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Exploratory movements in haptic perception  

The studies presented in Chapters 2-6 have revealed various relevant findings on the 

relationship between exploratory movements and haptic perception. In Chapters 2 and 

3 we found that there is a relationship between the amount of force that is used to 

explore a handheld object and the precision by which its inertial properties (e.g., 

mass) can be estimated. This finding implies that a perceiver has the ability to actively 

manipulate the precision of the incoming haptic information, simply by changing his 

or her exploration style. The findings in Chapter 4 are mainly of practical relevance. 

In this chapter we developed an experimental setup that allows for more precise 

recordings of haptic rod length estimates. In doing so we demonstrated that the high 

variability of rod length estimates that was observed in previous studies was not 

intrinsic to the haptic task, but merely to some limitations of the conventionally used 

measurement apparatus. Last but not least, Chapters 5 and 6 concerned the systematic 

direction-dependent errors that perceivers make when estimating how far they have 

moved their unseen hand in the horizontal plane. We found that these biases are 

related to the gravitational torque that pulls the arm down. In the following, the 

theoretical implications of these findings will be discussed in detail. 

 

Direct perception or sensory integration? 

The central hypothesis in Part I of this thesis was that exploratory movements affect 

the precision of haptic information in dynamic touch. Previous studies on rod length 

perception have indicated that length perception is based on the three inertial 

properties of the rod (i.e., mass, first moment of mass distribution, and moment of 

inertia). In particular, it has been shown that a change in the reported length estimate 

occurs if one of these properties is manipulated (e.g., Kingma et al. 2004). 

Furthermore, previous studies have shown that the effect of these rod properties on 

the length estimates greatly depends on the characteristics of the exploratory 

movements, such as the speed of movement (holding vs. wielding and slow vs. fast 

wielding) and rod orientation (horizontal vs. vertical) (e.g., Chan 1996; Kingma et al. 

2004; van de Langenberg et al. 2006). In Chapter 2, the perceivers moved the rod 

around a horizontal orientation and were instructed to do so at different movement 

speeds. In line with previous findings, we found that the rod properties had a different 

impact on the length estimates in these different movement-speed conditions. We 
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determined for each trial the amount of force that was associated with each of the 

three inertial properties, and found that there was a clear relationship between these 

force measures and the relative length estimates. This relationship indicates that the 

influence of each rod property on the perceptual estimate is not a discrete measure 

that depends on the global characteristics of the task (i.e., wielding vs. holding; 

horizontal vs. vertical orientation) but rather a continuous measure, whose magnitude 

is determined by the play of forces at the hand-rod interface. Chapter 2 thus 

demonstrated that the length estimate for any given rod is based on all three rod 

properties, whereby the degree to which each property affects the final estimate is a 

function of the exploration forces.  

What do the findings of Chapter 2 imply for the ecological psychologist’s 

concept of direct perception? As explained in the Introduction, the concept of direct 

perception posits that perception is not mediated by cognitive representations or 

perceptual inferences. Instead, perceivers pick up higher order specifying variables 

that are provided by the environment. The traditional view is that one perceptual 

judgment is based on one specifying variable, and one specifying variable can only 

lead to one perceptual judgment: the so-called one-to-one mappings (e.g., Michaels 

and Carello 1981). After experimental studies on haptic rod length perception had 

revealed both one-to-many and many-to-one mappings, Withagen and van der Kamp 

(2010) recently argued for a new definition of ‘information’ in direct perception. In 

this new definition, information is no longer provided by the environment, but only 

exists in the interaction between the perceiver and the environment. In consequence: 

“… the same pattern can convey different information for different animals, or even 

for the same animal at different moments in time” (Withagen and van der Kamp 

2010; p. 158). Using this definition of information, direct perception does allow for 

one-to-many and many-to-one mappings. Importantly, however, it does not allow for 

the simultaneous pickup of multiple information sources (i.e., the ‘patterns’), and it 

does not allow for separate information sources to be merged. Our findings imply that 

perceivers do base a single perceptual judgment on the merge of multiple information 

sources (the information sources being either the three inertial rod properties or the 

three length cues that were derived from them). Hence, the findings in Chapter 2 

cannot be explained as a consequence of direct perception.  

Whereas the ecological view falls short in explaining that multiple information 

sources simultaneously influence the perceptual estimate, this is where the strength of 
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the constructivists’ approach resides. As explained in the Introduction, the integration 

of multiple – redundant – information sources (i.e., cues) can be described as a 

process of perceptual inference that boils down to a weighted average of the 

individual cues. If in this sensory integration the weights are scaled to the cues’ 

precision (quantified as the reciprocal of the variance), the resulting perceptual 

estimate has the highest possible precision and the highest probability of being the 

correct estimate (e.g., van Beers et al. 1999; Ernst and Banks 2002). This is referred 

to as maximum likelihood estimation (MLE). MLE models have been found to 

accurately describe human perceptual responses in a broad variety of perceptual tasks, 

both within and across sensory modalities (for a review, see Ernst and Bulthoff 2004). 

So what do our findings add to the current knowledge on sensory integration? 

The precision by which certain perceptual information can be obtained is generally 

considered to be a fixed percentage of the perceptual stimulus’ intensity (Weber’s 

law). Thus, the perceptual precision is thought to be fixed for a given task with a 

given set of stimuli. The findings in Chapter 3 challenged this view: we found that 

precision for moment of inertia improves with an increase in the exploration force. 

Similarly, in Chapter 2 we developed an MLE model for rod length perception based 

on the assumption that the force contribution of the inertial rod properties defines the 

precision by which these properties can be determined. Considering that there were no 

fitted parameters in the model, it predicted the experimental data very well, especially 

the non-linearity that appears to be present in the relationship (see Figure 2.7). Thus 

instead of perceptual precision being a fixed property of the perceptual task, we found 

that it is related to the characteristics of the exploratory movements. As precision is 

the key component in sensory integration, these findings imply that exploration makes 

the integration process accessible. That is, exploratory movements might be used as a 

purposeful mechanism to adapt the precision of the perceptual information and thus to 

promote certain perceptual cues over others. 

 

Optimizing perception or tuning the sensory system? 

In the preceding paragraph, we suggested that participants may use exploration as a 

means to adjust the precision of their perceptual estimates. The question is, do people 

indeed exploit these possibilities? That is, do they naturally prefer to explore in a way 

that optimizes the precision of their perceptual task performance? The work of 
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Drewing and colleagues suggests that this is indeed the case. First, Drewing and Kaim 

(2009) examined the precision by which perceivers can judge the height of a small 

bump (~ 5 mm height) that they trace over with the tip of their index finger. They 

found that the perceptual precision varies systematically with movement direction. If 

people were free to choose their own movement direction, they preferred the direction 

that corresponded to the highest perceptual precision. In a different study (Drewing 

2012) the author imposed vibratory noise on the bumps’ height. The magnitude of the 

noise was direction dependent in order to dissociate the direction of best performance 

from the naturally preferred – and thus most practiced – direction. Participants 

adjusted their preferred movement direction to the new best-performance direction. 

This indicates that perceivers care about optimal perceptual performance and that they 

employ the possibility to adjust their movement strategy in order to achieve this. In 

general this would suggest that perceivers fine-tune their exploration to serve their 

perception. 

 Perceivers can only adjust their movements to optimize the precision of the 

perceptual information if they have knowledge about this precision. This raises the 

question: how does the brain obtain such knowledge? I will not discuss the 

neurophysiological level of the sensory integration in detail here, but it is important to 

provide some conceptual nuances. When I refer to perceptual information, this 

information could include the input from multiple kinds of sensory organs; what I 

have called a sensory signal is in reality a multitude of sensory signals that project 

onto a multitude of neurons in the central nervous system. It has been shown that the 

activity of a population of neurons represents not only the average information 

conveyed by the signals, but also the variability and thus precision of that information 

(in fact it represents the whole probability distribution) (e.g., Ma et al. 2006; Ma and 

Pouget 2008; Ma 2010). 

Interestingly, the idea that exploratory behavior is of crucial importance in 

perception has been around for decades (Gibson 1962; Gibson 1963; Gibson 1966). In 

1966, Gibson wrote: “Instead of looking to the brain alone for an explanation of 

constant perception, it should be sought in the neural loops of an active perceptual 

system that includes the adjustments of the perceptual organ. Instead of supposing 

that the brain constructs or computes the objective information from a kaleidoscopic 

inflow of sensations we may suppose that the orienting of the organs of perception is 

governed by the brain so that the whole system of input and output resonates to the 
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external information.” (Gibson 1966; p. 5). The term ‘resonance’ has been used in 

ecological psychology to denote how the perceptual system picks up a specifying 

variable. A metaphorical example is that of a radio that has ‘tuned in’ a certain 

frequency (Gibson 1966). The problem with the metaphor is “… that a radio needs 

some external agent to tune in a channel. That is, someone must push the buttons. By 

contrast, a perceptual system is a self-tuning device” (Michaels and Carello 1981; p. 

65). If we phrase our findings in these terms we could say that perceivers adjust their 

exploratory movements according to the requirement of the perceptual task (Riley et 

al. 2002) thereby tuning in specific information. In other words, when exploratory 

movements are used to cause a higher weighting of one cue over the other, this can be 

regarded as tuning of the sensory system. It is important to note that sensory 

integration does not require an external agent (i.e., homunculus). Thus, although 

sensory integration is contradictory to the ecological view of direct perception 

because it entails neural processing and the making of perceptual inferences, the 

active and non-hierarchical nature of the integration process seems to fit well with 

Gibson’s basic idea of the perceiver as an active self-tuning device.  

 

Cues in haptic rod length perception 

In developing an MLE model for haptic rod length perception, the first major question 

that we encountered was: what are the cues for rod length? We derived two plausible 

alternatives from the physical relationship between the moments of mass distribution 

and the length of a homogeneous rod. First, the individual moments of mass 

distribution can be thought of as length cues. However, these cues are ambiguous 

because they only specify length if an assumption is made on the density and radius of 

the rod. Second, there are three ratios out of the three moments of mass distribution 

that can be thought of as length cues. These cues relate unambiguously to the length 

of a homogenous rod, that is, without requiring additional assumptions (Kingma et al. 

2002). We found that these ratios gave a better description of the data and thus we 

based the MLE model on these cues. However, there is no proof that these ratios are 

actually derived or accessed by the nervous system. In particular, the MLE model did 

not perform well in the predicting the effect of mass manipulations on the length 

estimates. This might be taken to indicate that there are additional length cues. 

Possibly, a combination of both the non-ambiguous and ambiguous cues was used.  



 

	  

	  
Chapter 7 

	  
	   	  

101  

One way to test whether participants used the ambiguous cues to rod length is 

to test whether information on rod density or rod radius affects the length estimates. 

This issue had been addressed previously, in a study in which the perceivers estimated 

the length of the rod that they held in their right hand while imagining that it had the 

radius of the cylinder that they held in their left hand (Chan 1995). It was found that 

the imagined cylinder radius strongly affected the length estimates. Our newly 

developed virtual reality setup (see Chapter 4) allowed us to address the issue in a 

more direct manner. In this setup, participants do not see the physical rods but they do 

see a projected image of a rod at the exact same position as where the physical rod is 

located. In an unpublished study we manipulated the radius of this virtual rod as well 

as the radius of the physical rods. The rods were homogeneous, apart from a handle 

that each of them had to make them indistinguishable. Each rod was presented with its 

veridical radius or with a radius of standard magnitude. The effects of the virtual 

radius manipulation were strong and consistent: if a rod was presented thicker than it 

actually was, the length was estimated to be shorter and vice versa. The larger the 

difference between the physical and the virtual radius, the larger the difference in 

length estimates. This finding demonstrates that perceivers used the radius 

information in their length estimates. However, a MLE model with the three 

ambiguous cues (using the virtually rod radius and the assumption of a constant 

density) could not explain these data. A dedicated experiment is needed to further 

examine whether both the ambiguous and non-ambiguous cues are used and how one 

can quantify their relative precision.  

 

Exploration force and precision 

The second question that we encountered in Chapter 2 when making the MLE model 

for rod length perception was: what aspect of the exploration determines the length 

cues’ weighting? As mentioned above, we determined for each of the three inertial 

rod properties how much they contributed to the forces applied by the perceiver 

during the exploration. This relative force contribution as a measure for precision can 

be regarded as a signal-to-noise ratio. Chapter 3 was designed specifically to examine 

the effect of exploration force on the precision of perceptual information; we used a 

setup in which only one inertial property (i.e., moment of inertia) could be explored. 

In this situation there is no signal-to-noise ratio in the forces as in the situation with 
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multiple cues: all the applied forces are dedicated to the moment of inertia. The 

precision by which moment of inertia can be perceived is hence limited by the noise 

within the force and movement information. We found that the perceptual precision 

for moment of inertia increased with an increase in the absolute amount of force that 

was used to rotate the rod. Thus, Chapters 2 and 3 clearly showed that exploration 

forces matter for the precision of the perceptual information in a haptic object 

manipulation task. Yet, it remains to be established how the absolute amount of force 

and the relative force contributions together determine the precision of these cues in a 

situation with multiple cues.  

 In the above paragraph ‘Optimizing perception or tuning the sensory system’ 

we argued that perceivers care about the precision of their perceptual estimate and 

that they adjust their movements to optimize their perceptual precision. In Chapter 3 it 

was revealed that the precision for moment of inertial increases with the magnitude of 

the exploration force. According to the proposal that participants aim for optimal 

precision, one would predict that perceivers move as fast as they can if they are not 

given any instructions on movement speed. Although we did not test such a condition, 

my intuitive guess is that this is not what perceivers will do. In this regard it is worth 

considering that the relationship between exploration force and perceptual precision 

was non-linear (see Figure 3.6). There was a steep decline in the Weber fraction 

(indication an increase in precision) in the lower force range, while the Weber 

fraction approached an asymptote (indicting a constant precision) for the higher force 

range. Thus, there is a lot of precision to gain when going from a low force to a 

medium force, but there is close to no gain in going from a medium force to a high 

force. It is possible that participants make a cost-benefit analysis, yet this suggestion 

is very speculative and remains to be examined. 

 

Gravity in proprioception in exploratory movements 

Part II of this thesis concerned the systematic errors that perceivers make when they 

estimate how far they have moved their arm in the horizontal plane. We hypothesized 

that these biases – an overestimation of arm-movement extent in the radial direction – 

are related to the magnitude of the gravitational torque. In particular, we hypothesized 

that the overestimation is related to the difference in gravitational torque between the 

start and end of the movement (∆Torque). To test this hypothesis we increased the 
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magnitude of ∆Torque. As predicted, this resulted in a greater overestimation. What 

does this finding imply for haptic perception? It is important to note that estimating 

movement extent is usually not the actual task that perceivers are asked to perform in 

an experiment. Their task is to estimate the length of a tangible line segment (e.g., a 

raised line drawing). In order to accomplish this task, perceivers make tracing 

movements over the stimulus. The errors in the haptic task (i.e., how long is this 

line?) are caused by a bias in the proprioceptive information (i.e., how far did I move 

my hand?) (Heller et al. 1997). Thus, where part I of this thesis showed that 

exploratory movement could be used to optimize the perceptual performance (i.e., to 

maximize the precision of the perceptual information), part II of this thesis showed 

that the proprioceptive information about exploratory movements can be inaccurate, 

thus biasing the haptic perception of object size.  

What does this particular bias reveal about the role of gravity in 

proprioception? The orientation of one’s arm in space is directly related to the 

position of the arm’s center of mass. The position of the arm’s center of mass is 

directly related to the magnitude and the direction of the gravitational torques acting 

on the arm. As such, gravitational torques can be a relevant information source in 

proprioception. Previous studies have manipulated the magnitude of the gravitational 

torque on the forearm in an elbow-matching task in the vertical plane (e.g., 

Worringham and Stelmach 1985; Winter et al. 2005). Others have manipulated the 

direction of the gravitational torques7 in elbow and whole-arm orientation matching 

tasks in the vertical plane (van de Langenberg et al. 2007) as well as in pointing tasks 

in the horizontal plane (van de Langenberg et al. 2008). These studies have 

demonstrated that both the magnitude and the direction of the gravitational torques 

alter the perceived limb orientation, and thus play a role in proprioception. The 

hypothesis proposed and tested in Chapters 4-5 concerns the perception of movement 

extent, a task that is more dynamic task than attaining certain reference limb 

orientation. What we found was not an effect of the magnitude or direction of the 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7 What the authors manipulated was the direction of the vector between the joint of 
rotation and the limb segment’s center of mass. A manipulation of this vector in the 
horizontal plane affects the direction of the axis around which the gravitational torque 
acts – it is as if the arm is rotated in horizontal plane. A manipulation of this vector in 
the vertical plane affects the arm orientation at which the gravitational torque is 
maximal – it is as if the arm is rotated in the vertical plane. This is what I refer to as a 
manipulation of the direction of the gravitational torques.  
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gravitational torque, but an effect of the difference in gravitational torque between the 

start and end of the movement. To the best of our knowledge, this was the first time 

that this latter measure (i.e., ∆Torque) was revealed as a relevant parameter in 

proprioception.  

It is unlikely that ∆Torque in itself provides a cue for movement extent; more 

likely, the perceptual cue is related to the muscle forces that are needed to produce a 

counteracting torque. Muscle force has previously been shown to be a major 

contributor to the errors in and the precision of proprioceptive position sense: when 

perceivers point with their one hand to their unseen other hand that has been passively 

moved to a certain position, their performance is poorer than when they have actively 

moved their hand to that position (e.g., Paillard and Brouchon 1968). The relationship 

between the ∆Torque-counteracting muscular forces and the magnitude of the 

perceptual bias remains to be determined. In Chapter 5 we found only a small increase 

in the overestimation of movement extent with a substantial increase in ∆Torque. This 

suggests that there is a non-linear relationship between the magnitude of ∆Torque and 

the cue to movement extent. A more detailed examination of this relationship, which 

can be obtained by reducing ∆Torque in small steps, would help to further our 

understanding of the neurophysiological mechanism that is responsible for the 

influence of gravity-counteracting muscular torque in this specific proprioceptive bias 

and perhaps in proprioception in general.  

 

Exploratory movements in haptic applications  

In the above paragraphs I have discussed some of the issues that should be addressed 

to enhance our understanding of how exploratory movements affect haptic perception. 

There is one relevant question that I have not addressed yet, namely what are the 

practical applications of such knowledge? One field in which knowledge about the 

interplay between exploratory movements and haptic perception is of major 

importance is that of teleoperation, which stands for operating from a distance (for an 

overview on this topic, see Sheridan 1989; Hokayem and Spong 2006). Teleoperation 

systems allow a human operator to be at one place while performing a task in another 

place that might be dangerous (e.g., a nuclear plant), that might be hard to reach 

because it is remote (e.g., in space), or that is hard to operate in because it is very 

small (e.g., minimal invasive surgery). Tele-operation works according to a master-
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slave principle: the human operator performs his actions on a master-machine, the 

master directs a slave-machine to mimic its movements, the slave returns visual and 

haptic information about the performed actions. A major engineering issue is that time 

delays in the communication between the master and the slave can make the system 

instable. The major perceptual issue is that of telepresence: the operator should feel as 

if acting in the real situation. The required transparency of the teleoperation system is 

greatly dependent on the quality of the artificial haptic feedback (De Gersem et al. 

2005). Imagine for example how hard it would be to tighten a screw with your hand 

without being able to feel the forces in your fingers. In order to provide high quality 

haptic feedback we need to know the requirements for the perceptual information and 

how these requirements depend on the exploratory movements of the human operator. 

Moreover, if we know that specific information sources, such as the difference in 

gravitational torque, impair veridical perception, these information sources could be 

adjusted or omitted to create haptic feedback with a quality that exceeds the natural 

situation.  

 

So… how does the ‘active’ affect our ‘active touch’? 

The work presented in this thesis shows that exploratory movements affect the 

precision of haptic perceptual information. This allows the perceiver to promote 

certain perceptual cues over others, that is, to zoom in on a specific information 

source. On the other hand, exploratory movements were also found to underlie biases 

in haptic estimates of object size, an effect that seems related to the muscular forces 

that are needed to counteract gravity.  

 




