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6 
Perceptual biases in exploratory movements: 

An experimental study 
 

 

Previous work has shown that there are systematic direction-dependent biases in the 
perceived extent of arm movements in the horizontal plane. The extent of movements 
towards and away from the body (i.e., in the radial direction) is overestimated relative 
to the extent of movements parallel to the body (i.e., in the tangential direction). This 
is referred to as the radial-tangential illusion. This illusion has been known in the 
literature for decades yet its origin is still unclear. We examined the hypothesis that 
the overestimation of arm-movement extent is positively related to the difference in 
torque needed to counteract gravity between the start and end of the movement 
(∆Torque). To this aim, we examined the strength of the radial-tangential illusion 
using an L-figure stimulus. ∆Torque was manipulated by adding mass (.5 kg) to the 
participants’ arm. When we increased ∆Torque by adding mass to the participants’ 
wrist, we found a 7% stronger illusion than in a baseline condition without additional 
mass. In a control condition we added mass to the participants’ elbow to increase the 
overall level of gravitational torque while marginally affecting ∆Torque. In this 
condition we found no difference in the illusion’s strength as compared to the baseline 
condition. Thus, our findings suggest that biases in the perceived extent of arm 
movements in the horizontal plane are related to the change in muscular torque that is 
needed to counteract gravity.  
 

 

Based on: Debats, N.B., & van Beers R.J. (submitted). Muscular torque can explain 
biases in haptic length perception: an experimental study on the radial-tangential 
illusion.  
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Introduction 

In order to perform purposeful movements in the dark, one needs to know the position 

and orientation of ones body parts in space. This information is obtained by the 

proprioceptive system, which combines sensory input from muscle, joint, and skin 

receptors (Gandevia 1996). Such a complex system is susceptible to errors, as 

indicated by substantial biases in the perceived position of the fingertip (e.g., Slinger 

and Horsley 1906; Crowe et al. 1987; van Beers et al. 1998; Wilson et al. 2010; 

Rincon-Gonzalez et al. 2011), in perceived joint angles (e.g., Gritsenko et al. 2007; 

Fuentes and Bastian 2010), and in the perceived extent of arm movements (e.g., 

Davidon and Cheng 1964; Cheng 1968; Heller et al. 1997; McFarland and Soechting 

2007). These perceptual biases can be a useful object of study, because they may help 

to elucidate the mechanisms that underlie proprioception. 

 The present study focuses on the biased perception of arm-movement extent, a 

bias that has a directional dependency that is consistent between perceivers. This 

directional dependency is illustrated by the so-called radial-tangential illusion: When 

one traces the outline of an unseen L-figure in the horizontal plane, the length of the 

radial segment (i.e., towards and away from the body) is overestimated relative to the 

length of the tangential segment (i.e., parallel to the body) (e.g., Reid 1954; Davidon 

and Cheng 1964; Cheng 1968). The effect is rather strong: for a shape to feel square, 

it must be a rectangle with a tangential length that is about 20% larger than the radial 

length (McFarland and Soechting 2007). The strength of the illusion – the absolute 

amount of overestimation of the radial relative to the tangential segment – reduces as 

the orientation of the L-figure deviates from purely radial and tangential (Deregowski 

and Ellis 1972). Importantly, the radial-tangential illusion occurs when the stimulus is 

explored with the whole arm (i.e., upper arm and forearm), but not when stimulus 

exploration involves movements of the forearm and hand only (Heller et al. 1997). 

This illustrates that the illusion results from the exploratory arm-movements rather 

than from the physical characteristics of the L-shaped stimulus. The inter-individual 

consistency of the illusion suggests that the biased perception of arm-movement 

extent is caused by a source of sensory information that is vital in proprioception, or 

by a fundamental aspect of the underlying information processing.  

The radial-tangential illusion received its name in the 1960’s (Davidon and 

Cheng 1964; Cheng 1968) after Reid (1954) first reported the effect. Two main 
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hypotheses regarding its origin have since been proposed and tested. First, differences 

in movement time for radial and tangential movements were proposed to cause the 

illusion (e.g., Wong 1977). Indeed it was found that arm movements in the radial 

direction have a longer duration than arm movements of the same extent in the 

tangential direction (Wong 1977; Armstrong and Marks 1999; McFarland and 

Soechting 2007). Armstrong and Marks instructed participants to make slow and fast 

movements over a radially or tangentially oriented stimulus and asked them to make a 

numerical magnitude estimate of its length. In congruence with the movement-time 

hypothesis, they found larger length judgments in the slow-movement condition than 

in the fast-movement condition. McFarland and Soechting (2007) obtained different 

results in an experiment in which they controlled movement time by guiding the 

participants’ hand with a robotic manipulandum. They found equally strong 

overestimations of the height relative to the width of a square when the movement 

time was linearly related to movement extent, when movement time was fixed and 

thus unrelated to movement extent, and when movement time was 15% larger in the 

tangential than in the radial direction. This finding suggests that movement time is not 

related to the biases in perceived arm-movement extent. These studies thus 

demonstrate that the movement-time hypothesis is debatable.  

A second hypothesis that has been put forward is that the radial-tangential 

illusion results from a difference in inertia between radial and tangential arm 

movements (Wong 1977). In particular, more force is needed to accelerate the arm in 

the radial than in the tangential direction. Initially this was proposed as the reason for 

different movement times, but it has also been examined as a hypothesis in itself. 

Marchetti and Lederman (1983) added a mass to the participants’ hand when they 

were tracing either the radial or tangential segment of an L-figure. They found no 

consistent effect on the overestimation of extent. Wydoodt and colleagues (2006) 

examined the perceived extent of tangential hand movements when external forces 

were applied to the tip of the index finger. In contrast to what would be expected from 

the radial-tangential illusion (i.e., more force results in overestimation), resistive 

forces were found to cause an underestimation and assistive forces an overestimation 

of movement extent. McFarland and Soechting (2007) examined the strength of the 

radial-tangential illusion when a resistive horizontal force was applied to the hand 

during the tangential movement. They found no effect of this additional force on the 

illusion’s strength. In summary, these previous findings indicate that both the 
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movement-time hypothesis and the inertia hypothesis do not provide a solid 

explanation for the radial-tangential illusion. Thus, after more than five decades the 

sensory basis for the biased perception of arm-movement extent is still unclear. 

 Recently, Debats and colleagues (2010a) proposed that the radial-tangential 

illusion is related to the change in muscular torque that is needed to keep the arm at a 

steady horizontal level throughout the arm movement. With the hand close to the 

body, there is a small distance between the shoulder and the arm’s center of mass 

(COM); gravity thus causes a relatively small downward-pulling torque. With the 

hand far from the body, there is a larger distance between the shoulder and the arm’s 

COM; gravity thus causes a larger downward-pulling torque (see Figure 6.1A). Thus, 

during a radial arm movement there is a varying amount of muscular torque needed to 

counteract the gravitational torque. During a tangential movement, on the other hand, 

there is only a negligible change in the distance between shoulder and COM and thus 

only a negligible change in the required gravity-counteracting muscular torque (see 

Figure 6.1B). Specifically, the authors proposed that the difference in gravity-

counteracting muscular torque between the start and end of a movement (∆Torque) 

causes the bias in perceived arm-movement extent (Debats et al. 2010a).  

 The ∆Torque hypothesis predicts that the amount of overestimation of arm-

movement extent is proportional to the magnitude of ∆Torque (Debats et al. 2010a). 

As an initial test of the hypothesis, the authors modeled a two-segment arm to 

simulate experiments reported in the literature. These experiments concerned the 

effects of an L-figure’s size and orientation on the strength or the radial-tangential 

illusion. The simulations revealed ∆Torque patterns that matched well with the 

patterns of overestimation reported in these experimental studies. In the present study, 

we aimed to test the ∆Torque hypothesis experimentally by adding mass to the 

participant’s arm to increase the ∆Torque. More specifically we studied the strength 

of the radial-tangential illusion under three conditions: 1) a baseline condition with no 

added mass, 2) a condition in which a mass was placed on the wrist, thus increasing 

both ∆Torque and the overall gravitational torque, and 3) a control condition in which 

mass was placed on the elbow, thus increasing the overall gravitational torque but not 

∆Torque. The ∆Torque hypothesis predicts an equally strong illusion in conditions 1 

and 3, and a stronger illusion in condition 2 than in conditions 1 and 3. 
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Figure 6.1 Illustration of the ∆Torque hypothesis. The hypothesis proposes that the perceived 
extent of an arm movement is biased because there is a difference between the start and end 
of the movement in the amount of torque needed to counteract the gravitational torque. This 
difference in gravitational torque is directly related to the moment arm of the gravitational 
force (i.e., the distance between the shoulder and the arm’s COM). The top view of a 
participant’s head, torso and right arm are depicted here. The COM (circles) and the moment-
arm (black arrow) are shown at the start (dotted outline) and end (solid outline) of a radial 
arm movement (Panel A) and a tangential arm movement (Panel B). There is a substantial 
difference in the moment arm – and thus ∆Torque – between the start and end of the radial 
arm movement. The difference in moment arm – and thus ∆Torque – between the start and 
end of a tangential movement is negligible. The hypothesis hence predicts an overestimation 
of the radial relative to the tangential segment. 
 

Methods 

The experiment was part of a program that was approved by the ethics committee of 

the Faculty of Human Movement Sciences. 

 

Participants. Nineteen participants (12 male, 7 female; age 16 – 53 years) 

volunteered in the experiment after having signed an informed consent form. All 

participants reported that they were right-handed and that they had no history of 

neurological disorders. The participants were unfamiliar with the radial-tangential 

illusion and they were naïve about the purpose of the experiment.  

 

Setup. As illustrated in Figure 6.2, participants were seated on a height-adjustable 

high-backed chair to which their shoulders were firmly fixated with a shoulder strap. 

This ensured a constant horizontal shoulder position throughout the experiment. A 

height-adjustable table was placed in front on the participant slightly below his or her 

shoulder height. A horizontal L-shaped rail (55 cm radial length, 51 cm tangential 

length) was mounted on this table. A small peg (1.2 cm diameter, 2.5 cm length) 

protruded from this rail. Participants grasped this peg between the thumb and index 
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finger of their right hand and moved it back and forth along the two segments of the 

L-shaped rail to determine the segments’ length. Two screws bolts limited the 

traceable length of the rail’s two segments. These screw bolts were easily attached to 

and detached from the rail, so that the L-figure’s segment lengths could be adjusted 

from trial to trial. The screw bolts were equipped with a small pointer that indicated 

their position on a measuring tape that was attached to the rail. Hence, the position of 

the screw bolts could be set with a resolution of 1 mm. Participants had to slightly lift 

the peg in order for it to smoothly slide through the rail. This ensured that participants 

could not rest their hand on the rail. The corner of the L-figure was placed 30 cm in 

front of the participant’s chest and approximately halfway between the participant’s 

sternum and shoulder (i.e., acromion). The participants’ right wrist was fixated with a 

splint, so that the forearm and hand could be considered as one rigid segment. In 

conditions WRIST and ELBOW, a .5 kg mass (a cylinder of 5 cm diameter and 3 cm 

height) was attached to the participants’ arm using Velcro straps.  

 

	  
Figure 6.2 The experimental setup. The setup consists of an L-shaped rail from which a peg 
protrudes. Participants lifted the peg between thumb and index finger and slid it back-and-
forth over the L-figure’s radial and tangential segment. The tangential segment’s length was 
fixed at 20 cm; the radial segment’s length was varied between trials. The participants were 
blindfolded and on each trial they estimated which of the two segments was longer. The 
participants were strapped to the chair to prevent trunk movements and a splint prevented 
movement of the wrist. Throughout the arm movement, the participants’ arm was in the 
shoulder-height horizontal plane. The Optotrak camera and the infrared markers are not 
shown here. 
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Design and procedure. The experiment comprised a two-alternative forced-choice 

task, using the method of constant stimuli. Participants sequentially traced the radial 

and tangential segment of the L-figure and indicated which of the two segments felt 

longer. There were eleven possible lengths of the radial segment (13.5 cm to 18.5 cm, 

with increments of 0.5 cm) while the tangential segment had a fixed length of 20 cm. 

Each radial segment length was presented 10 times, thus constituting a total of 110 

trials that were presented in a pseudo-random order. Each participant performed three 

mass conditions: 1) in condition BASELINE participants performed the task without 

the mass attached to their arm; 2) in condition WRIST participants performed the task 

with the mass attached to their wrist; 3) in condition ELBOW participants performed 

the task with the mass attached to their elbow. The three mass conditions were 

presented in separate blocks, the order of which was counterbalanced over 

participants. Thus, the total experiment comprised: 11 (radial segment lengths) x 10 

(repetitions) x 3 (conditions) = 330 trials.  

Before each trial, the experimenter manually set the appropriate radial 

segment length. Participants were required to start each trial with the peg at the corner 

of the L-figure and to trace each segment back and forth twice before reaching a 

decision. They were free to choose the order in which they traced the segments. 

Participants were instructed to keep their arm elevated above the tabletop throughout 

a trial, whilst keeping their shoulder, elbow and wrist in a horizontal plane. They 

could rest their arm on the tabletop between trials. Short breaks were made halfway 

during each block and between the blocks. Participants were blindfolded throughout 

the experiment, except during these breaks in which the experimental setup was 

covered and the blindfold was removed. The experiment took about three hours to 

complete.   

 

Data collection. Prior to the experiment, the experimenter recorded the participant’s 

self-reported body mass. During the experiment, the experimenter recorded the 

participant’s judgment, that is, whether he or she perceived the radial segment to be 

shorter or longer than the tangential segment. The arm movements were recorded at 

200 Hz by an Optotrak 3020 camera system. This system measured the three-

dimensional position of four infrared markers that were placed on the proximal end of 

the index finger (i.e., caput ossis metacarpi II), the wrist (i.e., epicondylus ulnaris), the 

elbow (i.e., epicodylus lateralis humerus), and the shoulder (i.e., acromion).  
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Data reduction. We determined for each radial segment length the proportion of 

trials in which the radial segment was judged to be longer than the tangential segment. 

Based on these proportions we determined psychometric functions using the psignifit 

software package developed by Wichmann and Hill (2001). The psychometric 

functions were defined as a cumulative Gaussian function. There were three free 

parameters in the best-fit functions: 1) the mean, 2) the standard deviation, and 3) the 

deviation of the functions’ lower and upper limit from 0 and 1, respectively. This 

parameter was free to vary between 0.00-0.05 to account for occasional lapses 

(Wichmann and Hill 2001). Thus, for each participant we determined three 

psychometric functions, one for each mass condition. To illustrate the data analysis, 

an exemplary participant’s psychometric functions are shown in Figure 6.4A. The 

functions’ abscissa is the radial segment length; the ordinate is the proportion of trials 

in which the radial segment was judged to be longer than the tangential segment. Two 

outcome measures were obtained from each best-fit psychometric function: 1) 

overestimation and 2) perceptual precision. For 1) we used the function’s mean, 

which indicates the length at which the radial segment is perceived to be equally long 

as the 20 cm tangential length. This is referred to as the point of subjective equality 

(pse). As a measure for the strength of the radial-tangential illusion we determined the 

overestimation of the radial segment as 20 cm – pse. For 2) we used the function’s 

standard deviation as a measure for the precision by which the length estimates were 

obtained. A large standard deviation reflects a poor perceptual precision and vice 

versa. 

The kinematic data were analyzed to determine 1) the average movement time 

of the radial and tangential movements for the three mass conditions, 2) the length of 

the upper arm, forearm and forearm plus hand, and 3) the exact start position (i.e., the 

corner of the L-figure) relative to the shoulder. For 1) we analyzed the time series of 

the index-finger marker to identify the start and end of the radial (time series y-

position) and tangential movements (time series x-position). We first defined a 

position criterion (1-p2/pmax
2), a velocity criterion (1-v2/vmax

2), and an acceleration 

criterion ((a-amin)/(amax-amin)). Then we multiplied these three criteria and determined 

the maxima to find the start and end of each movement (Schot et al. 2010). Movement 

time in seconds was derived from the number of samples between start and end of 

each movement. For 2) we used all four recorded markers. The arm-segment lengths 
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were defined as the average distance between the marker positions concerned. For 3) 

we first determined the position of the index-finger marker at all movement starts and 

movement ends in a trial; the minimal x and y value were taken as the start position. 

Then we determined the average shoulder position per trial and subtracted it from the 

start position to obtain the start position relative to the shoulder. This start position 

measure was averaged over all trials and all three mass conditions. Movement time 

was one of our experimental outcome measures; arm-segment lengths and the start 

positions were used as parameters in the model simulations.  

 

ΔTorque simulations. The magnitude of ∆Torque in the three mass conditions can 

be estimated with simplified model of the arm (cf. Debats et al. 2010a). The model 

consists of two segments: the upper arm and the forearm plus the hand. ∆Torque is 

fully determined by: 1) the elbow angle in the horizontal plane (ϕelb), 2) the length of 

the two arm segments and the forearm without the hand in meters (lup, lfor+hand, and 

lfor), and 3) the mass of the two arm segments in kilograms (muparm and mfor+hand) (see 

Figure 6.3 for the definitions). Based on these parameters one can calculate ∆Torque 

using equations 1-4.  
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COMarm  = 
mup !COMup +mfor+hand !COM for+hand +mmass !COMmass

mup +mfor+hand +mmass

 

[Eq. 2] moment-arm  = || COMarm || 

[Eq. 3] torque = g · moment-arm · (mup + mfor+hand + mmass)  

[Eq. 4] ∆Torque  = |torqueradial - torquestart| - |torquetangen - torquestart|  

In these equations, the coordinate frame is aligned with the upper arm and the 

shoulder indicates its origin. The parameters a and b indicate the relative position of 

the COM of the upper arm and forearm, respectively. We adopted the values a = 
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0.436 and b = 0.682·(lfor/lfor+hand) from standard anthropometrical data (Winter 1990). 

Note that the constant in b is a fraction of forearm length that indicates the COM of 

the segment forearm plus hand (cf. Winter 1990). To simulate the COM of the 

additional mass in condition ELBOW we used c = 0; for condition WRIST we used c 

= lfor/lfor+hand to specify the position of the wrist. For the segment masses we used a 

standard proportion of the total body mass (mbody), that is: mup = 0.028·mbody and 

mfor+hand = 0.022·mbody (Winter 1990). The parameter g indicates the gravitational 

acceleration (i.e., 9.81 ms-2). The values for torquestart, torqueradial, and torquetangen 

indicate the gravitational torque at the start of the movement (i.e., the corner of the L-

figure), the end of the radial segment, and the end of the tangential segment, 

respectively.  

 

Figure 6.3 The ΔTorque model’s 
geometrical parameters are the elbow 
angle in the horizontal plane (ϕelb), the 
length of the upper arm (lup), the 
length of the forearm (lfor), and the 
length of the forearm plus hand 
(lfor+hand). Based on these parameters 
one can calculate the center of mass 
of the upper arm (COMup), of the 
forearm plus hand (COMfor+hand), and 
of the additional mass (COMmass). 
These COMs and the magnitude of 
the corresponding masses define the 
position of the total center of mass of 
the arm (COMarm). The distance 
between the shoulder and COMarm 
determines the magnitude of the 
gravitational torque. 

 

 

Statistical analysis. The effect of mass condition on the overestimation of movement 

extent was analyzed in accordance with the predictions, that is, BASELINE = 

ELBOW, WRIST > BASELINE, and WRIST > ELBOW. The first planned 

comparison was made with a two-tailed paired-samples t-test; the latter two planned 

comparisons were made with a one-tailed paired-samples t-test. We did not expect an 

effect of mass condition on the precision by which the length estimates were obtained. 

Yet, in order to provide a complete view on the effect of additional mass on perceived 

movement extent we analyzed this parameter using repeated-measures ANOVA. 
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Based on previous findings we expected a longer movement time for the radial than 

for the tangential movement (Wong 1977; Armstrong and Marks 1999; McFarland 

and Soechting 2007). Hence, we examined movement time for a potential interaction 

between mass condition and movement direction to exclude movement time as a 

confounder for the interpretation in terms of ∆Torque. To this aim we conducted a 3 

(BASELINE vs. WRIST vs. ELBOW) × 2 (radial vs. tangential) repeated-measures 

ANOVA. For all measures we report the mean values ± one standard deviation. 

 

Results 

One participant correctly reported that in all cases the radial segment was shorter than 

the tangential segment. As the psychometric functions could not be obtained for this 

participant we excluded him from all analyses (i.e., model simulations, illusion 

strength, perceptual precision, and movement time). Movement times could not be 

determined for four participants due to an error in the kinematic data storage; these 

participants were hence excluded from the movement-time analysis. For the 

remaining fourteen participants we had to exclude 11.4% of the trials from the 

movement-time analysis because the markers were occluded during (a part of) the 

trial.  

 

Model simulations. The ∆Torque model was used to estimate the magnitude of 

∆Torque and the overall level of gravitational torque in the three mass conditions. We 

used the torque at the start position (i.e., the corner of the L-figure) to represent the 

overall level of gravitational torque. From the kinematic data we derived the 

coordinates of the start position relative to the shoulder and the corresponding ϕelb,start. 

The ϕelb,radial and ϕelb,tangen were determined for a 16 cm (i.e., average radial length) 

and 20 cm segment, respectively. The segment lengths (lup, lfor+hand and lfor) were 

derived from the kinematic data and segment masses from the total body mass (mbody). 

Table 6.1 shows these parameters and the results of the simulations averaged over all 

participants as well as for a small (1.50 m) and a tall (1.92 m) participant. The model 

simulations indicated that a .5 kg additional mass on the wrist results on average in a 

43% increase in ∆Torque and a 23% increase in the overall gravitational torque as 

compared to condition BASELINE. In contrast, a .5 kg additional mass at the elbow 

results in a slight increase (i.e., 3%) in ∆Torque and a 20% increase in the overall 
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gravitational torque. Thus, the conditions WRIST and ELBOW had a comparable 

increase in overall gravitational torque, while only condition WRIST entailed a 

substantial increase in ∆Torque. The values for the small and tall participant illustrate 

the influence of body measures on the magnitude of ∆Torque and the overall 

gravitational torque.  

 

Table 6.1 The top rows of the table show the results of the model simulations (ΔTorque and 
torquestart) for the three mass conditions. The average results over the eighteen participants are 
shown as well as for two extreme participants to illustrate the effect of anthropometric 
parameters on the torque measures. The bottom rows of the table show the parameter values – 
as derived from the kinematic data – that were used in the simulations. 
 BASELINE WRIST ELBOW 

ΔTorque 

(Nm) 

torquestart 

(Nm) 

ΔTorque 

(Nm) 

torquestart 

(Nm) 

ΔTorque 

(Nm) 

torquestart 

(Nm) 

average 1.59 6.42 2.28 (+43%) 7.92 (+23%) 1.63 (+3%) 7.73 (+20%) 

small 1.19 3.69 1.90 (+60%) 5.02 (+36%) 1.24 (+4%) 4.74 (+28%) 

tall 1.96 8.64 2.60 (+33%) 10.18 (+18%) 2.01 (+3%) 9.99 (+16%) 

 (x,y) start pos. 

(cm) 

ϕelb,start  

(°) 

ϕelb,radial  

(°) 

ϕelb,tangen 

(°) 

lup 

 (cm) 

lfor  

(cm) 

lforhand 

(cm) 

mbody  

(kg) 

average (-11, 37) 74 118 73 28.9 27.4 35.5 68.0 

small (-11, 32) 80 142 79 23 22 29 47 

tall (-3, 40) 71 111 78 30 30 38 90 

 

 

Illusion strength. The psychometric curves of an exemplary participant are shown in 

Figure 6.4A. Each curve provides a point of subjective equality (pse): the radial 

segment’s length at which it was judged to be equally long as the 20 cm tangential 

segment. The difference between this 20 cm and the pse indicates the length 

overestimation, which we used to measure the strength of the radial-tangential 

illusion. Paired-samples t-tests (see Figure 6.4B) indicated that the overestimation in 

condition WRIST (3.80 ± 0.58 cm) was significantly larger than in condition 

BASELINE (3.55 ± 0.64 cm) (t17 = 2.42, p = .014) and ELBOW (3.53 ± 0.64 cm) (t17 

= 1.95, p = .034). There was no significant difference in overestimation between the 

conditions BASELINE and ELBOW (t17 = 0.18, p = 0.863). This finding 

demonstrates that an increase in ΔTorque caused a 7% increase in the strength of the 

radial-tangential illusion, while an increase in the overall gravitational torque did not 

significantly change the size of the illusion. 
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Figure 6.4 Experimental results. Panel A illustrates an exemplary participant’s psychometric 
curves in the three mass conditions (see legend). The intersection of the dotted line and a 
psychometric curve indicates the point of subjective equality for the corresponding condition, 
that is, the radial segment’s length that is judged to be equally long as the 20 cm tangential 
segment. Panel B illustrates the average overestimation of the radial segment relative to the 
tangential segment for the three mass conditions. The error bars indicate the standard error 
over the eighteen participants. 
 

Perceptual precision. The psychometric curve’s standard deviation quantifies the 

precision of the length estimates. Repeated-measures ANOVA revealed no significant 

differences in perceptual precision between the conditions BASELINE (1.16 ± 0.34 

cm), WRIST (1.15 ± 0.31 cm), and ELBOW (1.16 ± .0.35 cm) (F2,34 = .004, p = .996). 

This finding demonstrates that ∆Torque specifically affected the bias in the length 

estimates and not their precision. 

 

Movement time. Differences in movement time between radial and tangential 

movements have previously been suggested as a causal factor in the radial-tangential 

illusion (e.g., Wong 1977). Hence, we examined whether differences in movement 

time were similar for the three mass conditions. The 3 (mass condition) × 2 (direction) 

ANOVA revealed no effect of direction (F1,13 = 0.381, p = .548) and no interaction 

effect (F2,26 = 3.022, p = .066). The ANOVA did reveal a significant main effect of 

mass condition (F2,26 = 29.453, p < .001). Post-hoc t-tests indicated that movement 

time was longest in condition BASELINE (1.43 ± 0.42 s), intermediate in condition 
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WRIST (1.11 ± 0.26 s), and shortest in condition ELBOW (1.04 ± 0.25 s) (all p-

values < .001). These findings indicate that the additional mass on the arm did 

influence the movement time, but that there was no difference in movement time 

between the radial and tangential movements for any of the mass conditions.  

 

Discussion 

In the present study we aimed to test the ∆Torque hypothesis which states that the 

overestimation of arm-movement extent is positively related to the difference in 

torque needed to counteract gravity between the start and end of the movement 

(∆Torque). Our results are in agreement with the hypothesis, that is, when we 

increased ∆Torque by adding mass to the participants’ wrist we found a 7% stronger 

illusion than in a baseline condition without additional mass. In a control condition 

we added mass to the participants’ elbow to increase the overall level of gravitational 

torque without affecting ∆Torque. In this condition we found no increase in the 

illusion’s strength as compared to the baseline condition. This demonstrates that the 

overestimation of movement extent was specifically affected by ∆Torque and not by 

the magnitude of the gravitational torque in general. From these findings we can 

conclude that biases in the perceived extent of arm movements in the horizontal plane 

are related to the change in muscular torque that is needed to counteract gravity.  

The magnitude of the observed effect was not large. We found that the 

overestimation of movement extent increased from 3.55 cm in the baseline condition 

to 3.80 cm in the condition with increased ∆Torque. This 7% increase – although 

statistically significant – may seem small when considering that ∆Torque was 

increased with 43%. However, it is hard to evaluate the size of the effect because the 

∆Torque hypothesis does not make quantitative prediction for the increase in illusion 

strength given the increase in ∆Torque. It is plausible that the increase in 

overestimation is limited by other cues to movement extent, thus evoking a ceiling 

effect. To exaggerate, it is inconceivable that a participant would perceive a 1 cm 

radial movement to be equally long as a 20 cm tangential movement. No such ceiling 

effect is expected when ∆Torque is reduced. Hence it would be interesting to 

complement the present study with an experiment in which ∆Torque is reduced by 

(partially) supporting the arm. The ∆Torque hypothesis predicts that the 
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overestimation of movement extent will diminish if the arm is partially supported and 

that it will disappear when the arm is fully supported. 

Contrary to previous reports (Wong 1977; Armstrong and Marks 1999; 

McFarland and Soechting 2007) we found no difference in movement time for the 

radial and tangential movements. Nevertheless, there was a clear bias in perceived 

arm-movement extent in all conditions. Our data did reveal an overall effect of the 

mass conditions on movement time, suggesting that participants preferred to move 

faster when an additional mass was placed on their arm. The comparison between 

condition BASELINE (no additional mass) and ELBOW (additional mass on the 

elbow) is particularly interesting. First, despite the shorter movement time in 

condition ELBOW than in condition BASELINE we found no difference in the 

overestimation. Second, faster movements with a heavier arm imply that participants 

applied higher forces in the horizontal plane of motion. Despite these higher forces in 

condition ELBOW than in condition BASELINE there was no difference in the 

overestimation. Together, these findings refute the hypotheses that biases in perceived 

arm-movement extent are due to differences in movement time or differences in the 

required horizontal forces (cf. McFarland and Soechting 2007). 

Previously, Heller and colleagues (1997) concluded that whole-arm 

movements are a requisite for the radial-tangential illusion to occur. The ∆Torque 

hypothesis entails more specific requisites. In particular, ∆Torque is strongly 

determined by elbow movements in the horizontal plane. In contrast, the shoulder 

angle in the horizontal plane does not influence ∆Torque because the upper arm’s 

center of mass is always at equal distance from the shoulder. Movements of the wrist 

and fingers also have a minor influence because the fingers and hand have a small 

mass and thus little influence of the arm’s center of mass. In addition, the ∆Torque 

hypothesis entails the requisite that the arm should – at least partially – be actively 

maintained against the pull of gravity, as explained above. Thus, according to the 

∆Torque hypothesis, elbow rotation with an unsupported arm in the horizontal plane 

is the predominant requisite for the biased perception of arm-movement extent and 

thus for radial-tangential illusion.  

There is one previous study on the radial-tangential illusion in which mass 

was added to the participants’ arm (Marchetti and Lederman 1983). The authors’ aim 

was different (i.e., manipulating the force required to translate the arm in the 

horizontal plane) than ours (i.e., manipulating the magnitude of the torque in the 
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vertical plane), yet the results are relevant because they may seem to conflict with the 

predictions of the ∆Torque hypothesis. Participants were required to estimate the 

length of either the tangential or radial segment of an L-figure by tracing it with their 

index finger. They reported their estimate by making a movement of the same extent 

over the L-figure’s radial segment while holding an additional mass in their hand (0, 

100, 200, 300, or 400 gram). For the tangential stimulus, the radial response 

movements’ extents were shorter (cf. the radial-tangential illusion) but unaffected by 

the magnitude of the additional mass. In contrast, the ∆Torque hypothesis would 

predict a decreasing movement extent (i.e., increasing overestimation) with an 

increase in mass. For the radial stimulus, the radial response movements’ extents were 

veridical and unaffected by the magnitude of the mass. The ∆Torque hypothesis 

would predict a decrease in extent (i.e., increasing overestimation) with an increase in 

mass. There are at least two potential explanations for the inconsistency between our 

present findings and the lack of effect of additional mass in this previous study. First 

participants were free to rotate their wrist, which may have reduced the change in 

elbow angle and thus ∆Torque (see above). More importantly, it is not clear whether 

participants rested their hand on the stimuli while tracing them, thus partially 

supporting the additional mass. This could explain the lack of effect of mass and thus 

the inconsistency with our present findings. 

We have defined ∆Torque as the absolute difference in torque between the 

start and end of the movement (see Eq. 4). Hence, we implicitly assumed that 

movement direction (towards vs. away from the body, and to the left vs. right) does 

not affect the overestimation of arm-movement extent. There are two studies that 

addressed the influence of movement direction. Armstrong and Marks (1999; Exp. 1) 

examined the perceived length of radially and tangentially oriented line segments, 

which participants were allowed to trace once in a single direction. The authors found 

that movement direction did not affect the length estimations. McFarland and 

Soechting (2007; Exp. 2) reached a different conclusion in an experiment in which 

participants traced both segments of an L-figure once in a single direction. This 

experiment revealed a strong effect of movement direction (clockwise vs. 

counterclockwise) and movement order (radial first vs. tangential first) on the strength 

of the radial-tangential illusion. In contrast to these two studies, the participants in our 

study – as well as in most previous studies on the radial-tangential illusion – were 

required to trace the segments back-and-forth. We believe that for such back-and-
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forth movements, the absolute difference in torque is the most objective assumption; 

the alternative would be to consider only the backward or the forward movement. 

Nevertheless, it would be interesting to examine whether the above described 

differences in overestimation for single-direction tracing can be explained with the 

corresponding signed ∆Torque values.  

The ∆Torque hypothesis may provide a basic explanation for biases in the 

perceived extent of arm movements, yet it does not clarify the underlying sensory 

mechanisms. The present findings raise the question why gravity-counteracting 

muscular torque disrupts the perceived extent of arm movements. Gravitational torque 

might affect the sensory cues to movement extent and/or the neural processing of the 

available cues. As outlined above, the change in elbow angle is the main contributor 

to the change in gravitational torque. Hence, the perceived elbow angle might be the 

sensory cue through which gravitational torques affect perceived movement extent. In 

support of this speculation, gravitational torque has indeed been shown to influence 

the perceived orientation of the forearm relative to the upper arm (i.e., elbow angle) in 

the vertical plane (Worringham and Stelmach 1985; van de Langenberg et al. 2007). 

This raises the question whether a change in gravity-counteracting torques biased the 

perceived change in elbow angle (and therefore in movement extent), and if so why. 

On the physiological level it would be interesting to examine the role of efferent 

motor commands and muscle spindles feedback in this dynamic perceptual bias 

(Winter et al. 2005; Ansems et al. 2006). Thus, the present findings raise questions for 

future research that is needed to reveal the mechanisms that underlie the influence of 

gravity-counteracting torque on the perception of movement extent.  

To conclude, the present findings indicate that biases in the perceived extent 

of arm movements in the horizontal plane are related to changes in muscular torque 

that are needed to counteract gravity. Future studies could further test the ∆Torque 

hypothesis by reducing the gravitational torque. Last, further research is needed to 

unravel the neurophysiological mechanisms that underlie the influence of gravity-

counteracting muscular torque on the perception of arm-movement extent. 




