chapter 4: Study 2 – Dual Task 

Introduction 

According to Anderson (1993), early in the learning process skill execution is 

supported by a set of non-integrated control structures that are held in working memory 

and attended to one-by-one in a step-by-step manner. Attention is devoted to controlling 

task performance and is therefore unavailable for the interpretation or processing of non-

task-related stimuli. However, with continued practice, procedural memory of the task 

develops. This procedural knowledge does not require constant or step-by-step attentional 

control and operates, for the most part, outside of working memory (Anderson, 1993). 

Thus, in contrast to the initial stages of performance, attention may not be needed for a 

skill that is relatively well learned and thus attention may be available for the processing 

of extraneous stimuli. 

This inverse relationship between experience and attentional demand has been 

shown for several different “real life” sensorimotor skills. Leavitt (1979) examined 

novice and experienced ice hockey players’ ability to complete a hockey task while 

performing a secondary visual shape-identification task. Subjects were required to skate 

and stick-handle a puck through a slalom course of pylons in isolation and while 

performing a monitoring task in which they identified geometric shapes projected onto a 

screen that they could see from the ice. Leavitt found that the addition of the secondary 

visual shape-identification task to the primary skating-and-stick-handling task did not 

affect experienced hockey players’ skating and stick handling performance. However, 

when novices were required to perform the primary skating-and-stickhandling task in 

addition to the secondary monitoring task, their performance on the primary task declined 
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substantially in comparison with skating and stick handling in isolation. Therefore, the 

division of attention to an unrelated secondary task affected novices’, but not experts’, 

ability to skate and stick handle.  

Smith and Chamberlin (1992) found similar differences between novices and 

experts ability to attend to multiple tasks at once. Experienced and less skilled soccer 

players dribbled a soccer ball through a series of cones set up on a gymnasium floor. 

They dribbled either in isolation or while performing a secondary visual-monitoring task. 

The authors found that adding the secondary task harmed the dribbling of less skilled 

players in comparison with dribbling in isolation. However, the harmful effect of the 

secondary task on dribbling was not found for experienced soccer players.  

The results of Leavitt (1979), and Smith and Chamberlin (1992) support the 

notion that well-learned skill performance does not require constant attentional control. 

However, it should be noted that in both studies, a major difference between the expert 

and novice players may be that the former did not have to look at the puck or soccer ball 

and could therefore direct their gaze to the shapes. Novice players often spend a lot of 

time looking down at the puck or ball while stickhandling or dribbling. Thus, skill level 

differences in these studies may not have been due to experts’ more automated control 

processes but instead to the less skilled individuals’ higher need for visual information 

and feedback from the objects they were attempting to manipulate. 

  

Motor adaptation also exhibits multiple timescales. Changes in motor output are 

driven by a fast process that learns strongly from error but produces a motor memory that 

decays quickly, and a slow process that learns weakly from error but produces a motor 
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memory that shows little decay (Smith et al., 2006). Recently Keisler and Shadmehr 

(2010) found that after participants stopped performing a reaching task, the fast motor 

memory could be disrupted by a task that requires declarative memory, but the slow 

motor memory was immune from this interference. Furthermore, impairment of the 

fast/declarative component led to improvements in the slow/nondeclarative component. 

These results suggest that the fast process that supports formation of motor memory is not 

only neurally distinct from the slow process, but shares critical resources with the 

declarative memory system. 

 

In Study 1, we found that about half of the subjects learned to scale their lift 

forces appropriately for all objects. This suggests that the sensorimotor system is capable 

of learning two opposing size-weight maps without interference. However, this was not 

the case for all of the subjects. The other half did not fully learn to scale their load forces 

to the weights of the objects. On the first day of the experiment, they showed reflex-

mediated increases in lifting and although there was improvement in scaling by Day 11, 

they still did not lift in one smooth motion suggesting that there was interference between 

the memory representations of the weights of the green and black objects.  

One possible explanation for this finding is that some participants had difficulty 

learning and implementing the arbitrary association between object size and colour (and 

texture), and object weight. If this explanation is valid, then we would expect lifting 

performance to be impaired if participants had to remember an additional arbitrary 

association. To test this prediction, we examined lift forces in a dual task situation in 

which participants had to remember (and respond to) an arbitrary visuomotor mapping 
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while lifting the green and black cubes. We hypothesized that all participants would show 

impaired force scaling under these circumstances. Confirmation of this prediction would 

indicate that learning to lift objects with different and arbitrary size weight maps involves 

working memory resources.  

 

Methods 

Participants 

Seventeen university students volunteered to participate after giving informed 

consent. All participants had normal or corrected to normal vision and no known 

sensorimotor impairments. The experimental protocol was approved by the Queen’s 

University Ethics Board. 

 

Materials 

In this experiment, participants lifted both the 3 inverted size-weight green cubes 

and the 3 standard size-weight black cubes while performing an arbitrary visuomotor 

association (AVA) task. The AVA task required participants to translate the object being 

lifted in the horizontal plane after lifting it and before replacing it. This involved an out 

and back movement in a direction that depended on the colour and size of the object 

lifted. The mapping between the movement direction, and colour and size was specified 

by instructions provided to the participant via an image displayed on the tabletop in front 

of the participant. Figure 12 illustrates two different instruction images. For example, for 

the instruction image depicted in Figure 12A, after lifting the large black cube (BL), the 

participant was required to move it away and to the left (and back again) in a horizontal 
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plane before replacing it. After lifting the small green cube (GS), they were required to 

move directly towards themselves (and back) before replacing it. Note that the 

instructions could be partitioned into two parts. For example, for the instructions shown 

in Figure 12B, black and green objects are moved to the left and right, respectively, and 

medium, large, and small objects are moved away from the participants, sideways, and 

toward the participant, respectively. Thus, participants could encode the required 

direction via a combination of size and colour. This corresponds to the mapping between 

the weight of the object and the size and colour of the object. 

A      B 

     

Figure 12. Two examples of instructions provided to participants in the dual task lifting condition. The 
instructions indicate which direction the participant should translate each object after lifting it vertically. 
For example, the instructions shown on the left (A) indicate that the large black cube (BL) should be moved 
away from the participant and to the left whereas the small green cube (GS) should be moved directly 
towards the participant. 

 

Procedure 

Each of the 6 objects was lifted (on or off a force sensor) 40 times each for a total 

of 240 lifts per day for 3 days. A new AVA instruction image was projected every 10 

trials for as long as the participant needed to memorize it (typically about 30 seconds). 

The instruction image was not projected while the participant lifted the objects and 
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therefore they had to keep these mappings in memory. The instructed horizontal 

movements were performed every time an object was lifted.  

Participants in the Cognitive – No Cognitive – Cognitive (CNC) condition lifted 

the green and black cubes while performing the AVA task on Days 1 and 3 and without 

the AVA task on Day 2. Participants in the No Cognitive – Cognitive – No Cognitive 

(NCN) condition lifted the cubes while performing the AVA task on Day 2 and without 

the AVA task on Days 1 and 3.  

 

Results 

Lifts off the sensor onto the tabletop were divided into four blocks of five lifts per 

object per day. Our analyses focus on lifting performance on the large black cube and 

small green cube since these were the two heaviest objects and were therefore the best to 

assess in terms of force prediction. We examined lifting performance at six different time 

points: Day 1-Block 1, Day 1-Block 4, Day 2-Block 1, Day 2-Block 4, Day 3-Block 1 

and Day 3-Block 4. The dependent variable was the first peak in load force rate. The 

median load force rate was taken for each block for each participant to control for any 

possible outliers. However, very similar results were obtained when means were used. 

We first examined whether performing the AVA task interferes with learning on 

the first day of lifting. A test of within-subjects effects revealed that on Day 1 there was a 

significant main effect of block (F(2)=13.7, p=.002). Participants lifted the green and 

black cubes with greater initial peak in load force rate on Day 1-Block 4 compared to 

Day 1-Block 1. There was also a significant interaction between block and condition 

(F(2)=7.59, p=.015). Paired samples t-tests showed that participants in the NCN 
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condition lifted the green cubes and black cubes with significantly greater load force rate 

on Day 1-Block 4 than Day 1-Block 1 (t(8)=-3.37, p=.010 and t(8)=-2.88, p=.021, for the 

green and black cubes respectively; see Figure 13). However, participants in the CNC 

condition did not lift the green and black cubes with significantly different load force rate 

during the first and last block (t(7)=-1.86, p=.106 and t(7)=1.14, p=.291, respectively). 

This suggests that the AVA task interferes with sensorimotor learning of weights. 

Participants that lifted the objects without performing the AVA task showed significant 

improvement in scaling of lift forces, where as participants in the dual task condition did 

not.  

We then examined whether the dual task condition interferes after the participants 

had a chance to learn to lift the objects without simultaneously performing the AVA task. 

Specifically, we compared performance on Day 1-Block 4, Day 2-Block 1 and Day 2-

Block 4 of the NCN condition. Day 1-Block 4 did not include the AVA task whereas Day 

2-Block 1 and Day 2-Block 4 did. A test of within-subjects effects revealed that there was 

a main effect of block (F(2)=4.34, p=.031). Bonferonni corrected pairwise comparisons 

revealed that there was a significant difference between Day 1-Block 4 and Day 2-Block 

1 (p<.05). Participants lifted with greater initial peak in load force rate on Day 1-Block 4 

without the AVA task compared to Day 2-Block 1 with the AVA task. There was no 

significant difference in load force rate between Day 1-Block 4 and Day 2-Block 4 or 

between Day 2-Block 1 and Day 2-Block 4 (p>.05 in both cases). These results suggest 

that the AVA task interferes even after learning. 



 53 

 

 

Figure 13. First peak in load force rate for the large black (A) and small green cube (B). The mean peak 
load force rate of all subjects is shown for the first and last (fourth) block of days 1, 2, and 3 for the NCN 
condition (blue outline) and CNC condition (red outline). A dotted outline indicates that the objects where 
lifted while performing the arbitrary visuomotor association (AVA) task. 
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This conclusion was supported by an analysis of the CNC condition. Specifically, 

we compared lifting on Day 2-Block 4, Day 3-Block 1 and Day 3-Block 4 of the CNC 

condition. Here Day 2-Block 4 did not include the AVA task whereas Day 3-Block 1 and 

Day 3-Block 4 did. A test of within-subjects effects revealed a main effect of block 

(F(2)=7.66, p=.006). Bonferonni corrected pairwise comparisons showed that there was a 

significant drop in the initial peak in load force rate between Day 2-Block 4 and Day 3-

Block 1 (p<.05). There was no significant difference between Day 2-Block 4 and Day 3-

Block 4 or between Day 3-Block 1 and Day 3-Block 4. Thus, these results also indicate 

that the AVA task interferes with performance even after learning. 

We found that the AVA task interferes with learning. However, was there latent 

learning on days with the dual task condition that could be demonstrated once the dual 

task condition was removed? To examine this question, we compared performance on 

Day 1-Block 4 and Day 3-Block 1 of the NCN condition. If latent learning occurs on 

days with the AVA task, then scaling of vertical load forces should be better on Day 3-

Block 1 compared to Day 1-Block 4. A test of within-subjects effects revealed that the 

main effect of block was not significant (F(2)=1.80, p=.217). We also compared the first 

peaks in load force rate on Day 2-Block 1 of the CNC condition with Day 1-Block 1 of 

the NCN condition. Does a day of practice lifting the green and black cubes while 

performing the AVA task result in better scaling of vertical load forces compared to 

participants with no practice lifting the objects? A test of between-subjects effects again 

showed that there was no significant difference in scaling between the two conditions 

(F(2)=1.22, p=.287).  These results combined suggest that there is no latent learning on 

days with the dual task condition. However, performance with the dual did not weaken 
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the memory of object weight. Initial peaks in load force rate on Day 3-Block 1 of the 

NCN condition did not drop compared to Day 1-Block 4 as a result of performing the 

AVA task on Day 2.  

 

Discussion 

Does learning the weights of multiple objects require visuomotor working 

memory? Data collected from Study 1 indicated that not all participants learned to scale 

lift forces accurately when lifting multiple objects belonging to families with different 

size-weight maps. One explanation for this finding is that these participants had difficulty 

learning the arbitrary and contingent mapping between size and colour, on the one hand, 

and weight, on the other. To test this idea, we examined lift forces in a dual task situation 

in which participants had to remember and respond to an arbitrary visuomotor mapping 

while lifting the green and black cubes. We hypothesized that all participants would show 

impaired force scaling under these circumstances. 

Participants were placed in one of two conditions, the NCN condition or the CNC 

condition. Those who were in the NCN condition had to lift both the inverted size-weight 

green cubes and normal size-weight black cubes while performing an arbitrary 

visuomotor association (AVA) task on Day 2 and without the task on Days 1 and 3. 

Participants in the CNC condition had to lift the cubes while performing the AVA task on 

Days 1 and 3, and without the task on Day 2.  

We found that participants scaled their lift forces less accurately during the dual 

task condition. On Day 1, participants who lifted the objects without performing the 

AVA task showed significant improvement in scaling of lift forces. This improvement 
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was not seen for participants who also had to perform the AVA task. This suggests that 

the AVA task interferes with sensorimotor learning of weights. Furthermore, we saw that 

scaling performance decreases on Day 2 of the NCN condition and Day 3 of the CNC 

condition. The AVA task interferes even after participants had a day to lift the green and 

black cubes without performing the extra cognitive task. These results indicate that 

learning to lift objects with different and arbitrary size weight maps involves working 

memory resources. Moreover, an outside task that steals attentional resources can 

interfere even after previous learning of the size-weight maps. Previous studies have 

found that expert performers are much less susceptible to dual task interference 

suggesting that well-learned skill performance does not require constant attentional 

control (Leavitt, 1979; Smith & Chamberlin, 1992). However, in the current study we 

found that “expertize” – or at least a day of lifting without the AVA task – does not 

protect participants from the interfering effects of the AVA task. 

 

We then examined whether there is latent learning on days with the AVA task that 

is demonstrated once the dual task condition is removed. Seidler and colleagues (2002) 

found that learning and performance change could be dissociated using a modification of 

the serial reaction time task. Typically, participants can learn the sequence embedded in 

the serial reaction time task within a few hundred trials. However, when asked to perform 

the task in addition to certain distractor tasks, they showed no evidence of sequence 

learning. When retested after the removal of the distractor, the authors found that 

participants did actually learn the sequence during the initial training. The distractor task 

served only to suppress performance change but did not prevent learning. 
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If latent learning occurs on days with the AVA task, then scaling of load forces 

should be better on Day 3-Block 1 compared to Day 1-Block 4 of the NCN condition. 

Moreover, a day of practice lifting the green and black cubes while performing the AVA 

task should result in better scaling of load forces compared to participants with no 

practice lifting the objects. We found neither of these to be the case. However, the fact 

that there was no significant difference between Day 3-Block 1 and Day 1-Block 4 of the 

NCN condition suggests that memory of object weight is preserved despite performing 

the AVA task on Day2.  
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Chapter 5: General Discussion 

The overall aim of the proposed research is to examine how size-weight maps for 

different families of objects are organized and represented at the perceptual and 

sensorimotor levels. The first set of studies investigated the differences in the ability of 

the perceptual and sensorimotor systems to discriminate between sets of objects with 

distinct size-weight maps. At the perceptual level, participants adapted more quickly and 

more accurately to a given size-weight map when presented with a set of objects that 

have a single size-weight relation as opposed to two sets of objects that have different 

size-weight relations. This can be seen when comparing the results of the Green Control 

experiment, where all participants experienced an inversion of the size-weight illusion for 

the green cubes (see Figure 4), to the results of the Green and Black 6 Objects 

experiment, where an inversion of the illusion for the green cubes was not seen for any of 

the participants (see Figure 6). The results from the Green and Black 6 Objects 

experiment suggest that partial interference decreased participants’ ability to successfully 

discriminate between the two sets of objects and an inability to fully learn the two distinct 

size-weight maps at the perceptual level. Despite this interference at the perceptual level, 

about half of the participants learned to accurately scale their lift forces for each object by 

the final day (see Figure 8). These findings further strengthen the hypothesis that size-

weight maps engaged in action are distinct from those engaged during weight perception. 

Moreover, the results support the idea that size-weight maps engaged when judging 

weight change slowly because they are based on well-established correlations between 

size and weight for large families of objects whereas size-weight maps supporting action 

adapt more rapidly because they are tuned to specific sets of objects.  
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The Green and Black 6 Objects experiment tested whether participants could 

learn distinct size-weight maps when lifting two sets of objects with different size-weight 

relations. Based on the study by Flanagan and colleagues (2008), we started with the 

assumption that if participants only experienced the three size-weight inverted green 

cubes, they would experience an inversion of the illusion by at least Day 10. However, 

because Flanagan and colleagues (2008) used 12 inverted objects, we included a control 

experiment with three size-weight inverted objects to test whether the illusion would still 

invert. The results of the Green Control experiment confirmed that the size-weight 

illusion inverts when only lifting three size-weight inverted objects. There was a sharp 

drop in the SPC score for the equally weighted green cubes on the first two days of lifting 

and a gradual decrease thereafter. By Day 4, the SWI had inverted—the larger green cube 

was judged to be heavier than the smaller green cube—and this inversion persisted until 

the final day of lifting (Day 10).  

We were also interested in how learning based on one family of objects 

generalizes to other objects. We addressed this question at the perceptual level by testing 

the SWI with probe objects after participants interacted with a family of inverted size-

weight objects (green cubes), normal size-weight objects (black cubes) and both. We 

found that the level of generalization depended on whether the probe objects differed 

from the training objects in colour, shape, or multiple features. The milk glasses, which 

differed in many ways with the training objects, generalized the least in each condition. 

We were also surprised to find that the training objects generalized more to probe objects 

that shared the same shape but differed in outside material and colour than vice versa. 

This may be because participants find shape to be a more useful cue for arbitrary 
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associations with weight than colour and material. Material is often a more reliable 

indicator of density than shape is, so we expected shape to be less critical. However, 

arbitrary associations may be key now and these may follow different rules where shape 

is more important. 

Participants’ lifting performance was mixed with clear individual differences seen 

in the load force rate functions (see Figure 7 and 8). We hypothesized that the motor 

system would fully adapt to the weights of all six objects very quickly. However this was 

not the case for all participants. Some participants struggled to accurately predict the lift 

forces required for a smooth lift-off. This contrasts with previous studies that have found 

that people can quickly learn to accurately scale their load forces after just a few lifts of 

an object (Johansson and Westling 1988; Gordon et al. 1993; Flanagan and Beltzner 

2000). Our results suggest that some participants may be using a reactive control policy, 

whereby load force is repeatedly increased in small steps until lift off is signaled by 

tactile receptors, rather than a predictive strategy. However, as can be seen in Figure 8, 

even individuals who struggled to accurately predict the weights showed some 

improvement in scaling of load force rate by Day 11. Therefore it seems that these 

participants tried to predict the weights of the objects, but did so poorly. 

As seen in Figure 8, about half of the subjects accurately scaled their load forces 

to the weights of both green and black cubes by Day 11, suggesting that their 

understanding of the relation between size and weight for both sets of objects was 

accurate. They lifted both the heavy green and black cubes with a single load force rate 

peak, scaled their lifts fairly consistently, and required little to no corrective adjustments, 

all of which indicate accurate motor predictions. On the other hand, some subjects did not 
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seem to adjust their forces perfectly even by the final day. With such a discrepancy, we 

wanted to examine if there was any relationship between being able to accurately predict 

the load force rate required to lift an object and having high perceptual discrimination.  

Based on previous data we would expect that good sensorimotor adaptation would 

not be a reliable predictor or indicator of a high level of discrimination at the perceptual 

level (Flanagan et al. 2008; Grandy and Westwood 2006). When we examined the 

relationship between motor adaptation and perceptual discrimination we found no 

significant relation (see Figure 9). Participants’ first peak in load force rate while lifting 

the green and black objects did not correlate with their judgment of the weights of the 

equally weighted green and black cubes. This supports the claim that predictions that bias 

perceived weight can be dissociated from predictions about weight used to scale lift 

forces. (Flanagan, Bittner & Johansson, 2008; Grandy and Westwood 2006; Flanagan & 

Beltzner 2000).  

Similar findings have also been shown for other weight illusions such as the 

material-weight illusion (MWI) in which an object that appears to be constructed of a low 

density material (e.g., polystyrene) is judged to be heavier than an equally weighted and 

otherwise similar object that appears to be constructed of a high density material (e.g., 

brass) (Ellis & Lederman, 1999). The MWI tends to persist even when participants 

repeatedly lift objects that violate the expected correlation between weight and material. 

Buckingham, Cant and Goodale (2009) found that the MWI is unaffected by repeated 

lifts of three equally weighted cubes covered by metal, wood, and polystyrene despite 

participants quickly adapting their lifting force to the true weights of the objects.  

One explanation for the finding that some participants did not learn to accurately 
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scale their load forces is that these participants had difficulty learning the arbitrary and 

contingent mapping between size and colour, on the one hand, and weight, on the other. 

Early in the skill learning process, attention is required to control task performance and 

therefore is not available to process non-task-related stimuli. However with continued 

practice, procedural memories of the task develop that do not require attentional control 

and operate mostly outside of working memory. Attention and working memory are 

therefore free to perform other tasks (Anderson, 1993).  

To test whether attention and working memory are required to learn this arbitrary 

mapping, we examined lift forces in a dual task situation in which participants had to 

remember and respond to an arbitrary visuomotor mapping while lifting the green and 

black cubes. We hypothesized that all participants would show impaired force scaling 

under these circumstances.  

Indeed, we found that participants scaled their lift forces less accurately during 

the dual task condition. On Day 1, participants that lifted the objects without performing 

the AVA task showed significant improvement in scaling of lift forces. This 

improvement was not seen for participants that also had to perform the AVA task, 

suggesting that the AVA task interferes with sensorimotor learning of weights. The AVA 

task also continued to interfere even after participants had a day to lift the green and 

black cubes without performing this extra cognitive task. Therefore, learning to lift 

objects with different and arbitrary size weight maps involves working memory 

resources, and an outside task that steals attentional resources can interfere even after 

previous learning of the size-weight maps. 

We hypothesized that the reason the perceptual system adapts gradually is that it 
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learns and retains size weight maps for broad classes of objects. These are well-

established correlations and therefore experience with a small subset of objects will only 

have a gradual or limited effect on that mapping. With extensive experience, however, 

these size-weight maps can eventually be altered. As for the motor system, since 

precision is required for object manipulation, it tends to adapt more rapidly and require 

less experience with novel objects. This more rapid motor adaptation, seen by some of 

the participants in our experiments, is consistent with the results of Flanagan and Beltzner 

(2000). Grandy and Westwood (2006) provided substantiating evidence in support of 

Flanagan and Beltzner’s (2000) assertion that the control of lift forces is driven by a 

system that is separate from that which supports the conscious perception of object 

weight. Our results support the idea that the size-weight maps engaged when judging 

weights have different properties than the size-weight maps engaged when lifting objects. 

We have also provided evidence that learning the weights of novel objects at the motor 

level is not an automatic process and requires attention to the objects being lifted. Future 

studies could examine whether attention and working memory resources are required for 

accurate scaling of lift forces after participants have learned a new arbitrary mapping 

such as the inverted size-weight mapping of the green objects used in this study.  
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