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Computers that act like humans have been in science fiction movies for decades. 
How great (but also very dangerous) would it be if we could recreate a human being? 
Record signals from our brains and read them into the computer, as simple as that. 
This may sound very plausible, and is demonstrated in movies very realistically, 
however we are not quite as far yet. We can nowadays record signals from the brain 
in various ways, through fMRI, EEG, MEG, and we are just starting to figure out 
which part of the brain is active during different kinds of activities. However to make 
sense of the signals of the brain – to go from the recorded signals, to reconstruction 
of the brain - we have to know what these signals represent. We need to decode the 
brain.

Where do we start to decode the brain? There are many things we do in daily life, 
such as perceive, think, feel, speak, walk, listen, eat, and so on. The most important 
thing we need our brains for, as argued by Daniel Wolpert1, are movements. He 
argues that the largest purpose for living beings to have brains are movements. A nice 
example for this is the Sea squirt, once it does not have to move anymore it release 
the brain into the water. If movements are the most important purpose for our brain, 
it is a logical step to start figuring out how the brain codes them. 

 
This thesis is about movements and how they are coded.

What kind of movements?
There are many ways we can investigate movements and how they are coded. We 

can look at specific brain structures; we can record signals and evaluate how these 
signals change with different activities. However to know how the brain processes 
these activities we need to know how we respond to different types of input. That 
is why I looked at how humans behave, how they move under different types of 
circumstances.

There are different types of movements; one type of movements are reflexes. These 
movements are very quick, and therefore the motor commands are thought to be 
generated in the spinal cord, and not through the brain (only afterwards). The move-
ments I look at in this thesis are movements that are voluntary, they are assumed to 
have a movement plan prepared in the brain before the movement is executed. The 
movements that are studied in this thesis are voluntary movements toward a specific 
place: goal-directed movements. Because most movements towards specific objects 
we make in daily life are hand movements, we examined these movements.

Why do we move the way we do?
Humans are very similar on the one hand, we all stand upright, have arms and 

legs, etc. At the same time we are very different: the muscles of for example a swim-
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mer are very different than the muscles of a speed skater. Specifically looking at arms, 
different people have different lengths of arms, different strengths of the muscles, 
etc. Despite all these differences most humans move in similar ways from a start 
position to a target2: approximately straight, but a little bit curved. This similarity 
is a surprising finding, especially when you take into account that there are infinite 
possibilities to make a movement, also known as the degrees of freedom problem3. 
The question is: Why do we move the way we do? There are two possibilities: the 
trajectories are like this because we intended it to be this way, because it is in some 
way optimal. On the other hand it might be that we intended it otherwise, but 
constraints like biomechanics, differences in reference frames or perceptual misjudg-
ments cause the trajectory to deviate from our plan. In this paragraph I will discuss 
these possibilities.

 
We move the way we do because we intend it to be this way
Do we optimize something?

The answer to the question why we move the way we do might be that it is 
in some way the optimal way to do it. We might have a purpose to make a small 
curve in our trajectory. This purpose could be an optimization principle. We might 
move in a certain way because that is the trajectory that results in the least energy4,5, 
effort6,7, torque change8,9, jerk10,11 or joint rotation12. However, studies showed that 
energy consumption and torque change were not being optimized in fast planar arm 
movements13. The entire range of movement trajectories in human behavior could 
not be explained by optimizing models14. So it might be that we optimize something, 
but it might not be the only explanation.

We move the way we do because other factors cause differences in the 
way we intended to move
Are there mechanical constraints?

One of the reasons that movements are executed differently than that they are 
planned might be related to the biomechanics of the arm15-17. Boessenkool et al.15 
compared fast movements of the left and right hand. They found that movements 
of the left hand are the mirror image of movements of the right hand. In this case 
it is likely that biomechanics played a role, because the anatomy of the hand is also 
mirrored for the right and the left arm. The influence of biomechanical factors is 
supported by the fact that trajectories in a certain part of space show different curva-
ture than in other parts of space18,19. Biomechanical constraints might be particularly 
important when moving fast, but biomechanical constraints cannot explain all cur-
vature. For movements that have the same start and endpoint there are differences in 
curvature found, for instance when moving in opposite direction20. It has also been 
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shown that participants can move more straight if they are asked to do so16,21,22. From 
this we can conclude that it is clear that biomechanics are a major constraint on our 
movement behavior, but not the only reason why we move the way we do. 

Are there different coordinate frames?
Another reason that movements might be executed differently than planned 

might be that movements are planned in terms of positions or in terms of joint 
angles. Humans can plan their movements in different coordinate frames: frames 
relative to the workspace or frames relative to joint space. There is a nonlinear rela-
tion between positions in workspace and joint space2,23. If movements are planned 
to be straight in joint space, they will be curved in the workspace24-28. However, 
movements may also be planned in the workspace rather than in joint space2,10,25,29-32, 
or in a combination of the two33,34. So again, one theory cannot explain the whole 
range of experiments.

Is there a perceptual misperception?
A last reason that humans execute movements in a different way than they plan 

are planned is because of a misperception. The reason that movement trajectories 
are actually curved, might be that there is a distortion of visual space19,35,36. Wolpert 
et al.36 showed that humans prefer a movement to be visually straight, even though 
the actual movement they made was curved. It might also be that not visual space is 
distorted, but only the direction of the target is distorted. Many studies suggest that a 
misjudgment of direction could cause movement trajectories to be the way they are37-

40. That direction is misjudged might suggest that this is also one of the parameters 
that we use to plan a movement. What other parameters might be involved?

Information sources required for movement planning
That we do not know the full input/output relation of the brain suggests that the 

brain must have a smart design. This is obvious if we look at how robots are con-
trolled; their movements are not nearly as perfect as human movements. We believe 
that the brain codes movements in simple higher order parameters. This higher order 
information can be divided in two parts that are required to make a movement plan; 
the information about where the target is, and the information about how to go to 
the target.

Information about WHERE the target is.
There are several ways our brain can code where a target is in space. We can 

code the coordinates of a target relative to our eyes (visual)41, or relative to our body 
(proprioceptive)42 (for example shoulder or hand). These different types of coding 
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are called reference frames. Depending on what frame of reference we want to make 
our final reach plan, we need to combine information in a different way. However, 
we cannot combine different kinds of information. This problem can be solved in 
different ways; we can either transform one kind of information to another kind of 
information, so we are able to combine the two. It might also be that the information 
is always present, but the certainty of the information differs. In the next section I 
illustrate these differences in three simplified examples.

Different ways to combine target and hand information

In diagram A and B of figure 1.1 the final reach plan is coded in a visual or 
a proprioceptive reference frame, depending on the coordinates in which we need 
our reach plan. It has been proposed that we make a reach plan in proprioceptive 
coordinates42, but also reach plans in visual coordinates have been proposed41. We 
transform one estimate to other coordinates, and we can then compare them to 
each other to calculate the relative distance (if the movement is coded as a vector, 
or transform position information in the required coordinates if the movement is 
coded as a position, whether position or vector coding is used is described in the 
next section). For example for diagram A: we know the coordinates of the hand in a 
proprioceptive frame of reference, so we know the posture of our arm, and therefore 
the coordinates of the hand relative to our body. We know the coordinates of our 
head on our body and the coordinates and the direction of our eyes in our head, so 
we can – with all these steps – calculate the coordinates of the hand relative to our 
eyes. When we know both the target’s and the hand’s position in visual coordinates, 
we can combine them to calculate the relative distance, required for a movement. 

Diagram C of figure 1.1 needs extra reasoning: this diagram assumes that we 
always have the target and the hand in visual and proprioceptive coordinates, so we 
can combine them in an optimal way. Suppose that you have your mobile phone 
in your left hand, and want to touch the number 7 on it with your right hand. To 
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make a movement towards the number 7 with your right hand you have to know 
where the right hand is in space. You can feel it because you know how your posture 
is in space43. If you see the arm you know where it is in visual coordinates, or when 
you saw your arm, you might have a memory of it’s visual coordinates. How do you 
know where the number 7 is in space? You can see the number 7, so you know where 
the target is in visual coordinates. How do you know where it is in proprioceptive 
coordinates? You have a memory of where the hand was before, or maybe use the 
coordinates of the other hand that is holding the phone. Previous research showed 
that you can combine visual and proprioceptive coordinates in an optimal way to 
have a more precise estimate of where a target is44,45. In diagram C, it is assumed 
we do this for both the target and the hand, this diagram is previously shown to 
accurately describe human behavior46. 

Information about HOW to go to the target. 
When we have an accurate measure of where we are and where we need to go, 

we also need a reach plan how to get there. There are two theories in the literature 
on how the brain makes a reach plan to go from a start to a target position: vector 
coding and position coding.

Vector coded reach plans have a lot of support in the literature30,42,47-52. Convinc-
ing evidence for vector coding is the existence of the population vector49. The vector 
coding hypothesis describes that every neuron has a preferred direction. When we 
move in a certain direction, neurons in the primary motor cortex with that spe-
cific preferred direction fire the most. Combining the firing rates of all neurons 
reconstructs a population vector; this vector accurately describes the direction of the 
movement. Other evidence for vector coding is that the direction or the length of a 
movement is a parameter we use in movement planning30,38,47.

Recently, the existence of position coded reach plans gained more evidence53-59. 
In a study by Graziano et al.54 the primary motor cortex and premotor cortex of a 
monkey were stimulated for a longer period of time; the time it usually takes to make 
a reaching movement. Stimulation of a particular site of the cortex always resulted in 
arm movements towards the same end position, regardless of the direction and the 
start position of the arm. This suggests that there might be a map of the workspace 
that codes position. 

Why does it have to be either vector or position coding? It could also be a com-
bination of the two types of coding60-63. Scheidt and Ghez62, showed that learning 
movements focused on the movement trajectory only showed little transfer when 
a movement was made towards a specific position. This suggests that participants 
may use different types of coding for the different types of movements. Another 
study showed that only a small part of errors in movements could be explained 
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by errors made by perceiving the length of the movement (vector coding theory). 
That only a part of the errors could be explained by misperceiving length might be 
because vector coding is combined with position coding60. Recently was found that 
participants can learn the same movement when repeating the same position as well 
as repeating the same vector, which might also suggest a combination of vector and 
position coding64. 

How we investigate these movements?
Redundancy in ways to move

Humans move in approximately the same way despite differences between 
them. Moreover, there is a large number of degrees of freedom in the arm, so there 
is a redundancy in the way we can make an arm movement. That humans make 
movements in a similar way, despite all their differences and despite all the different 
possible solutions we can make a movement, may provide information on how a 
movement is coded in the brain. 

Curvature
That humans like to move in a visually straight line19 might suggest that they 

plan a straight line towards the target. However, when we look at trajectories of 
human movements: we see that they are curved even if the movements are very slow. 
This curvature has been explained in different ways. The curvature in movement 
trajectories was used to study trajectories of goal-directed movements in chapter 2 
and 3. In chapter 2 we removed information when participants moved towards a 
target to see if this caused curved trajectories. In chapter 3 we compared movements 
with perceptual estimates to see if they were related. 

Redundancy of information
When we move with our visible hand towards an object that we have in our 

other hand we have redundancy of information about the hand and the target, since 
we have both proprioceptive and visual information of the hand. It is known that 
when we have two sources of information, we are able to optimally combine these 
two sources and perform more accurately than when we have either of the sources 
alone44,45. When we remove available information when people have to perform a 
task, they start making errors. In this thesis we used the setup where people move 
toward visual targets, without seeing their hand. This setup causes large visuo-propri-
oceptive matching errors. The way people make these errors when there are different 
sources of information available may reveal which sources of information and to 
which extent people use these sources of information.

In chapter 4, 5 and 6 we use this setup to study human movements. In chapter 
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4 the same kind of movements with different information sources were repeated, to 
see if participants learn from these different sources of information. In chapter 5 we 
added an extra source of proprioceptive information to see if participants used this 
and in chapter 6 participants performed tasks with different hands and in a different 
order, so we could reveal the origin of visuo-proprioceptive errors.

In this thesis I contribute to the question how the human brain codes movements. 
When we know why humans move the way they do, we might know how move-
ments are coded in the brain. I studied the planning of goal-directed movements; 
by decoding actions we might discover the fundamental input/output relation of the 
brain.
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Abstract
Trajectories of goal-directed movements are less curved for movements over 

a surface (constrained) than for movements in empty space (unconstrained). 
To study whether this difference arises from feeling the surface slip across the 
skin or having to control the movements in a third dimension, we manipulated 
the available tactile information and the compliance of the surface. Participants 
were instructed to make straight movements towards haptic targets in the 
mid-sagittal plane. We found that constrained movements were less curved than 
unconstrained movements. The reduction of curvature was also visible with 
strongly reduced tactile information and for very compliant surfaces, so feeling 
the surface slip across the skin and having to control the movements in the third 
dimension are not critical. The reduced curvature when moving over a surface 
might arise from the extra information that the surface gives about the third 
dimension, or from the extra information about the direction of the movement 
provided by the additional force needed to overcome friction. 
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Introduction
When we make goal-directed movements, trajectories are generally not straight 

but slightly curved. It is not clear from the literature when a movement can best be 
described as curved and when it can best be described as straight. Some authors have 
called the trajectories of typical goal-directed movements approximately straight2,10 
while others have called them systematically curved18,20,37,38,65. The trajectories 
of movements from right to left in a horizontal plane typically have a maximum 
deviation from a straight line of between 5 and 10 percent of the length of the tra-
jectory9,16,18,20,35,37,38,65-71. The curvature in movement trajectories depends on the task 
constraints. For example, it is known that the instruction to move straight reduces 
the curvature in movement trajectories16,21,22, although the movement trajectories are 
still systematically curved with this instruction38. 

Curvature in movement trajectories is also known to depend on the position in 
the workspace18 and on movement direction19,38. For trajectories with the same start 
and target location, the curvature is influenced by whether or not one is moving over 
a surface21,22: movements over a surface (constrained movements) are less curved 
than movements in empty space (unconstrained movements). Despite several studies 
having examined the difference between these two types of movements (reviewed 
in the next paragraph), it is still unknown why these two types of movements are 
different.

In a study by Desmurget et al.21, participants made both constrained and uncon-
strained movements towards a target. With no instruction on how to move, uncon-
strained movements were more curved than constrained movements17,69. However, 
when the instruction was to move straight there was no difference in curvature 
between constrained and unconstrained movements. Desmurget et al. suggested that 
when there is no explicit instruction about the trajectory, constrained movements are 
planned in the workspace and unconstrained movements are planned in joint space. 
Bongers et al.17 suggested that when there is no reason to move straight people may 
let their hand be pushed towards an easy path.

We were interested in whether we would find less curvature for constrained move-
ments than for unconstrained movements when the task was to move straight. We 
examined this for movements in the mid-sagittal plane, where some unconstrained 
movements have been shown to be strongly curved18. If we find effects of constraints 
on curvature we could search for their origin. A possible reason for unconstrained 
movements being more curved even when trying to move straight is that some sourc-
es of information that are available for constrained movements are not available for 
unconstrained movements. One such source of information is tactile information 
about the direction in which the finger is sliding across the surface. Moreover, the 
surface provides extra information about the third dimension and moving over a 
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constrained surface assures that one dimension does not have to be controlled.
In two experiments we investigate the effect of constraints on movements in the 

mid sagittal plane. We investigate whether tactile information and the dimensions in 
which the arm must be controlled contribute to a smaller curvature in constrained 
compared to unconstrained movements. In experiment 1, the tactile information is 
manipulated. If feeling the surface slip across one’s finger improves judgments of the 
direction of motion, manipulating tactile information should influence constrained 
movements. In experiment 2, the level of compliance of the surface is varied. This al-
ters the extent to which the movement needs to be controlled in the third dimension. 
In both experiments we ask participants to move straight to the target.

Method
We performed two experiments that used almost the same methods.

Participants and experimental setup
This study was part of a program that has been approved by the ethics committee 

of the faculty of Human Movement Sciences. Eight right-handed participants (mean 
age 29 years, range 25-40 years) signed an informed consent form before participat-
ing in experiment 1. Eight different right-handed participants (mean age 26 years, 
range 23-29 years) did so for experiment 2. The participants were blindfolded and 
stood near the edge of a board that was either in their mid sagittal plane or 40 cm to 
the left of their mid-sagittal plane (see figure 2.1). On both sides of the board there 
were four discs with a height of 1 mm and a diameter of 10 mm, which could serve as 
start and target locations. In some conditions (unconstrained and fabric), the board 
was moved 40 cm to the left and four horizontal 40 cm rods, each with a thimble (tip 
diameter of 13 mm) at its end, were attached to the centers of the discs, (see figure 
2.1C and 2.1E). In these conditions, the four thimbles were at the same positions as 
the four disks in the other conditions (constrained and thimble). The height of the 
board was adjusted so that the participants’ noses were always at the same position 
with respect to the start and target locations. Trajectories were recorded with an 
OPTOTRAK 3020 system with a sampling frequency of 200 Hz 

Procedure
There were three conditions in experiment 1: constrained movements, constrained 

movements with a thimble on the moving finger and unconstrained movements. The 
order of the conditions was varied across participants. On each trial, participants 
reached with their left index finger towards the goal-location of the current trial 
and kept it there. The left index finger was on the left side of the board for the 
constrained and thimble condition, and in one of the thimbles in the unconstrained 
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condition. The participants then reached with their right index finger to the start 
location of the current trial. In the constrained condition, participants had to slide 
with their right finger over the board (figure 2.1B) to where they felt their finger at 
the other side of the board. They were instructed to do this by moving in a straight 
line. Participants were instructed to stop at the place they thought their finger was, 
and once they had stopped, not to correct if they noticed that they were wrong. 
In the thimble condition, the task was the same as in the constrained condition, 

Figure 2.1. Side (A) and top (B-E) views of the experimental setup. A) The four paths 
(pairs of start and target locations) used in the two experiments (dashed, and solid 
arrows) B) Constrained condition without thimble (experiment 1 and 2). C) Uncon-
strained condition (experiment 1 and 2). D) Constrained condition with thimble on the 
right index finger (experiment 1). E) (Soft or stiff) fabric condition (experiment 2). The 
participants only touched the board with their index fingers.
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but participants wore a thimble on their right index finger (figure 2.1D). In the 
unconstrained condition (figure 2.1C), the right index finger started on one of the 
thimbles, and participants were instructed to move towards their left finger that was 
placed in one of the other thimbles. 

In the unconstrained condition participants received feedback about errors at the 
endpoint of their movement when they touched, or did not touch, the thimble with 
their moving finger, or when they bumped into the thimble with their hand or arm. 
The discs at the target locations provided similar feedback in the constrained and 
thimble conditions. An infrared emitting diode (IRED) was placed on the nail of 
the index finger of the participant’s right hand for recording the movements. In the 
thimble condition, the IRED was placed on the tip of the thimble.

Experiment 2 was similar to experiment 1; two of the three conditions (constrained 
and unconstrained) were repeated, with two new intermediate conditions (soft and 
stiff fabric) so that there were 4 conditions in total. The intermediate conditions were 
movements over a stiff and a soft fabric, so that participants moved over surfaces with 
different levels of compliance. For these conditions, fabric was placed in front of the 
setup with the rods (figure 2.1E). The fabrics were attached to a frame that extended 
about 15 cm around the start and target locations on all sides. The participants 
started with their right finger on one of the thimbles, which could be felt through the 
fabric, and moved towards their left finger that was placed in another thimble.

For each of the four combinations of start and target location the shortest path 
was 65 cm (figure 2.1A). Based on earlier research18, we expected two of these paths 
to yield large curvatures (dashed arrow), and the other two to yield small curva-
ture (solid arrow). Each path was presented 10 times, giving a total of 40 trials per 
condition, in random order. The total number of trials per subject was thus 120 in 
experiment 1 and 160 in experiment 2.

Data analysis 
The start and end of the movement were defined on the basis of the movement 

direction between successive samples40,65. If this direction differed by more than 90 
degrees from the direction from the starting point to the target, we defined the signal 
as noise. The transitions between movement and noise were determined by moving 
backward and forward in time from the moment of peak velocity. These points were 
defined as the beginning and the end of the movement respectively. Mean movement 
times were determined for each participant and condition, and compared between 
conditions with a repeated measures ANOVA.

The movement plane was defined as the plane in which the movements were 
made when participants kept contact with the board in the constrained condition. 
For every trajectory, we determined the projection of the finger’s path onto the 
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movement plane, and took the maximal deviation from a straight line between the 
initial and final locations as our measure of curvature (sagittal deviation). Curvature 
away from the body was defined as positive, so if the sagittal deviation was away from 
the body the curvature was considered to be positive, and if it was towards the body 
the curvature was considered to be negative on that trial. For each participant, the 
average sagittal deviation was calculated for every path and condition. A Repeated 
Measures ANOVA (condition x path) was used to detect consistent curvature in the 
movement plane across participants. In the fabric conditions and the unconstrained 
condition participants could not only curve in the movement plane but also perpen-
dicular to this plane. As a measure for the curvature orthogonal to the movement 
plane we used the lateral deviation: the maximal deviation from the movement plane 
(to the right defined as positive). For experiment 2, a second repeated measures 
ANOVA (condition x path) was used to compare the mean lateral deviation. Partial 
Eta squared (η2) values were calculated as measures of effect size. 

Results
Experiment 1

The mean movement times were about 3.3s, and did not differ significantly 
between conditions. Figure 2.2 shows one participant’s trajectories. The trajectories 
are more curved in the unconstrained condition than in the constrained and thimble 
conditions. 

Figure 2.3 shows that this subject was no exception. Overall, the sagittal deviation 

10 cm

Constrained
Thimble
Unconstrained

Figure 2.2. One par-
ticipant’s trajectories for 
two of the four paths. 
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was larger in the unconstrained condition than in the constrained and thimble con-
ditions. The repeated measures ANOVA revealed an effect of condition (F2,14 = 16.8, 
p < 0.001, η2 = 0.71) and path (F3,21 = 3.9, p = 0.023, η2 = 0.36), and an interaction 
between the two (F6,42 = 16.9, p < 0.001, η2 = 0.61). Post hoc comparisons (with 
Bonferroni corrections for 3 comparisons the p-level should be less than 0.017) 
revealed that the deviation in the unconstrained condition was larger than that in 
both the thimble condition (p = 0.004) and the constrained condition (p = 0.003), 
and that there was no difference between the constrained and thimble condition (p 
= 0.40). The interaction is significant because this difference is larger for the paths 
for which more curvature was expected (dashed arrows in figures 2.1 and 2.3). The 
curvature was systematically larger for these paths for the unconstrained movements. 
The curvature was consistently away from the body: all mean values are positive. 

Experiment 2
The mean movement times were about 3.7s, and did not differ significantly be-

tween conditions. The sagittal deviation was larger in the unconstrained condition 
than in the other conditions (Figure 2.4a). The repeated measures ANOVA revealed 
an effect of condition (F3,21 = 19.1, p < 0.001, η2 = 0.73) and an interaction between 
path and condition (F9,63 = 5.1, p < 0.001, η2 = 0.42). Post hoc comparisons (with 
Bonferroni corrections for 4 comparisons the p-level should be less than 0.0125) 
revealed that deviations in the unconstrained condition were larger than deviations 
in the other three conditions (comparisons with constrained: p < 0.001, soft fabric: p 
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Figure 2.3. Mean sagittal deviation for each of the four paths in each of the three condi-
tions of experiment 1. Error bars represent the standard error when averaging the means 
of the 8 participants. The arrows show the direction of the movement path from the 
perspective shown in figure 2.1A. A positive deviation is away from the body.
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= 0.001, and stiff fabric: p = 0.003). There was no difference between the constrained 
condition and the two fabric conditions (compared to soft fabric p = 0.84; stiff 
fabric: p = 0.49) or between the two fabric conditions (p = 0.58). The differences 
between the unconstrained and the other three conditions were clearest for the paths 
for which large curvature was expected (dashed arrows), probably giving rise to the 
interaction effect.

The lateral deviation was to the right for the unconstrained condition and to 
the left for the two fabric conditions (figure 2.4B). A repeated measures ANOVA 
revealed an effect of condition (F3,21 = 30.4, p < 0.001, η2 = 0.81) and path (F3,21 = 
5.2, p = 0.008, η2 = 0.42). Post hoc comparisons (with Bonferroni corrections for 4 
comparisons the p-level should be less than 0.0125) showed that the lateral devia-
tion in the unconstrained condition was different from that in all other conditions 
(comparisons with constrained: p = 0.001, soft fabric: p < 0.001, and stiff fabric: p < 
0.001) and that also the lateral deviation in the constrained condition was different 
from that in all other conditions (soft fabric: p = 0.005, stiff fabric: p = 0.003).

Discussion
In this study we demonstrate that movements between some positions in the 

sagittal plane are less curved when the movements are constrained (movements over 
a surface) than when they are unconstrained (movements in free space), even when 
the task is explicitly to move straight. More importantly, we tried to discover the fac-
tors responsible for this. In experiment 1, we compared constrained movements and 
unconstrained movements with movements that were constrained but participants 
wore a thimble on their finger to remove information from feeling the surface slip 

−40

−20

0

20

40

60

Path

Sa
gi

tta
l d

ev
ia

tio
n 

(m
m

)

constrained
stiff fabric
soft fabric
unconstrained

A B

−40

−20

0

20

40

60

Path

La
te

ra
l d

ev
ia

tio
n 

(m
m

)

constrained
stiff fabric
soft fabric
unconstrained

Figure 2.4. Results of experiment 2. Mean sagittal (A) and lateral (B) deviation in each 
of the four conditions for the four movement paths. Error bars represent the standard 
error when averaging the means of the 8 participants. The arrows show the direction of 
the movement path from the perspective shown in figure 2.1A. A positive deviation is 
away from the body (A) or to the right (B).
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across the skin of the finger. In experiment 2, we compared unconstrained movements 
with movements constrained by surfaces with three different levels of compliance. In 
both experiments, the trajectories in the unconstrained condition were more curved 
than the trajectories in all other conditions. As we compared paths between precisely 
the same locations in space, differences in curvature between conditions cannot be 
explained by gravity or by the biomechanics of the arm. 

The two movement paths that were more curved for unconstrained movements 
than for constrained movements (dashed arrows in the figures) were the ones that 
were most curved in an earlier study18. The high curvature of these movements in 
the sagittal plane may account for the difference between our results and those of 
Desmurget et al.21, who had subjects move in the horizontal plane. 

In the introduction, we mentioned that a possible reason why unconstrained 
movements are more curved is that tactile information is available for constrained 
movements but not for unconstrained movements. Touch is known to increase stabil-
ity when standing72 and to improve the sense of position70,73. When pointing towards 
a finger with the finger of the other hand without vision of either finger, endpoint 
errors were reported to be smaller if participants held the fingertip of the reference 
hand against a surface than if the finger did not touch the surface67,71,74. Cutaneous 
receptors are efficient movement direction and velocity transducers75. For the sense 
of movement it is found that both tactile and proprioceptive measures contribute to 
movement detection76,77. In our study (experiment 1) the thimble reduced the tactile 
information that was available to the participants. In particular, participants could 
not feel the surface slip across the skin of their finger. This reduction of information 
did not make the movements more curved, so we can conclude that the absence of 
tactile information of surface slip is not responsible for the increased curvature in 
unconstrained movements. It has been shown before that when judging traveled 
distance cutaneous information about slip is hardly used66. We show that the same is 
true for avoiding curvature in movement trajectories.

A second related source of information is the force on the finger when we move 
over a surface. This force could be divided into two components: the force orthog-
onal to the surface, and the force that is caused by friction, which is opposite to the 
direction of motion. The thimble did not eliminate these two forces. Even with the 
thimble, the participants could feel that they contacted the surface by an orthogonal 
force and could feel the friction between the sliding thimble and the surface by 
a force opposite to the direction of motion. In experiment 2, we influenced the 
orthogonal force by manipulating the compliance of the surface. From the results 
we can conclude that the force orthogonal to the surface is not responsible for the 
differences in curvature in the movement plane. The force orthogonal to the surface 
is different for the constrained condition and the soft and stiff fabric conditions, but 
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there is no difference in curvature between the movements in these three conditions. 
The force opposite to the movement direction may be especially important. In a study 
of Bongers and Zaal17, a higher friction reduced curvature. The force opposite to the 
movement direction has been shown to contribute to haptic curvature judgments78, 
while the force orthogonal to the finger has been shown not to contribute much to 
haptic perception of curvature79, which is in agreement with our interpretations of 
our results. So the friction force might be one of the information sources that reduce 
movement curvature.

Another reason why constrained movements could be less curved than uncon-
strained movements is that a third dimension does not have to be controlled in 
movements over a constrained surface. When there is more to control, movements 
might become less precise due to higher muscle activation (more co-contraction), 
because in isometric force production precision is proportional to the mean force80,81. 
We found that the different levels of surface compliance did not affect the curvature 
of the movements. Movements were more curved in the unconstrained condition 
than in any of the other three conditions in experiment 2. It is therefore unlikely 
that having to control the movement in the third dimension causes the differences in 
curvature. The soft fabric moved with the finger when the finger pressed against it, so 
movement orthogonal to the fabric (lateral deviation) had to be controlled in the soft 
fabric condition as well as in the unconstrained condition. Nevertheless, the sagittal 
deviation for the soft fabric was the same as for constrained movements, rather than 
the same as for the unconstrained movements. So, the absence of control of a third 
movement-dimension is not the critical factor underlying the reduced curvature in 
constrained movements.

The soft fabric provided tactile information about the movement plane. Follow-
ing the fabric assures that in the dimension orthogonal to the fabric the location 
of the target is always reached, only uncertainty about the other two dimensions 
remains. In this case, we indirectly have more information about the location of the 
target. That movements over the soft fabric condition have the same curvature in the 
movement plane as ones in the constrained condition suggests that extra information 
about the target may help to make straighter movements.

In our experiments, participants were blindfolded and made movements towards 
haptic targets, whereas in other studies17,21,69 participants made movements towards 
visual targets. Although it is known that endpoint accuracy is better when moving 
towards visual targets than when moving towards haptic targets82, the curvature in 
movement trajectories hardly differs83,84. Movement times were around 3.5 seconds 
in our study, whereas they were around 0.5 seconds in other studies17,21,69. Various 
studies found that movement speed did not influence movement curvature85,86, We 
expect that our conclusions also apply to other movement times and target modal-
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ities, because the above-mentioned differences are modest in comparison with our 
finding that the curvature in unconstrained movements is almost twice as large as 
the curvature in all other movement conditions, but of course we cannot be sure of 
this.

Conclusion
The reduced curvature in constrained movements compared to unconstrained 

movements probably arises from the additional information about the position of 
the target in the third dimension that is provided by touching the surface and addi-
tional information about the direction in which one is moving along the surface that 
is provided by forces opposing motion across the surface due to friction. 
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Abstract
The trajectories of arm movements towards visually defined targets are curved, 

even if participants try to move in a straight line. A factor contributing to this 
curvature may be that participants systematically misjudge the direction to the 
target, and try to achieve a straight path by always moving in the perceived direc-
tion of the target. If so, the relation between perception of direction and initial 
movement direction should not only be present for movements towards visually 
defined targets, but also when making movements towards haptically defined 
targets. To test whether this is so, we compared errors in the initial movement 
direction when moving as straight as possible towards haptically defined targets 
with errors in a pointer setting task towards the same targets. We found a mod-
est correlation between perception of direction and initial movement direction 
for movements towards haptically defined targets. The amount of correlation 
depended on the geometry of the task. 
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Introduction
If participants are instructed to make a straight hand movement to a visually 

specified target, the movement path is slightly, but systematically, curved. This sys-
tematic curvature is shown in various tasks and circumstances. Several causes related 
to the biomechanics of the arm have been proposed15-17. It is likely that biomechan-
ical factors are particularly important in situations in which the dynamics play an 
important role: when moving fast. An important role for biomechanical factors is 
supported by the fact that some parts of the workspace show trajectories with more 
curvature than other parts of the workspace18,19. However, it is clear that biome-
chanical arguments cannot explain all curvature. For instance, there are differences 
in curvature for movements with the same start and endpoint20-22. It has also been 
shown that participants can move more straightly if they are asked to do so16,21,22. 

One biomechanical explanation why movements are curved is based on the 
nonlinear relation between positions in space and joint angles2,23. If movements are 
planned to be straight in joint space, they will be curved in the workspace24-28. How-
ever, movements may be planned in the workspace rather than in joint space2,10,25,29-32, 
or in a combination of the two33,34. 

A second possible biomechanical reason for following a curved trajectory is that a 
straight trajectory in the workspace need not be optimal. Models that produce curved 
trajectories include ones that minimize torque change8,9, energy consumption4,5 or 
joint rotation12. However, Kistemaker, et al.13 showed that energy consumption and 
torque change were not being optimized in fast planar arm movements. None of the 
above models can explain the entire range of curvature in movement trajectories14.

Beside the various biomechanical origins of curvature in goal-directed move-
ments, there may also be perceptual causes. Two possibilities have been raised: a 
distortion of visual space19,35,36 or a misjudgment of direction37-40.

A distortion of visual space would make a curved movement trajectory give the 
visual impression of being straight. Wolpert et al.19 asked participants to make trans-
verse and sagittal movements in the horizontal plane with a digitizing mouse. The 
transverse movements that the participants made were generally curved, whereas the 
sagittal movements were almost straight. These movements were compared with a 
curvature-perception experiment, in which the participants had to judge whether 
the trajectory of a moving dot was curved to the left or to the right, to asses what 
participants perceived as straight. What participants perceived as straight was cor-
related with the curvature in their transverse movements. The authors concluded 
that a perceptual distortion of visual space caused the curvature in goal-directed 
movements. In a later experiment, Wolpert et al.36 altered the visual feedback about 
the movements of the unseen hand in small increments so that straight movements 
would gradually look more and more curved. Participants spontaneously curved 
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their movements in the direction opposite to the perturbation to reduce the visually 
perceived curvature. Wolpert et al. concluded that hand trajectories were planned in 
visually based coordinates and that the desired trajectory is straight in visual space.

The second perceptual explanation is a misjudgment of direction at the start of 
the movement. In this explanation, the misjudgment of direction causes the initial 
direction of the movement to deviate systematically from straight towards the target. 
Direction continues to be misjudged during the movement, but by constantly reeval-
uating the direction errors are corrected as the movement progresses and the target 
is still reached, but by following a curved path. The explanation of a misjudgment of 
direction is consistent with the existence of populations of direction-selective cortical 
cells that are activated just prior to movement onset87. This inspired de Graaf and 
colleagues38 to test whether direction is a control variable for goal-directed move-
ments. They showed that similar errors are made in judging the direction towards 
a target as are found in the initial movement direction of a movement towards the 
same target. 

A relation between movement curvature and direction perception was also found 
in studies from our lab37,40. Brenner et al.37, explored the influence of an oriented bar 
on the curvature of movements towards that bar in a movement task and a percep-
tion task. The orientation of the bar affected both the curvature in the movement 
trajectory and the curvature of a moving dot’s path. The critical finding was that the 
orientation of the bar did not affect curvature judgments for a static curved line, 
which implies that the curvature in hand movements is not caused by a general 
distortion of visual space. From this combination of results, Brenner et al. concluded 
that a misjudgment of direction caused a part of the curvature in the movement 
path. Further support for this conclusion was provided by Smeets and Brenner40. 
They argued that if curvature is due to starting in the wrong direction, the deviation 
from a straight line should be asymmetrically distributed, with errors building up 
in the initial part of the trajectory. They reported that curvature is asymmetrically 
distributed over the paths, with larger deviations in the second half of the path. 

If a misjudgment of direction when planning goal-directed movements con-
tributes to a curved trajectory, the relation between initial movement direction and 
misjudgment of direction should not only hold for visual targets, but also be present 
in other modalities. In haptics, large systematic errors in perception of direction 
are made in a pointer setting task88. If the movement curvature is partly caused 
by a misjudgment of direction, the large systematic errors in haptic perception of 
direction should lead to errors in initial movement direction for movements towards 
haptically defined targets. 
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Experiment 1
In experiment 1a, we will compare the initial movement direction in movements 

towards haptically defined targets with orienting a pointer towards the same targets. 
For comparison, we will also examine the initial movement direction in movements 
towards visually defined targets with orienting a pointer towards the same targets 
in experiment 1b. If errors in initial movement direction and in orienting a pointer 
are correlated, it is likely that a misjudgment of initial direction contributes to the 
curvature in goal-directed movements. As we expect larger directional errors in the 
haptic modality than in vision, we expect a higher correlation in experiment 1a than 
in experiment 1b.

Method
Participants and experimental setup. This study is part of a program that has been 

approved by the ethics committee of the faculty of Human Movement Sciences. A 
group of 10 participants signed an informed consent form before participating in 
the study. There were 9 right-handed participants and 1 left-handed participant. The 
participants were seated in front of a table (figure 3.1). In experiment 1a they were 
blindfolded. On the table were three start locations on the right and two target loca-
tions on the left for right-handed participants, and the opposite for the left-handed 
participant. This resulted in six combinations of start and target location. The start 
locations were holes with a diameter of three mm. A pinhead with a diameter of 
about three mm was situated at the target location of the current trial. A pointer 
could be placed in one of the three holes that served as start locations. The pointer 
was seven cm long, three mm wide and could rotate around a pin at its center. The 
start and target locations were placed in such a way that they were comfortably 
reachable for all participants, without extreme joint angles. The positions were the 
same for all participants. The combinations of start and target location were either 51 
or 40 centimeters apart. Data were recorded with an Optotrak system at a sampling 
rate of 200 Hz.

Procedure
Each experiment consisted of two tasks, a pointer-setting task and a slow move-

ment task. The order of the tasks and experiments was randomly assigned across 
participants. Each task had 60 trials, 10 for every combination of start and target 
location. The order of the trials was semi-random, ensuring that both the start and 
target location differed between consecutive trials. 

In the slow movement task in experiment 1a, the participants felt the target 
with the non-preferred hand during the whole trial and were instructed to move 
with the tip of the index finger of the preferred hand over the table from start to 



3

Chapter 3

36

43°

Pointer setting Slow movement

Pointer setting Slow movement

Haptic

Visual

1A

1B

-22°

-15°

-43°

15°

22°

Figure 3.1. Experimental setup for experiment 1 (top panel: experiment 1a, lower 
panel: experiment 1b), as seen from above for a right-handed participant. The three 
start locations (or locations where pointer is placed) are on the right, and the two target 
locations on the left. The pointer-setting task is shown on the left with an example 
how the pointer (red line) was placed, and the slow movement task is on the right. The 
dashed lines indicating the six possible combinations of start and target locations were 
not visible in the experiment. 
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target location. Right-handed participants moved to the left, and the left-handed 
participant to the right. Participants were instructed to move as straight as possible 
towards the target, and to make sure to arrive at the target. They were not explicitly 
instructed to move at a certain speed, but the instruction regarding accuracy made 
them move quite slowly. An infrared emitting diode (IRED) was attached to the nail 
of the index finger of the participant’s preferred hand to record the slow movements. 
In the pointer-setting task participants oriented a pointer that was at one of the start 
locations towards a target location. For recording the orientation of the pointer, 
IREDs were placed on both its ends. The participant rotated the pointer with the 
preferred hand, and felt the target with the other hand. Once they reported that the 
pointer had the correct orientation, the orientation was recorded for 1 second. 

In experiment 1b, the participants were seated in front of the same table as in 
experiment 1a, but in this experiment they moved their hand or oriented the pointer 
towards a visually presented target (figure 3.1b), rather than towards a target that 
they felt. The participants could see everything from start location to target location 
and were not limited in where they were allowed to look, but were instructed to 
keep their head at the same position. They were allowed to see their hand, because 
it has previously been shown that visual feedback about the hand does not affect the 
curvature69 or the initial movement direction39 of hand movements over a surface. 

Data analysis. 
We defined the start and endpoint of the movement as the points at which the 

signal could no longer be distinguished from noise. The trajectory was defined as 
noise if the movement direction of two subsequent pairs of samples differed by more 
than 90 degrees from the main movement direction. The transitions between move-
ment and noise were determined by moving backward and forward in time from the 
moment of peak velocity. These transitions were defined as the beginning and the 
end of the movement. The initial movement direction was defined by a line between 
the start location and where the trajectory reaches a radial distance of 3.5 cm from 
the start location. We chose a radial distance of 3.5 cm because this matched the dis-
tance between the tip of the pointer and its pivot point. This distance corresponded 
to 6 – 9 % of the movement path. The angle between this line and the line from start 
to target location was the initial error in the movement task. A deviation away from 
the participant (clockwise for the right-handed participants) was defined as positive. 
The error in the pointer-setting task was defined as the angle between the pointer and 
a line connecting start location and target location. 

For each participant in each task, median errors were determined for each combi-
nation of start and target location. Medians were used because there were occasional 
outliers and by using the median we did not have to detect or define outliers. A 
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Figure 3.2. Results of experiment 1a. Relation between the error in the pointer-setting 
task and the error in the initial movement direction A: Each data point represents the 
median value for one participant and one of the combinations of start and target loca-
tion. The error bars represent the SEM across the 10 trials. B: each data point represents 
the mean of the six medians of one participant. The error bars represent the SEM across 
combinations of start and target location. C: each data point represents the mean of the 
10 medians for one combination of start and target location. The error bars represent 
the SEM across participants.

Figure 3.3. Results of experiment 1b. Relation between the error in the pointer-setting 
task and the error in initial movement direction. Details as in figure 3.2.
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regression analysis was performed to examine to what extent errors in perception are 
responsible for errors in initial movement direction. To consider the trends within 
subjects despite large (random) differences between participants (i.e. to consider the 
correlations between the six points per participant), we used a Generalized Esti-
mating Equation (GEE) to define the relation between errors in initial movement 
direction and errors in perception of direction. 

To separately examine the correlations between the tasks that arise from par-
ticipant-specific biases and ones that arise from errors specific to combinations of 
start and target location, we also conducted two additional regression analyses. To 
take into account that the errors in both the pointer setting task and the initial 
movement direction have uncertainty, orthogonal least square (OLS) regression 
analyses were performed. To examine the participant-specific biases, the means of the 
median errors for the six combinations of start and target location were calculated 
per participant, and an OLS regression was performed. To examine the errors specific 
to combinations of start and target location, a second OLS regression was performed 
on the mean of the median errors for the ten participants per combination of start 
and target location.

The regression analyses described above are best understood by considering the 
two extremes of the possible relationship between the error in initial movement 
direction and the error in the pointer-setting task. If the direction is misjudged 
systematically and the hand moves in the perceived direction, we would expect a 
slope that approaches 1 and an intercept of about 0 (points scattered around the 
unity line). On the other hand, if directions are not misjudged systematically, or 
if the judgments of direction that determine how the hand moves are unrelated to 
judgments of direction when setting the pointer, no correlation is expected in the 
data. 

Results
On average, participants took 3.3 ±1.6 s to make the movements towards hapti-

cally defined targets and 2.0 ± 1.1 s to make the movements towards visually defined 
targets (means ± standard deviations). As expected, there were systematic errors 
in both tasks (results are shown in figures 3.2 and 3.3). Regression analyses were 
performed to examine to what extent errors in perception could be responsible for 
errors in initial movement direction. Figure 3.2A shows the median errors of initial 
movement direction and of the pointer-setting task for experiment 1a. The data 
points scattered around the unity line, but with a slope that was considerably smaller 
than 1, for all three analyses. The GEE regression analysis showed that the errors 
were related by a slope of 0.2 (p< 0.01, C.I. = 0.10 – 0.30). The OLS regression 
analyses revealed similar slopes to those of the overall analysis across participants 
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after averaging the median errors across the six combinations of start and target 
location (0.20; R2 = 0.88; figure 3.2B) and across combinations of start and target 
location after averaging the median errors across participants (0.27; R2 = 0.95; figure 
3.2C). 

The systematic biases in initial movement direction in experiment 1b were about 
as large as in experiment 1a. The biases in the pointer-setting task were larger for ex-
periment 1a than for 1b. The clear correlation between errors in these two parameters 
that was present in the haptic experiment was not present in the visual experiment 
(see figure 3.3). The GEE regression analysis revealed a slope of -0.18, which was 
not significantly different from 0 (p = 0.18; C.I. = -0.45 – 0.09; figure 3.3A). When 
averaged per participant or per combination of start and target location, the slopes 
became 2.47 (R2 = 0.75; figure 3.3B) and -0.41 (R2 = 0.88; figure 3.3C), respectively. 
When averaged per combination of start and target location, a clear separation be-
tween two sets of combinations of start and target locations was found (figure 3.3C). 
The separation was between the movements away from the body (under the unity 
line) and movements towards the body (above the unity line). 

Discussion
This experiment compared errors in the initial movement direction for slow 

movements towards haptically and visually defined targets with setting a pointer 
towards the same targets. If the curvature in hand movements is partly caused by a 
misjudgment of direction, the errors in initial movement direction should correlate 
with the errors in perception of direction. In experiment 1a we found that the slopes 
of the analyses (figure 3.2) were significantly different from 0, but also from 1. That 
the slope is different from 0 suggests that the initial movement direction is partly 
based on the perceived direction. That the slope is considerably lower than 1 suggests 
that a misperception of direction only accounts for part of the variability. 

For experiment 1b we found that overall the errors in initial movement direction 
were not related to errors in perception of direction for visually defined target. This 
confirms our expectation that there would be a better correlation between errors 
in initial movement direction and errors in pointer settings for haptically than for 
visually defined targets. That there was no correlation in experiment 1b was not 
expected from the literature, as visual perception of direction and initial movement 
direction were previously found to have similar errors38. Possibly, the systematic er-
rors from perceptually misjudged direction in experiment 1b are much smaller than 
errors from other origins. Errors in the pointer-setting task were larger for haptics 
than for vision, which is in agreement with the larger errors for haptics than for 
vision when setting two bars to be parallel89. 

When we look at figure 3.3C we see a separation between the combinations 
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of start and target location that result in movements and pointer settings that are 
directed away from the body and ones that are directed towards the body. We there-
fore performed two separate regression analyses post-hoc on the combinations of 
start and target location away and towards the body for the averaged data shown 
in figure 3.3A. The GEE regression analyses revealed clearly positive slopes of 0.57 
for movements away from the body and 0.31 for movements towards the body (not 
shown). Thus, if movements towards the body and ones away from the body are 
treated separately, the error in initial movement direction and the error in the point-
er-setting task to visually defined targets do have a positive correlation. The slope for 
movements away from the body is larger than the slope for movements towards the 
body. 

A difference between our study and the study of de Graaf et al.38 is that they 
looked at movements that were mainly away from the body, whereas we looked at 
movements that were mainly sideways. In another study, de Graaf et al.90 showed 
that the pattern of errors in initial movement direction for movements to various 
targets shifts when the starting point and targets are all shifted to the right. Although 
these were still movements away from the body, and the errors in initial movement 
direction were not compared with errors in perception of direction, the dependence 
on egocentric position suggest that the relation between initial movement direction 
and perception of direction may be related to the body, and therefore be different 
for lateral and sagittal movements. As already mentioned, lateral movements are also 
more curved than sagittal movements in the horizontal plane19. 

Figure 3.4. Experimental setup for experiment 2. Upper panel: top view of the slow 
movement task. Lower panel: side view of the pointer-setting task. 
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Experiment 2
In experiment 1a, a modest relation was found between the error in initial 

movement direction and the perceived direction towards haptically defined targets. 
This modest relation was specific for haptically defined targets. No such relation was 
found for an almost identical experiment with visually defined targets (experiment 
1b). However, when we later analyzed combinations of start and target locations 
away and towards the body separately for experiment 1b, we found clearly positive 
slopes, that were steeper than the slopes in experiment 1a. Moreover, the slope for 
combinations of start and target locations that gave rise to movements away from the 
body were higher than those for movements towards the body. 

De Graaf et al.38 found similar errors for orienting a pointer towards visual targets 
and for the initial movement direction towards the same targets. However, they used 
a different task geometry than in our study; only movements away from the body 
were tested. The direction to the target may determine the contribution of errors in 
direction judgments to both tasks. Kappers and Koenderink88 found larger systemat-
ic errors in pointer-setting for haptically defined targets in the lateral direction, than 
in the sagittal direction. Even larger systematic deviations were found when partic-
ipants had to set two bars to be parallel in the mid sagittal plane91. Goal-directed 
movements in the sagittal direction are nearly straight in the horizontal plane2,10,19, 
but large curvature in movement trajectories was found in the mid-sagittal plane18. 
Considering the larger systematic errors in the mid sagittal plane we repeated ex-
periment 1 in that plane (for movements and pointer setting away from the body). 
In addition, we examined the possible difference between movements away and 
movements towards the body. Preliminary results of this experiment were published 
in conference proceedings92.

Method
A group of 10 right-handed participants gave their informed consent to partici-

pate in this study. These 10 participants performed experiment 2a and 2c, and 8 of 
them performed experiment 2b. The participants were seated in front of a board. 
For experiments 2a and 2c they were blindfolded. The board was in the participants’ 
mid sagittal plane (figure 3.4). On one side of the board there were three holes that 
served as start locations. On the other side of the board there were two pinheads that 
served as target locations. The combinations of start and target location were 51 to 
58 centimeters apart. For experiments 2a and 2c the participants felt the target with 
their left hand on the left side of the board. They oriented the pointer or moved with 
the right hand on the right side of the board towards where they felt their left finger 
on the left side of the board. For experiment 2b participants oriented the pointer 
or moved their hand towards visually defined targets. By rotating the board 180 
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degrees, we could change the task geometry. For experiments 2a and 2b the start 
locations were situated at the near end of the board, and the target locations at the far 
end of the board, so that the participants made movements or oriented the pointer 
away from the body. For experiment 2c the start locations were at the far end of the 
board. In all cases, an upward deviation was defined as positive. 

Results
On average, participants took 3.1 ± 1.4 s to make the movements in experiment 

2a, 2,3 ± 2.3 s in experiment 2b and 3.2 ± 1.8 s to make the movements in experi-
ment 2c. Participants ended on average 1.2 ± 2.2 cm below and 3.2 ± 2.4 cm in front 
of the target when making movements in experiment 2a, and 0.6 ± 2.1 cm below and 
2.4 ± 2.4 cm in front of the target when making movements in experiment 2c. 

The relationship between pointer settings and initial movement direction was 
similar to what we found for the horizontal plane in experiment 1, both for haptically 
defined targets and visually defined targets. There were positive slopes for the relation 
between initial movement direction and pointing for haptically defined targets, but 
not for visually defined targets (figure 3.5, 3.6 and 3.7). The slope for movements 
and pointing towards haptically defined targets away from the body (0.39; CI = 0.23 
– 0.53; figure 3.5A) was slightly steeper than the slope for movements and pointing 
towards the body (0.22; CI = 0.09 – 0.35; figure 3.7A) and than the slope in ex-
periment 1. There was no relation between errors in initial movement direction and 
pointing towards visually defined targets (0.06; CI = -0.10 – 0.22; figure 3.6A). 
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 Figure 3.5. Results of experiment 2a. Relation between the error in the pointer-setting 
task and the error in initial movement direction. Details as in figure 3.2.
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To further explore the difference between experiment 2a and 2c we also calcu-
lated the slope of the combinations of start and target location per participant. The 
mean slope was 0.95 for movements away from the body (experiment 2a) and 0.29 
for movement towards the body (paired t-test t9 = 1.94, p = 0.085). All dots are near 
the unity line for experiment 2a, whereas the dots are to the right of the unity line 
for experiment 2c. The dots being to the right of the unity line indicates a systematic 
bias to orient the pointer upward. 
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Figure 3.6. Results of experiment 2b. Relation between the error in the pointer-setting 
task and the error in initial movement direction. Details as in figure 3.2.
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Figure 3.7. Results of experiment 2c. Relation between the error in the pointer-setting 
task and the error in initial movement direction. Details as in figure 3.2. 
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 Discussion
In this experiment we compared the relation of misjudgment of direction to the 

initial movement direction in the mid-sagittal plane. We confirmed our findings 
from experiment 1 that the initial movement direction was related to the perception 
of direction for haptically defined targets, but not for visually defined targets. A pos-
sible explanation is that systematic errors in judging the direction towards visually 
defined targets are too small in comparison to other systematic sources of movement 
variability to introduce a clear relation between initial movement direction and 
perception of direction. 

There was an overall bias to orient the pointer upwards in the pointer-setting 
task when orienting the pointer towards the body that was not seen when orienting 
the pointer away from the body. This systematic bias was not present in the initial 
movement direction, suggesting that we know the direction towards the target, but 
make an error in judging the orientation of the pointer. The felt orientation of a bar 
is known to be systematically biased88. 

General discussion
In this study we investigated the relation between the perception of direction and 

the initial movement direction towards haptically defined targets. If the curvature in 
goal-directed movements is caused by a misjudgment of direction, the initial move-
ment direction of goal-directed movements should be related to errors in judging 
direction. We found that errors in initial movement direction were indeed related to 
errors in perception of direction for movements towards haptically defined targets. 
For all three experiments towards haptically defined targets, the errors in initial 
movement direction were correlated with the errors in the pointer-setting task. 

Miall and Haggard68 found no relation between haptic perception and move-
ments towards haptically defined targets, which might seem to contradict our 
findings. However, the important difference between their experiments and ours 
is that they related movement curvature with haptically perceived curvature, rather 
than initial movement direction with the perceived direction to the target point. If a 
misjudgment of direction contributes to the curvature in goal-directed movements, 
a relation would not have to be present between haptic perception of curvature and 
curvature in goal-directed movements. Just as Brenner et al.37 showed that a slanted 
bar influences the curvature of goal-directed movements and judgments about a 
moving dot’s path, but not judgments about a static line’s curvature. The fact that 
Miall and Haggard did not find a relation whereas we did supports the notion that 
curvature is not due to a general deformation of (haptic) space.

In experiments 2a and 2c participants received no feedback about whether they 
reached the location of the target, whereas in experiments 1a, 1b and 2b they did. In 
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experiment 1a feedback about whether they reached the location of the target was 
obtained from touching the other hand. In experiment 1b and 2b it was obtained 
from seeing the moving hand and the target. The feedback that the participants 
received in experiments 1a and 1b could not have influenced subsequent movements 
much, because the errors did not clearly decrease over the course of the experiment. 
To examine this we calculated a separate median error for every combination of start 
and target location for the first half and the second half of the experiment (for every 
participant). There was no difference between the errors in the first half and the 
second half of each experiment, except for the slow movement task of experiment 
2b. For this experiment the errors were 1 degree smaller (0.72 ± 4.9 vs -0.45 ± 4.4 
degrees) in the second half of the experiment compared to the first half. Note that 
the lack of systematic changes in initial movement direction does not imply that 
there are no corrections during the movement to bring the hand to the target. 

Our study shows that curvature in movement trajectories could partly be ex-
plained by a misjudgment in direction. This is analogous with the observation that 
participants follow curved paths when walking towards a target if their judgments 
of direction are artificially disrupted by making them wear prism glasses93. Rushton 
et al. interpreted this as evidence that participants were continuously guided by 
their judgments of egocentric direction. If a person consistently misperceives the 
direction towards the goal, the person will systematically walk in a slightly different 
direction than straight towards the target. By constantly reevaluating the direction 
to the goal, and moving with a constant heading error due to the perceptual error, 
the person will reach the target by following a curved trajectory. Whether systematic 
misperceptions of the direction towards the target are responsible for the curvature 
in goal-directed movements in a similar manner as proposed for walking remains to 
be investigated. 

In a study by de Graaf et al.90, the errors in the initial direction of slow arm 
movements were not influenced by the length of the trajectory or by the distance 
between the whole stimulus configuration and the body. De Graaf et al. interpret 
these results in relation to the vector-coding of movements47,48. However, it has also 
been proposed that some movements are planned in terms of endpoints rather than 
movement vectors58,94. De Grave et al.60 proposed a combination of vector and posi-
tion coding. De Grave et al. investigated hand movements on the Brentano illusion, 
a combination of the two versions of the Müller-Lyer illusion in which the two 
halves of a single line appear to be of different lengths although they are not. They 
argued that the illusion is an illusion of length and not of position. Therefore it will 
only have an effect if the judged length is relevant, and thus only if movements are 
coded in terms of vectors. The illusion indeed had an effect when the movement 
was along the illusion but not when it was from outside the illusion. However, even 
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when moving along the illusion the effect of the illusion was smaller than expected 
on the basis of the perceptual effect of the illusion. How much smaller depended on 
the visibility of the target and the hand. This was interpreted as vector coding being 
combined with position coding in a manner that depends on the circumstances. 
Recently, more evidence for a combination of vector and position coding has been 
found. It has been shown that individual neurons can be tuned to target location 
and initial movement direction simultaneously95. Moreover, Hudson and Landy64 
confirmed, by analyzing the scatter in endpoints of repeated movements, that both 
position coding and vector coding are used in the same task.

If goal-directed movements arise from a combination of vector and position 
coding, our results suggest that vector coding plays a larger role in movements away 
from the body than in movements towards the body. This may be because we have 
more experience with manipulating targets close to the body and therefore have a 
better sense of position nearby the body. Support for position coding for movements 
ending near the body can be found in the presence of neurons in the monkey precen-
tral cortex which, when stimulated, give rise to movements ending near the mouth54. 
This end position was reached for different starting positions, which suggests that 
these neurons code the endpoint of movements towards the body rather than a 
movement vector.

Conclusion
We found a relation between the perception of direction and the initial move-

ment direction towards haptically defined targets. This supports the idea that a mis-
judgment of direction could contribute to curvature in trajectories for goal-directed 
movements. The extent to which the errors in perception of direction and initial 
movement direction are related differs for different task geometries. 
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Abstract
Two different ways to code a goal-directed movement have been proposed in 

the literature: vector coding and position coding. Assuming that the code is fine-
tuned if a movement is immediately repeated, one can predict that repeating 
movements to the same endpoint will increase precision if movements are coded 
in terms of the position of the endpoint. Repeating the same movement vector 
at slightly different positions will increase precision if movements are coded in 
terms of vectors. Following this reasoning, Hudson and Landy (2012) found ev-
idence for both types of coding when participants moved their hand over a table 
while the target and feedback were provided on a vertical screen. Do we also see 
evidence for both types of coding if participants repeat movements within a more 
natural visuo-motor mapping? To find out, we repeated the study of Hudson and 
Landy (2012), but our participants made movements directly to the targets. We 
compared blocks of repetitions of endpoints and blocks of repetitions of move-
ment vectors with blocks with the same movements in random order. We found 
no benefit of repeating either a position, or a vector. We subsequently repeated 
the experiment with a similar mapping between movements and images to those 
used by Hudson and Landy, and found that participants only clearly benefit 
from repeating a position. We conclude that repeating a position is particularly 
useful when dealing with unusual visuo-motor mappings.
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 Introduction
There are many possible ways to move ones hand towards an object, but humans 

tend to move in a specific way96. The biomechanics of the arm are very complicated, 
with many muscles contributing to any goal-directed arm movement. Many theories 
of motor control therefore assume that goal-directed movements are initially planned 
in some relatively simple higher-level manner, and that this plan is then converted 
into precise motor commands. Two hypotheses about how these movements are 
planned have received much attention: that they are planned in terms of the direction 
and distance towards the target (vector coding), or that they are planned in terms of 
the desired position of the hand or configuration of the arm (position coding). 

There is ample evidence in the literature for both vector coding30,42,47-52 and po-
sition coding53-59. Thus, some movements may rely on vector coding and others on 
position coding, or all movements could rely on a combination of the two types of 
coding60-63,65. What determines how movements are coded? 

One could assume that the combination of codes that gives the most precise 
movement will be used. If so, and if a code becomes more precise when it is repeated 
over trials, a code that is repeated will contribute more to the movement. Hudson 
and Landy64 tested this hypothesis by asking participants to make hand movements 
towards targets on a table while they saw the targets and the feedback on a computer 
screen in front of them. The movements were presented in different blocks, either 
consisting of movements towards a certain target position from different directions 
(to reveal benefits incurred by improving the coding of the final position) or by re-
peatedly moving the same distance in the same direction between different positions 
(to reveal benefits incurred by improving the coding of the movement vector). They 
found that the shapes of the endpoint distributions for identical starting positions 
and targets were different for the two blocks, and concluded that movements were 
coded both in terms of positions and in terms of vectors. As the visual information 
was provided on a vertical screen while the movements were made on a table, partic-
ipants had to learn a new visuo-motor mapping. The finding that movements were 
coded both in terms of positions and in terms of vectors could therefore have been 
influenced by having to learn this new mapping. 

Do we also see evidence for both of these types of coding if participants do not 
have to learn a new mapping? To find out, we repeated the study of Hudson and 
Landy64, but our participants saw the targets and feedback on the table on which 
they made the movements. 
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Method
Participants and experimental setup

Twelve right-handed participants took part in the experiment, which is part of a 
program that has been approved by the ethics committee of the faculty of Human 
Movement Sciences. All participants signed an informed consent form before par-
ticipating in the study. They were not informed about the purpose of the study. The 
participants were seated in front of a mirror setup (figure 4.1). In this setup targets 
were projected on a horizontal screen above a mirror. The participants could see the 
targets reflected by the mirror, as if they were on the tabletop below the mirror. The 
participants moved their invisible hand across this tabletop. Data were recorded with 
an Optotrak 3020 system at a sampling rate of 200 Hz. 

 
Procedure

At the start of the experiment, the participants moved with their right index 
finger to a blue dot (1 cm diameter) at the starting position. They could not see 
their finger, but received feedback about its position whenever it was less than 5 cm 
from the starting position. The feedback was provided in the form of a white dot 
(5 mm diameter) that followed the position of the participant’s finger. When the 

Figure 4.1. Experi-
mental setup. Partic-
ipants made move-
ments on the tabletop 
to targets that they 
saw reflected in the 
mirror.
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participants had accurately placed the finger at the start position (within 2 mm of 
it for more than 0.1s), the feedback of the finger disappeared, and the dot jumped 
to the target position and turned green. The participants were instructed to move 
as accurately as possible to the target position, but the movement was not to take 
more than 300 ms. They could start moving any time after a beep that was played 
50 ms after the target appeared. The endpoint of the movement was defined as the 
position at the moment the speed was below 7.5 cm/s (movement onset was defined 
by the same velocity threshold). Once participants finished their movement, a red 
dot appeared, providing feedback about the endpoint of the movement. This static 
red dot remained visible until the participant’s finger was at the next start position. 
An additional white dot appeared when participants’ fingers were within 5 cm of the 
next start position. If the movement took longer than 300 ms, the notification “too 
slow” was displayed (and a sound was played) to encourage the participants to make 
faster movements.

We used 6 different target positions, each combined with 6 different start po-
sitions that were always 11.8 cm from the target, which resulted in 36 start-target 
combinations (figure 4.2). Each start-target combination was repeated 12 times. We 
ordered the 12 repetitions of the 36 combinations of start and target positions in 
three ways within four blocks of trials: a repeated position block, a repeated vector 
block, a random block and a repeated position with curved trajectory block (repeat-
ed position via block). In the repeated position block participants made sets of 72 
movements towards one target, while the starting position (and thus the direction of 
the movement) varied across trials. The starting position was chosen semi-randomly: 
the six possible starting positions were each chosen once in random order, after which 
the six starting position were each presented again, and so on, with the additional 
provision that the starting position was never the same on consecutive trials (when 
switching to a new group of six starting positions). After a set of 72 trials for one 
target, the experiment continued with a set of 72 trials to the next target, without 
any notice. This was repeated until all six targets had been tested (432 movements). 
The repeated vector block was designed in a similar way, but in this block partici-
pants repeated the same movement vector towards different targets 72 times before 
switching to another vector. The target was chosen at random from the six possible 
values, with the provision that it was never the same on two consecutive trials. 

The two blocks described in the previous paragraph correspond to the two condi-
tions of Hudson and Landy64. We added two more blocks. In the random block, we 
never repeated the same position or the same vector. This block provides a baseline 
for performance without successive repetitions. The fourth block was introduced 
because we realized that in the repeated position block, the movement from a start 
position to the target is the mirror-image of the preceding movement to that start 
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position. Participants might use this to learn the movement vector. To check whether 
this has an effect, we included the repeated position via block, in which the partic-
ipants were guided towards the start position along a curved trajectory. Instead of 
dots indicating the start position, participants saw a box of 12 identical vectors at 
the top of the screen. These vectors indicated the distance and direction (i.e. vector) 
between their right finger and the starting position. However, the 12 vectors were 
initially misdirected by 90°, randomly in a clockwise or counter-clockwise direction 
in different trials. The magnitude of the misdirection decreased in proportion to the 
distance moved, guiding the finger to the target along a curved trajectory. When the 
finger was within 5 cm of the start position, the vectors disappeared and a representa-
tion of the participant’s finger position appeared so that the participant could finish 
the movement towards the starting position under visual guidance.

At the start of the experiment participants did a practice session of 25 move-
ments (arranged as in the random block), after which they did two blocks of 432 
movements. On a different day, they did another practice session of 25 movements, 
and then the two remaining blocks of 432 movements. The order of the blocks was 
counterbalanced across participants. Each block took about 30 minutes. At the start 
of every block the coordinates of the Optotrak were aligned to the coordinates of the 
projector.

 Data analysis 
Movement endpoints were defined as the moment the velocity was below 7.5 

cm/s. Trials that ended further than 4 times the standard deviation from the mean of 
the trials for the same start-target combination were excluded from further analysis. 
This was the case in 1% of the trials. As we were only interested in the variability, we 
removed any systematic errors by subtracting the mean error for each combination of 
starting position and target position from each of the 12 trials with that combination 
of positions. This allowed us to determine measures of variability across different 

Repeated position Random
A C

Figure 4.2. Experimental blocks in which the combinations of start and target positions 
are presented. A. Repeated position block, showing all 6 start-target combinations for 
one of the 6 target positions. B. Repeated vector block, showing all 6 start-target combi-
nations for one of the six vectors. C. Random block, showing a possible sequence of six of 
the 36 start-target combinations. D. Repeated position via block, showing one path to a 
start position (dashed curve). 
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combinations of positions without having to consider possible systematic differences 
between the endpoints for the different combinations. Irrespective of the way the 
trials were presented in the different blocks, we grouped movements for the analysis 
in two different ways: either as 6 groups of 72 movements with the same endpoints 
(position-grouping), or as 6 groups of 72 movements with the same direction from 
start to target (vector grouping). As we were interested in how having previously 
made a similar movement (in terms of the two kinds of coding) influences the sub-
sequent precision, the first 24 trials of each sequence of 72 trials were not considered 
when determining the variability. 

We have two predictions that we will test. The first is that if participants bene-
fit from repeating the same endpoint, the variability in endpoints will be lower in 
the repeated position block than in the random block. We therefore calculated the 
95 percent confidence ellipse for each endpoint (position-grouped) as a measure 
of precision (for each participant). We compared the average surface areas of such 
ellipses in the repeated position block and the random block with a paired t-test. The 
second prediction is that if participants benefit from repeating the same vector, we 
expect them to be less variable in the direction of their movement (we do not expect 
a reduced variability in the movement distance, as this was repeated in all blocks). 
We therefore calculated the standard deviation in the endpoints in the direction 
orthogonal to the movement direction for the vector-grouped block and for the 
random block. We compared the averages of each participant’s standard deviations 
for the repeated vector block and the random block with a paired t-test.

Results
On average, the movement times were 268 ms, but they depended on the block 

(F3,33 = 4.42, p < 0.05). Post hoc comparisons revealed that movement times in the 
repeated position via block were shorter than in the repeated position and the repeat-
ed vector block: 246 ms versus 269 and 286 ms (p < 0.05 and p < 0.01, respectively). 
Figure 4.3 shows the absolute errors on successive trials within each set of 72 trials, 
averaged across sets and participants. This figure suggests that any refinements to the 
movements occurred within the first 24 trials.

Figure 4.4 shows the shapes of the endpoint ellipses. It is evident that for the 
position-grouped endpoints the ellipses are more or less circular, whereas for the 
vector grouped endpoints the ellipses are elongated in the movement direction. 

To test whether participants benefited from repeating a position, we compared 
the precision (averaged across endpoints) between the repeated position block and 
the random block (figure 4.5A). We did not find the predicted consistent difference 
between the surface area of the 95% confidence ellipses for the repeated position 
block and the random block (t11 = 1.20, p = 0.23). The small tendency (17%) in the 
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predicted direction might be related to making back-and-forth movements, because 
the difference between the repeated position via block and the random block was 
even smaller (3%) and more clearly not significant (t11 = 0.21, p = 0.83). 

To test whether participants benefited from repeating a vector, we compared the 
standard deviations in the direction orthogonal to the movement direction in the re-

Task

Grouping

Position-grouped

Vector-grouped

Repeated position Repeated vector Random Repeated position via

Figure 4.3. The develop-
ment of absolute errors 
during sets of 72 reaches, 
averaged across sets and 
participants. The hori-
zontal bar indicates the 
set of trials that was used 
to determine the varia-
bility. 
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Figure 4.4. Normalized 95 percent confidence ellipses for movement endpoints in the 
different blocks (columns), and for the different types of grouping for the analysis (rows). 
Each ellipse represents one participant. For the position-grouped endpoints, one ellipse 
was calculated for every target. For the vector-grouped endpoints, one ellipse was calcu-
lated for every movement direction. The surface areas of the ellipses were normalized to 
illustrate the similarity in shape across participants.



4

Vector and position coding 

56 57

peated vector block and the random block (figure 4.5B). Although there was a slight 
tendency in the predicted direction (5%), this tendency was far from significant (t11 
= 0.97, p = 0.35).

Control Experiment
In our main experiment we found no systematic differences between endpoint 

errors when repeating a position, repeating a vector, and not repeating either of 
them. There was a tendency for the variability to be smaller in the blocks with repeti-
tions, but the differences were small and not significant. In a previous study, Hudson 
and Landy64 found that participants clearly benefited from repeating a position or a 
vector. In their study, participants moved in a different region than where the targets 
and the feedback were presented, so differences in variability could arise from adjust-
ments to the visuo-motor mapping, rather than from adjustments to the movements 
themselves. 

To check whether we can attribute all the differences between our results and 
those of Hudson and Landy to the transformation between the table and the screen, 
we repeated our experiment with 12 new participants (but skipping the repeated po-
sition via block). Instead of using the mirror-setup, the participants were now seated 
in front of a table with a monitor in front of them (figure 4.6). The participants saw 

Figure 4.5. Results of the main experiment, averaged across the 12 participants. Error 
bars represent the SEM between participants. A. Surface area of the 95 percent confi-
dence ellipses of movement endpoints for position-grouped data. B. Standard deviation 
in the movement endpoints orthogonal to the movement direction for vector-grouped 
data 
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the targets on the computer screen, and performed the movements on the table. 
Otherwise the experiment was identical to the main experiment.

Results
Average movement times were 266 ms, irrespective of the block that was per-

formed. Figure 4.7 shows that the absolute errors were larger than in the main 
experiment, but again any refinements to the movements occurred within the first 
24 trials. The errors were smaller in the repeated position block than in the repeated 
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Figure 4.7. Abso-
lute errors in the 
control experiment, 
averaged as in figure 
4.3.

Figure 4.6. 
Experimental 
setup of the control 
experiment. 
Movements were 
recorded with an 
Optotrak system, 
which was placed 
approximately 2 
meters behind the 
computer screen.
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Task
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Repeated position Repeated vector Random

Figure 4.8. The 95 percent confidence ellipses for the different blocks (columns) and 
types of grouping (rows) for the control experiment. For further details see figure 4.4.
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dence ellipses of position-grouped data. B Standard deviation in the direction orthogo-
nal to the movement direction for vector-grouped data.
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vector block, and smaller in both these blocks than in the random block.
To test whether participants benefit from repeating a position in this experiment, 

we compared the precision (averaged across all endpoints) between the repeated 
position block and the random block (figure 4.9A). In line with the prediction, the 
surface area of the repeated position block was significantly smaller (37%) than the 
surface area of the random block (t11 = 2,42, p < 0.05). 

To test whether participants benefit from repeating a vector, we compared the 
standard deviation in the direction orthogonal to the movement direction for move-
ment in the same direction. We compared these values for the repeated vector block 
and the random block (figure 4.9B). The difference was in the predicted direction, 
but was small (15%) and not significant (t11 = 1,56, p = 0.15).

 
Discussion

In this study we compared identical movements that had a different history. We 
compared blocks in which the same position was repeated, and blocks in which the 
same vector was repeated. These two blocks were compared with a block in which 
neither a position nor a vector was ever repeated. We found that when participants 
had to move in a different region than where the target and feedback were provided 
(as in using a computer mouse; control experiment) they consistently benefited 
from repeating a position. This makes sense, because proprioceptive memory of 
the position can help localize it on the next trial. When participants moved their 
hand to the visible target position itself (main experiment), the benefit of repeating 
the same position was negligible. In neither case did participants’ precision in the 
direction orthogonal to the movement direction increase consistently when a vector 
was repeated.

The shapes of the confidence ellipses might tell us something about how par-
ticipants code their movements. Hudson and Landy64 based their conclusion that 
position is coded in repeated position blocks on the fact that participants’ movement 
endpoints had round confidence ellipses in such block, even if the movements were 
vector-grouped. We found that the vector-grouped confidence ellipses were elongat-
ed in the direction of movement, both for the main experiment and for the control 
experiment that was a replication of their study. Other studies also find movement 
endpoint distributions that are elongated in the movement direction when repeating 
movements to the same endpoint28,30.

The reason that the shapes of the confidence ellipses in our control experiment, 
which was a replication of Hudson and Landy’s study, differ from those of Hudson 
and Landy64, is probably because we averaged our data in a different way than they 
did. As we were only interested in the variability, we removed systematic errors sep-
arately for each start-target combination. This correction was the same for position 
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grouping as for vector grouping. Hudson and Landy did not remove systematic 
errors separately for each movement direction when analyzing the repeated position 
block. If we perform the analysis on our data in their manner (this only influences 
the results for the repeated position block), we find that the results are slightly more 
similar to the results of Hudson and Landy. We see that in both experiments the 
aspect ratio is closer to one when conducting the analysis in the way Hudson and 
Landy calculated their results, than with how we did it (light dotted lines versus 
dark solid lines in figure 4.10). However the aspect ratios are still clearly larger than 
one, so the ellipses are still clearly elongated. Thus, although part of the difference 
between our and their results can be attributed to the different way of analyzing the 
data, this cannot be the whole explanation.

Vector and position coding might not be the only ways of planning, it has also 
been suggested that a whole trajectory is planned97. In the repeated position block 
of this study, not only the position is repeated, but also the trajectory is the reverse 
of the one that brought the hand to the starting position. Therefore, the trajectory 
to the starting position could also have provided information that participants used 
to make more accurate movements. In our main experiment, participants tend to be 
slightly more precise in the repeated position block than in the repeated vector or in 
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Figure 4.10. Average aspect ratio of the 95 percent confidence ellipses for the vec-
tor-grouped data of both experiments, with our way of averaging (dark solid line) and 
Hudson and Landy’s way of averaging (light dotted line). Error bars represent the SEM 
across participants.
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the random block (although the effect is not statistically significant). This tendency 
is gone when participants were guided to the start position along a curved trajectory 
(figure 4.5a). There is therefore some (non-significant) indication that participants 
might use trajectory information to improve their precision in the repeated position 
block, but note that neither this, nor the effects of repeating a position or movement 
direction were significant when moving to visually perceived positions without any 
additional transformation in the main experiment.

 
Conclusion

When moving in a different region than where the targets are seen and feedback 
is provided, participants benefit from repeating a position, but not from repeating a 
vector. When moving to the actual visible targets with feedback provided at the po-
sition of the hand, there was no consistent benefit of repeating a position or a vector. 
This could mean that fine-tuning the endpoint is particularly useful when dealing 
with unusual visuo-motor mappings, for instance by remembering the felt position 
of the hand at the endpoint helps to bring the virtual position of the hand (cursor) to 
the target on the screen when the same endpoint is repeated across trials.
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Abstract
When you move your invisible hand repeatedly between two visual targets, 

the endpoints of these movements tend to drift. It has been proposed that this 
drift is not only due to changes in the judged position of your hand, but also 
to changes in the judged position of the target. The idea is that the target is not 
only localized visually, but also through memory of the felt position of the hand 
when it was at the target. Without vision guiding the hand to the target, the 
felt position will gradually become less reliable. The extent to which you will 
nevertheless rely on remembered information depends on the precision of the 
alternative information. In this paper, we test whether increasing the precision 
of localization of the target by positioning the other (invisible) hand near the 
target increases the rate of drift, as such reasoning would predict. We indeed 
found faster drift in repeated movements with the right hand to a visual target 
when the invisible left hand was near that target.
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Introduction
If you can see both a target and your hand, you can make accurate movements to 

the target with your hand. Removing vision of the hand just before the movement to 
the target decreases the accuracy of the movement52,98,99. Movements towards a visual 
target with an unseen hand result in large visuo-proprioceptive biases46,100. These 
biases are specific to the participant, and consistent across days100,101. If vision of the 
hand is removed after a few movements with feedback of the hand, the endpoints of 
movements towards the same target slowly drift to another position46,102,103. Smeets et 
al.46 showed that the endpoint of this drift corresponds to the participant’s personal 
visuo-proprioceptive bias. Various explanations for the drift have been proposed.

An explanation for the drift might be that proprioception of the moving arm drifts 
without constant calibration by vision. Several studies have shown that the ability to 
localize the position of the hand is degraded after a period of time without vision, 
suggesting that proprioception is constantly calibrated by vision104,105. However, 
Desmurget et al.106 showed that limb position information does not drift even after a 
prolonged time without vision as long as it was based on proprioception alone. They 
suggested that what is often called a proprioceptive drift is the result of a shift from 
a multimodal representation to a less certain unimodal representation of the arm. 
A specific proposal for such an explanation is that both the position of the moving 
hand and that of the target are estimated from both vision and proprioception46. 

People may combine visual and proprioceptive information when localizing 
visual targets, just as they combine visual and proprioceptive information to localize 
their hand45. Visual localization of the target is based on the target’s retinal position 
and information about the orientation of the eyes. Proprioceptive localization of the 
target is based on the memory of where it had previously been felt. If so, the propri-
oceptive target estimate will degrade when participants move their hand elsewhere, 
as updating the remembered position of the target relative to the hand after each 
movement will add uncertainty. Even bringing the hand back to the target will only 
add uncertainty when there is no feedback to ensure that hand is really at the same 
position. Participants will therefore gradually have to rely more on the visual target 
estimate. If the estimates from different modalities differ, a change in the weighting 
of information will make participants’ movement endpoints gradually drift to a 
different position. A model based on these assumptions has previously accurately 
predicted the errors that participants make46. Several other models also assume that 
there are both visual and proprioceptive estimates of the target’s position107-109. 

If drift is (partly) caused by a shift between estimates of the visual target’s posi-
tion, we should be able to change the rate of drift by influencing the reliabilities of 
such estimates. This can be done by adding a source of information that is consistent 
with one of the original sources. We did so by asking participants to place the other, 
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unseen hand at the visual target, and keeping it there. This unseen hand does not 
add new information; it only replicates the visual information at that moment. It 
will thereby add evidence for the target being at the position indicated by vision. 
Note that it is critical that this hand is not seen; it is felt at the visually judged 
position of the target, it is most likely not actually at that position. This hand does 
not move, so the reliability of the proprioceptive information that it provides should 
not decay106. 

Following equation [3] of Smeets et al.46, an improved precision (smaller σ) of 
perceptual localization through cues that are not removed will lead to an increased 
rate of shift of the perceived target position. We therefore predict that placing an in-
visible hand near a visual target will increase the rate of drift for repeated movements 
towards that visual target. 

Methods
Participants and experimental Setup

This study is part of a program that has been approved by the ethics committee 
of the faculty of Human Movement Sciences. Twenty self-reported right-handed 
participants (11 female and 9 male) participated in the experiment. All participants 
signed an informed consent form before participating in the study. The participants 
were seated in front of a mirror set-up (figure 5.1). In the mirror set-up, targets 

Movement plane

Mirror

Projector

Optotrak

Screen

Table Figure 5.1. Ex-
perimental setup. 
Participants made 
movements on the 
movement plane 
to targets they saw 
through the semi-re-
flecting mirror.
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were projected sequentially at three locations on a horizontal screen. The participants 
could see the projection through a semi-reflecting mirror, as if the target locations 
were on a movement plane below the mirror. A 5 mm thick board was placed at 
the height of the movement plane to give participants cutaneous feedback. The arm 
could be seen through the mirror when the light was on. Turning the light under 
the mirror off removed the visual feedback of the arm. Data were recorded with an 
Optotrak 3020 system at a sampling rate of 200 Hz. 

  
Procedure

Participants moved their right index finger between three visual targets that were 
presented in random order (figure 5.2D). Target 1 was the focus of our study; we 
added two other targets in order to prevent subjects from just repeating the same 
movement without localizing the targets. During the first 50 movements participants 
could see their finger. After 50 movements the feedback of the hand was removed 
and the participants made another 400 movements between the same three visual 
targets. This procedure was performed for three conditions in separate blocks: a visual 
only condition (figure 5.2A), a matched proprioception condition (figure 5.2B) and 
a shifted proprioception condition (figure 5.2C). Each participant performed the 
three conditions in random order. 

In the vision only condition the participants moved between the three targets with 
their right finger, and kept their left hand on the table below the movement plane. 
In the matched proprioception condition the participants touched with their left index 
finger at the perceived position of target 1 under the movement plane (without feed-
back) at the beginning of the experiment. The participant could adjust the position 
of this finger until it felt as if it was at the same location as the visual target. Note that 
due to idiosyncratic perceptual biases, the finger is expected to be a few cm from the 
actual position of the visual target for most subjects. The participants kept their left 
finger at this position while they moved their right finger between the three targets. 
In the shifted proprioception condition a visual target was projected 10 cm to the right 
of target 1 before the beginning of the block, and the participants were instructed to 
place their left finger at that position under the movement plane (without feedback). 
This additional target was extinguished, and participants kept their left finger at this 
position while they moved their right finger between the three targets as in the other 
two conditions. This condition was added to control for a possible direct effect of 
pointing below the movement surface with the left index finger.

An infrared emitting diode (IRED) was placed on the nail of the index finger 
of the participant’s right hand for recording the movements, and on the nail of the 
index finger of the left hand to record the position of the left hand. Before each 
condition the Optotrak coordinates of the right index finger were aligned to the vis-
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ually presented positions (both the finger and target were visible during calibration). 
Each block took approximately 10 to 15 minutes. After each block there was a short 
break. 

Figure 5.2. Front view (A, B and C) and top view (D) of the three different conditions. 
The right hand moved above the board. In the vision only condition the left hand was 
not used (A). In the matched and shifted proprioception conditions the left hand was 
placed under the board (B and C). In the matched proprioception condition the left 
hand was placed under target 1 (pink hand), and in the shifted proprioception condi-
tion the left hand was placed under a target that was projected 10 cm to the right of 
target 1 (blue hand).
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Data Analysis
The endpoint of each movement was defined as the position of the finger at 

the moment its speed dropped below 5 cm/sec. We could only determine whether 
adding the left finger reduced drift if the participants showed clear drift for the 
movement in question. For every participant we therefore first determined whether 
there was significant drift in the vision only condition. An elliptical 95% confidence 
interval was calculated for the mean endpoint of each participant’s last 10 trials 
to target 1. If the position of target 1 was outside this ellipse, the participant was 
considered to show significant drift. Two participants were excluded from further 
analysis because they did not show significant drift in the vision only condition. 
These subjects did not show significant drift in the two other conditions either. For 
every remaining participant and condition, the direction of the drift was defined as 
the mean direction from target 1 to the average of the endpoints of the last 10 trials 
to that target.

To analyze how the error develops over time, we fitted an exponential function 
to the error in the direction of the drift across trials. We fit the function y= a(1-e-nb) 
for every participant separately for each condition. In this function, the value of a 
is a measure of the asymptotic error, the value b is a measure of the rate of drift, n is 
movement number (considering all movements, not only those to target 1), and y 
the error when moving to target 1. We tested our hypothesis by evaluating the effect 
of condition with a Repeated Measures ANOVA on log-transformed values for the 
fit-parameters a and b. According to our prediction, b will be larger in the matched 
proprioception condition than in the vision only condition.

Results
Figure 5.3 shows the data of an example participant. The overall average drift 

was similar in the three conditions, but there were some systematic differences. The 
drift did indeed appear to be faster in the matched proprioceptive condition than in 
the vision only condition. This is not accompanied by more drift. On the contrary, 
the errors for the matched proprioceptive condition seem to remain smaller than 
those of the vision only condition after the initial fast drift. For this participant, the 
shifted proprioception condition shows the same fast initial drift as the matched 
proprioception condition, but a different asymptotic error.

We fit an exponential function to the errors in the direction of the drift as a 
function of the trial number for each participant. The results were quite consistent 
across participants. The rate of drift b depended on the condition (Figure 5.4B); 
F2,34 = 3.85 p < 0.05. Post hoc comparisons revealed that the rate was higher for the 
matched proprioception condition than for the vision only condition; p < 0.05. The 
asymptotic error a also depended on the condition (Figure 5.4A); F2,34 = 4.1 p< 0.05. 
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Figure 5.3. One example participant’s data. Symbols: error in the direction of the drift 
for each trial to target 1, for each of the three conditions. The curves are the fit exponen-
tial functions for the three conditions.
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Post hoc comparisons revealed that the asymptotic error was lower for the matched 
proprioception condition than for the vision only condition; p < 0.05. 

Discussion
In this study we show that placing a non-informative finger below a visual target 

influences the endpoints of movements towards that target. In line with the results of 
previous experiments, participants build up systematic errors after a few movements 
without vision (‘drift’). As we predicted based on the proposal of46, placing the invisi-
ble left hand near the target lead to an increased rate of drift. Following this proposal, 
we assume that the drift during our experiments is the result of having seen the hand 
during the first part of the experiment. When such vision is removed, the judged 
position of the hand, which is a combination of the seen and felt positions, shifts 
towards the felt position. Similarly, the judged position of the target shifts towards 
its visually perceived position. By aligning the left hand with the visually perceived 
target position, the combined estimate of that position is more reliable, so the shift 
towards relying on that position, rather than on memory of the right hand’s position 
when it was at the target, is faster. 

In addition to the predicted effect, we found that the asymptotic error was lower 
in the condition in which the left finger was placed near the target, than when there 
was no finger near the target (figure 5.4A). A possible explanation for this is that the 
left finger was not exactly aligned with the visual estimate of the target, as a result of 
the procedure we used for the calibration (to align the visual coordinates with the 
Optotrak coordinates) just before the experiment. During the calibration, the right 
hand was aligned with the visual target, so after calibration, when the left hand was 
placed under one of the visual targets, the remembered felt position of the right hand 
may have influenced the judged position of the visual target. Placing the left hand 
slightly too far in the direction of the felt position of the right hand at the beginning 
of the experiment will mean that the left hand is slightly displaced in the direction in 
which the drift will later occur, reducing the asymptote of the drift.

We found that it was important for the invisible left hand to be placed near the 
target for it to influence the drift. When the invisible left hand was placed 10 cm 
from the target (shifted proprioception condition) the drift did not differ significant-
ly from the vision only condition. However, it did not differ significantly from the 
matched proprioception condition either. The values of a and b are in-between those 
for the vision only and the matched proprioception condition. Thus we cannot be 
certain that the predicted effect is (exclusively) the result of having a better estimate 
of the target’s position when pointing at it with the left, unseen index finger. Perhaps 
proprioceptive information about a position at a fixed distance from the target can 
also influence judgments of that target’s position. 
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 Our study is consistent with the theory that we rely on combined estimates 
of the positions of both the target and our moving hand46. Further experimental 
evidence supporting this theory is the study by Helms Tillery et al.67, showing that 
participants were more accurate in pointing with a laser pointer towards a remem-
bered position of a visible hand, than pointing towards a remembered visual target. 
Other studies show that both visual and proprioceptive estimates of a target exist in 
the brain110,111.

If there is both a visual and a proprioceptive estimate of the target, manipulating 
vision might influence the localization of the target, even if the target is only available 
through proprioception. Blangero et al.112 investigated the influence of non-inform-
ative gaze on movements with an unseen hand towards a proprioceptive target (the 
other hand). They showed that the direction of gaze influenced the endpoints of 
the movements. We show in our study that this also works the other way around: a 
non-informative finger can influence movements towards visually defined targets. 

Conclusion
We conclude that placing one’s unseen finger under a visual target influences 

the endpoints of movements of the other finger to that target; it increases the rate 
of drift. Our results support the hypothesis that we use both visual and propriocep-
tive estimates of the positions of visual targets when making repeated goal-directed 
movements.
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Abstract
Moving one’s hand to a visually presented target under conditions that pre-

vent one from seeing the hand generally results in idiosyncratic endpoint errors. 
Do such errors reflect a mismatch between the proprioceptive and visual senses 
(i.e. sensory biases)? If there are stable sensory biases, moving your unseen index 
finger to a visual dot or moving the visual dot to your unseen index finger should 
give rise to an equivalent matching error. Similarly, the difference between the 
errors found when moving with the right and the left unseen index finger to a 
visual dot should be equivalent to the error when directly matching the posi-
tions of the two unseen index fingers. Our experiments show that the predicted 
equivalence is violated, which suggests that systematic matching errors are not 
exclusively the results of sensory biases.
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Introduction
When we move our hand to a visual target without seeing our hand, we make 

systematic matching errors46,100,101,113. In a similar way, matching the position of the 
right hand above a table with that of the left hand below a table yields system-
atic errors, suggesting that proprioception of the left and right hand are also not 
aligned114-116. Much research has been done on how people cope with such matching 
errors by introducing additional mismatches using prisms117, visuo-motor rotation118 
or forces on the arm101,119, but it is still unclear why these mismatches exist in the 
first place. 

In order to make goal-directed movements, sensory input must be processed 
to select motor commands that will bring the effector to the target. Where in this 
process do the idiosyncratic matching errors arise? One possibility is that there are 
sensory mismatches due to inherent or induced biases in one or more modalities. 
Bernier et al.120 showed that adapting to prisms during movements to visual targets 
did not influence subsequent movements to proprioceptive targets. They interpret 
this as evidence that there are different spatial maps for different sensory modalities, 
each of which is adjusted separately on the basis of experience, and therefore need 
not be aligned with other maps. Smeets et al.46 used a similar idea of the presence of 
separate inherently mismatching visual and proprioceptive estimates to explain the 
drift in pointing movements after removing visual feedback. When there is no visual 
feedback of the moving hand, the errors that participants make drift towards the 
inherent visuo-proprioceptive mismatch. 

Another possible origin of matching errors is systematic errors in the transforma-
tion of information between modalities. McIntyre et al.121 found patterns of errors in 
orientation-matching in a visuo-proprioceptive task that were not present in separate 
visual and proprioceptive tasks, and therefore could not be explained by biases in 
the separate senses. They attributed these errors to the sensorimotor transformations 
between the visual and proprioceptive systems. Do similar errors in transformations 
also contribute to the idiosyncratic biases when matching positions? If so, transform-
ing visual to proprioceptive positions need not give equivalent errors to transforming 
proprioceptive to visual positions.

In this study, we compared matching errors between tasks involving the same 
sensory modalities. If sensory biases are responsible for the matching errors, we can 
make two predictions. Firstly, moving with the unseen index finger to a visual dot 
and moving a visual dot to the unseen index finger should give rise to an equivalent 
matching error (as both should be equal to the difference in bias between vision and 
proprioception). Secondly, the difference between the matching errors when moving 
with the right and the left unseen index finger to a visual dot should be equal to the 
error when directly matching the positions of the two unseen index fingers (as both 
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should be equal to the difference in proprioceptive bias between the left and the right 
hand). If transformations between modalities are responsible for the matching errors, 
this equivalence is not self-evident, as the error caused by the transformation from 
vision to proprioception might not be equivalent to the error caused by the opposite 
transformation.

Methods
Participants 

This study is part of a program that has been approved by the ethics committee of 
the faculty of Human Movement Sciences. Ten right-handed volunteers participated 
in the experiment, including two of the authors (MG and EB). Except for the two 
authors, all participants were naïve about the purpose of the experiment. All partici-
pants signed an informed consent form before participating in the study. 

Experimental setup
Targets were projected onto a horizontal surface within a mirror set-up (figure 

6.1A). We used 6 different target positions. A thin movement board (5 mm) was 
placed at the same height as the apparent height of the projection of the surface as 
seen through the mirror. This set-up allowed us to let the participants move their 
invisible right hand above the movement board and the invisible left hand below the 
movement board without the hands interfering with each other or with the projection 
of the visual targets. Participants performed various matching tasks. In five of them, 
they moved their unseen index finger to a visible target dot or to a proprioceptive 
target (the index finger of their other hand, which was placed on the other side of the 
board). In two of them, they moved a visual cursor dot to a proprioceptive target. 

Movements of the fingers were recorded with an Optotrak 3020 system at a 
sampling rate of 200 Hz. Two infrared emitting diodes (IRED) were placed on the 
nails of the left and right index finger for recording the finger movements. As the 
mirror was semi-silvered, we could make the right hand visible at the same time as 
the target. This allowed us to align the Optotrak coordinates to the coordinates of 
the visually presented positions. During the actual experiment the hands were never 
visible.

Procedure
Participants made movements and/or located the position of their unseen index 

finger in seven tasks (figure 6.2). We considered three sensory biases: biases in pro-
prioception of the right index finger, biases in the proprioception of the left index 
finger, and biases in vision. To study whether the transformations that are needed to 
perform a task influence the outcome, or whether the outcome can be fully explained 
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by sensory biases, we compared tasks in which the same sensory biases were involved, 
but that differ in which bias is in the moving effector and which in the target. For 
instance, we compared moving a finger to a target dot with moving a cursor dot 
to the finger. In a similar way, we compared moving the left finger to match the 
position of the right finger with moving the right finger to match the position of the 
left finger. We will refer to this distinction as the ‘order’. We consider three sensory 
biases: a bias in proprioception from the left finger (L), a bias in proprioception 
from the right finger (R) and a bias in visual localization of the dot (D). The three 
sensory biases are combined in pairs for three comparisons, each comparing two 
biases in two orders (indicated by an ordered two-letter acronym, with the last letter 
corresponding to the target). For the bimanual matching, we added an additional 
third order (simultaneous, B) yielding in total seven tasks. 

For the RD (LD) task the participants reached with their unseen right (left) index 
finger to a target dot with a diameter of 1 cm. For the DR and LR (DL and RL) task, 

Figure 6.1. Methods. A) Experimental setup. The lamp between the semitransparent 
mirror and the movement plane was only turned on during calibration. With the lamp 
off, the hand was invisible. B) Sequence of five events in one of the tasks (moving the 
cursor dot to the left index finger, DL). 1 and 2) Red indicators with white lines were 
shown to indicate the direction that the participant had to move with the unseen left 
index finger. The lines became shorter as participants moved closer to the target position. 
3) When the left index finger was at the target position, so that the lines were gone, the 
indicators turned green. 4) After 0.1 s the green indicators disappeared and the cursor 
dot appeared. 5) The participant moved the cursor dot with the mouse that they held in 
their right hand (below the board) to the perceived position of the left index finger and 
clicked a mouse button when they were satisfied with the match.
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their right (left) unseen index finger was guided towards one of the target positions 
(see figure 6.1B). This guidance was done with 20 lines with their origin in 20 red 
indicators (of 5 mm diameter). The lines were presented at the top of the screen. 
Their lengths represented the distance (scaled by a factor 0.25 with respect to the 
actual distance) and direction between the target position and the position of the 
index finger. When the finger was within 2 mm of the target position, the lines 
disappeared, and the red indicators turned green. From that moment, the finger that 
had moved was considered to be the target. In the LR and RL task, the word ‘go’ then 
appeared for 0.1 sec, and the participants brought their right (left) index finger to 
the other side of the board to match the perceived position of their left (right) finger 
at the target position. In the DR and DL task, a cursor dot with a diameter of 1 cm 
appeared at the top of the screen. Participants moved the cursor dot with the mouse, 
which was controlled with the other hand, and clicked once they thought the cursor 
dot was at the same position as the finger. The motion of the cursor dot was scaled 
by a factor 10 with respect to that of the mouse to make sure that the distance that 
the mouse moved did not provide any useful information. In the Both (B) task, a 
large target area (diameter of 15 cm) was flashed, and participants placed their two 

Figure 6.2. The seven experimental tasks: four visuo-proprioceptive matching tasks 
(left) and three proprioceptive matching tasks (right). The color of the frames is used to 
indicate the tasks in subsequent figures. If the arm is colored dark, it is static and serves 
as the target. In the grey panels, the participants moved the unseen right (RD) or left 
(LD) index finger to a target dot. In the pink panels, participants moved a cursor dot to 
the right (DR) or left (DL) index finger (using the computer mouse in the other hand). 
In the blue and green panels, participants had to match the index fingers of both hands. 
Either the right (LR) or the left (RL) hand was used as a target for the other hand 
(blue), or both hands moved to a selected position at the same time (B; green).

RL

LR

B
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hands somewhere in that target area, with the fingers aligned on opposite sides of 
the board.

The seven tasks were performed in a single session; their order was counterbal-
anced across participants, based on a balanced latin square design, so that every 
task was at each position of the order at least once. Each task took approximately 
5 minutes. After each task there was a short break. Within each task there were 10 
movements to each of the 6 targets. 

Data analysis
The endpoints of finger movements (in the LD, RD, LR, RL and B tasks) were 

defined as the position of the finger on the first frame after the speed of the marker 
had been below 3.5 cm/s for 8 frames, after reaching a velocity of 50 cm/s. For the 
DR and DL tasks, the endpoint was defined as the position of the cursor dot at the 
time of the mouse-click. For each task and participant, the matching error was cal-
culated as the vector between a target and the mean of the endpoints for that target. 
For the B task, the matching error was calculated as the vector between the positions 
of the left and right index fingers, as if the left index finger were the target. There 
were differences in the magnitude of the matching error between targets: targets 
nearby had smaller errors than targets further away from the body, which is in line 
with the literature82,100. We nevertheless averaged the mean matching error over all 
targets for our comparisons, because the directions of the errors were quite consistent 
across targets and our comparisons should apply regardless of the magnitudes of the 
errors if we always use the same positions. As a measure of precision, we calculated 
the area of the 95% confidence ellipse of the vector endpoints for each target, task 
and participant. 

For the visuo-proprioceptive tasks, two 2 by 2 repeated measures ANOVAs (mo-
dality by hand) were used to determine whether the magnitudes of the matching 
errors and of the precision depended on the order (moving the hand to the target 
dot or moving the cursor dot to the hand) and on the hand that was used (left or 
right). For the proprioceptive tasks, two 3-factor repeated measures ANOVAs were 
used to determine whether the order (LR, RL or B) influenced the magnitude of 
the matching errors or the precision. If sphericity was violated, Greenhouse-Geisser 
corrections were used.

We know from previous research that participants make reproducible systematic 
matching errors46,100,101. We used a measure that we call the ‘lack of reproducibility 
value’ (LRV) to quantify the difference between two matching errors, both within 
and between participants. The LRV is calculated by taking the magnitude of the 
difference vector between two matching errors and dividing it by the sum of the 
magnitudes of those two matching errors113. This is done separately for each target 
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and then averaged, so that there is one LRV for each participant. An LRV of 0 
means that the matching errors are exactly the same; whereas a value of 1 means that 
they are in exactly opposite directions. An LRV of 0.5 means that the magnitude 
of the difference vector between the two matching errors is the same as the mean 
magnitude of these matching errors (i.e. the errors differ from each other as much as 
they do from the target).

For every participant and pair of tasks that we wanted to compare (e.g. B with 
RL), we calculated the LRV for that participant’s two matching errors (LRVindividual). 
These were then averaged across participants. We never expect the value of LRVindividual 
to be exactly 0, because even if we compare the matching error of two subsets of data 
points from the same subject and task, the matching errors will differ due to random 
movement variability. We also calculated the LRV for all possible combinations of 
the same two matching errors across different participants to provide an estimate of 
the LRV for comparisons across random participants (LRVrandom). If the LRVindividual 
is below 0.5 and lower than LRVrandom, the matching errors are considered to be 
reproducible. 

We analyzed two types of comparisons between tasks. The first type of compari-
son is between tasks in which the configuration is the same, but the order is different. 
Due to the definition of the matching error, if sensory biases are responsible for 
the matching errors, we expect the matching error to switch sign when the order 
is changed. Thus we expect similar values for RD and -DR, LD and -DL, RL and 
-LR, RL and B, and LR and -B (and therefore values of LRVindivdual that are close 
to 0). The second type of comparison is between the difference between matching 
errors when moving with the right and left unseen index finger to a target dot, and 
the matching error when matching the index fingers directly. For this comparison, 
we calculated the LRV for the difference between the two matching errors when 
moving to the target dot (RD-LD) and the matching error when moving the right 
finger to the left one (RL), as well as comparing the former with the other two tasks 
in which the fingers were matched directly (-LR and B). Any systematic visual bias 
should be independent of whether one is moving with the right or left finger to the 
target, so such a visual bias should not influence the difference between the matching 
errors of moving with the right or left finger to the same target. If sensory biases are 
responsible for the matching errors, the second type of comparisons should also give 
LRVindividual values that are close to 0. 

 
Results

The magnitudes of the matching errors ranged from 6.6 to 79.4 mm across par-
ticipants and tasks. The mean errors for all tasks are shown in figure 6.3. The RM 
ANOVA on the magnitudes of the matching errors in the four visuo-proprioceptive 
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tasks revealed a significant main effect of order (F1.0,9.0 = 6.0, p < .05): the matching 
errors were larger when moving the dot to the finger than when moving the finger 
to the dot. There was no significant effect of hand used (F1.0,9.0 = 1.6, p = .24). There 
was a significant interaction between hand used and order (F1.0,9.0 = 5.5, p < .05). 
Post-hoc analysis showed that the matching errors for DR were significantly larger 
than for RD, LD and DL. The RM ANOVA on the magnitudes of the matching 
errors in the three proprioceptive tasks showed a significant effect of order (F2,18 = 
7.4, p < .01). The errors were larger for LR compared to RL and B.
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Figure 6.3. Magnitude of the matching errors for the seven tasks, averaged across partic-
ipants. Error bars represent the SEM across participants. 

Figure 6.4. Precision (surface area of the 95% confidence interval of the matching 
error) for the seven tasks, averaged across subjects. Error bars represent SEM. 
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Figure 6.5. Reproducibility of the matching error across tasks with the same config-
uration but different order. The grey/pink bars on the left represent comparisons of 
visuo-proprioceptive tasks, the blue/green bars on the right represent comparisons of 
proprioceptive tasks. Error bars represent SEM across participants. The dotted lines rep-
resent the LRVrandom The solid grey line at 0.5 indicates the value for which the difference 
between the matching errors is as large as the matching errors themselves. The numbers 
in the bars represent the magnitude (in mm) of the difference vector between the two 
matching errors that are compared.

The precision (surface areas of the 95% confidence ellipses, figure 6.4) of the 
reaches to the targets varied across participants and tasks (range 8.5 – 121.8 mm2). 
The RM ANOVA on precision for the four visuo-proprioceptive tasks showed a 
significant main effect of order (F1,9 = 28.2, p < .001): moving the finger to a dot was 
more precise than moving the dot to the finger. There was also a main effect of hand 
used (F1,9 = 5.7, p < .05) and an interaction effect (F1,9 = 5.4, p < 0.05). The RM 
ANOVA on the precision in the proprioceptive tasks showed a significant effect of 
order (F2,18 = 6.1, p < .01). LR was less precise than RL and B.

For the visuo-proprioceptive comparisons (RD with DR and LD with DL) the 
mean LRVindividual (bars in figure 6.5) was slightly lower than the mean LRVrandom 
(dotted lines), which means that the errors were more reproducible when compared 
with the task with the reversed order within participants than when compared with 
the errors of others. However, the mean LRVindividual was above 0.5, which means 
that the magnitude of the difference vector between the two matching errors was 
larger than the mean of the two matching errors. In all proprioceptive comparisons 
(RL with LR, RL with B, and LR with B) the mean LRVindividual was clearly smaller 
than LRVrandom and was below 0.5. Thus, the matching errors appear to be much 
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Figure 6.6. Correspondence 
between proprioceptive matching 
errors and the difference between 
two visuo-proprioceptive matching 
errors. The three different bars rep-
resent the comparisons between the 
difference RD-LD, and the three 
proprioceptive matching errors 
(RL, -LR, and B). The numbers in 
the bars represent the magnitude 
(in mm) of the difference between 
each proprioceptive matching error 
and the difference between the 
two visuo-proprioceptive matching 
errors. Further details as in figure 
6.5.

more reproducible when changing the order within the proprioceptive modality, 
than when combining the visual and proprioceptive modality. 

The LRV of the second type of comparison, between the proprioceptive matching 
errors (RL, LR and B) and the difference in matching errors between LD and RD, 
can be seen in figure 6.6. The LRVindividual (bars) was lower than the LRVrandom (dot-
ted lines), but higher than 0.5. Thus, we cannot reliably predict the proprioceptive 
matching error from the visuo-proprioceptive matching errors for the left and the 
right hand.

Discussion
In this experiment, we investigated the origin of systematic matching errors by 

comparing matching errors in different tasks in which we could expect the same 
sensory biases to play a role. If sensory biases had been stable, and transformations 
between the modalities had been consistent, equivalent tasks (such as moving with 
the unseen index finger to a target dot or moving a cursor dot to the unseen index 
finger) would have given rise to equivalent matching errors. We found that the 
systematic errors in tasks with the same configuration (and thus the same sensory bi-
ases) were not equivalent. Direct comparisons showed that the matching errors were 
only slightly more reproducible within participants than between participants for the 
equivalent visuo-proprioceptive tasks. They were altogether not very reproducible 
(figure 6.5). Matching errors were more reproducible when comparing equivalent 
proprioceptive tasks: participants’ matching errors were much more consistent with 
their own matching errors than to those of the other participants. We can conclude 
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from these comparisons that matching errors are not consistent between tasks with 
the same configuration, but different order. The matching errors were larger when 
comparing between modalities than within the proprioceptive modality

The second comparison (figure 6.6) showed that the difference between the 
matching errors found when moving with the right and left unseen index finger to a 
target dot (RD-LD) was not the same as the errors that were made when matching 
the two unseen index fingers (for example RL). Participants’ matching errors were 
more similar to their own matching errors than to those of others, but the matching 
errors were not very reproducible (the magnitude of the difference vector between 
the two matching errors was larger than the mean of the matching errors). 

The difference between the proprioceptive matching errors and the prediction 
based on the difference between the two visuo-proprioceptive matching errors was 
about 3 cm (figure 6.6). Is this a noticeable difference? We tested this in a supplemen-
tary experiment (presented as a demo at Eurohaptics 2014 conference): participants 
were first instructed to move their unseen right finger above a metal board towards 
a visual dot (as in the RD task), and to mark this position with a small magnet 
above the board. They were then instructed to move with their left finger below the 
board towards the same visual dot (as in the LD task), and to keep it there. Next, 
they placed their right finger on the (invisible) magnet. The hands were now in a 
similar configuration as in a proprioceptive matching task, but the configuration was 
obtained by combining two visuo-proprioceptive matching tasks. Subjects were then 
asked whether the two fingers felt aligned. All participants reported that their fingers 
felt misaligned, although many of them realized that this was very strange given the 
sequence of tasks. This directly confirmed that the positions of the two hands would 
not necessarily feel as if they had been aligned after moving independently with the 
two unseen fingers to a single visual target. This finding is inconsistent with matching 
errors being solely caused by consistent sensory biases. This suggests that the error 
caused by the transformation from vision to proprioception is not equivalent to the 
error caused by the opposite transformation.

The matching errors were larger in tasks with the right hand as target (DR and 
LR) than in tasks with the left hand as target (DL and RL, figure 6.3). The precision 
was also worse when the right hand was the target (figure 6.4). Such a difference 
between the hands is not present for the moving hand. This finding is in line with the 
dynamic dominance hypothesis122,123. This hypothesis claims that the dominant arm 
is specialized in the control of movement dynamics, whereas the non-dominant arm 
is specialized in position control. Our results are largely in line with the hypothesis 
of Sainburg et al.123, because when the dominant (right) hand is moving toward the 
non-dominant (left) hand (RL), participants were more accurate and precise than 
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when the task was performed the other way around (LR). However, the fact that 
precision and accuracy were equally good when moving with both hands together 
(B) than when the dominant hand was moving seems less in line with the dynamic 
dominance hypothesis. There might also be differences between the hands being 
above or below the movement board. More research is needed to find out if this is 
the case.

Conclusion
We conclude that matching errors are not the same for tasks for which they would 

be the same if all systematic errors arose from sensory biases. Thus, matching errors 
cannot (solely) be explained by sensory biases. Transforming information between 
modalities seems to generate larger errors than transforming information within the 
proprioceptive modality.
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This thesis is about movements and how they are coded. 

The movements we investigated are voluntary goal-directed arm movements. All 
humans move in approximately the same way, despite all their individual differences 
and the infinite possibilities to make a movement. That humans make approximately 
the same movements suggests that the brain codes movements in higher order pa-
rameters. Two information sources that are required to make a movement plan are 
the information about where the target is, and the information about how to get to 
the target. 

Humans move towards objects in a typical way; in a slightly curved trajectory, 
even if they are instructed to move in a straight line. To investigate what information 
we use when making a movement, we used the observation that in free space move-
ments are more curved than movements over a surface21 (chapter 2). The reason for 
this might be that there is less information available for movements in free space (un-
constrained) than for movements over a surface (constrained). We asked participants 
to move towards haptic targets (their other finger) in different settings. We found 
that participants’ trajectories were more curved for unconstrained movements than 
for constrained movements when they moved towards a haptic target, even if they 
were instructed to move in a straight line towards the target. Strongly reduced tactile 
information did not have an effect on the movement trajectories. Also for a surface 
with a high compliance there was a strongly reduced curvature compared to an un-
constrained movement. Therefore we concluded that the amount that participants 
needed to control the movements did not influence the movement trajectory. Extra 
information that the surface gives about the third dimension and information about 
the direction of the movement provided by the additional force needed to overcome 
friction might be two additional sources of information that can explain differences 
between movements over a surface and movements in free space. 

Information about how to get to the target might be coded in higher order pa-
rameters. In this thesis we investigated whether a movement is coded as a position or 
a vector. When a movement is coded as a vector, movement direction is a parameter 
we use when planning a movement. We therefore related errors in initial movement 
direction in movements when participants moved as straight as possible towards a 
targets with errors in setting a pointer towards the same targets (chapter 3). We did 
this for movements towards visual and haptic targets. The results showed a modest 
correlation between initial movement direction and perception of direction. The 
amount of correlation depended on the orientation of the setup. That there is a 
modest relation might suggest that not only vector coding is used, but also position 
coding. The question whether movements are coded as positions or vectors was 
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directly investigated in chapter 4. We assumed that repeating movements towards 
the same position would increase precision if movements are coded as a position and 
repeating movements with the same direction would increase precision if movements 
are coded as a vector. Participants made movements towards visual targets on a table 
without being able to see their hand. We compared blocks of repetitions of endpoints 
and of movement vectors with a third block with the same movements in random 
order. We found no benefit for repeating a position or repeating a direction. We 
repeated the experiment with a different setup where participants saw the target and 
the feedback on a vertical screen and made the movement on a table. Participants 
were more precise in the repeated position block than in the random block. We 
therefore conclude that participants benefit from repeating a position when acting in 
an unusual visuo-motor mapping. 

Taking these two chapters together suggests that both vector and position coding 
is important to consider in order to understand human movements.

There are several models with different ideas on how to determine where a target 
is. In chapter 5 we considered a model in which both the position of the target and 
the position of the moving hand are based on a combination of a visual and a pro-
prioceptive estimate. It has been shown that you combine visual and proprioceptive 
information to localize your hand precisely45. It has been suggested that you do the 
same to localize a target46. To investigate whether a proprioceptive estimate of a visual 
target is relevant, we studied repetitive movements towards visual targets when par-
ticipants did not see their hand. If vision of the hand is prevented, the proprioceptive 
memory of the target will degrade when the hand is moved. We investigated whether 
humans were able to keep this proprioceptive estimate by placing a non-informative 
finger of the left hand near the target. This unseen left hand did not add new infor-
mation; it only copied the visual information of the target to proprioception. Placing 
the left hand near the target improved the accuracy of the movements. The rate at 
which the endpoints drifted away from their original positions was higher which 
suggests that participant had a more precise estimate of the target. This is evidence 
for a model where both for the target and the hand a proprioceptive estimate and a 
visual estimate are combined. 

We investigated the origin of the visuo-proprioceptive biases in chapter 6. More 
specifically, we studied whether only sensory biases are involved when vision and 
proprioception are combined, or whether there are also other sources of errors. We 
performed different matching tasks to investigate if there are differences in matching 
errors in tasks involving the same sensory biases. For example when participants 
moved with their unseen right finger towards a visual dot, or moved the visual target 
towards their unseen finger. In this case there is both an unseen hand and a visual 
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dot, but the order differs. When there are only sensory biases, moving with the left 
hand towards a visual target versus the right hand towards a visual target should give 
rise to the same matching errors as matching the left with the right hand. We found 
that tasks were not reproducible for the comparisons where vision and propriocep-
tion were aligned. However the errors in these tasks were more reproducible within 
participants than between participants. This suggests that the matching errors are not 
due to sensory biases alone, but might arise from transformations between the senses. 
The model we assumed in chapter 5 could not explain these results. Chapter 6 study 
suggests that the visual and proprioceptive estimates in the model we suggested in 
chapter 5 could not only arise from a memory where these estimates were before, 
but might also arise from transforming information from one sense to the other. 

These studies suggest that there are not only biases in the senses that are combined 
for both the hand and the target, but that there are also errors in the transformation 
of information. 

Information about WHERE the target is
When making a movement plan, we need to go from observed information to-

wards a motor command. This process is described in many ways. One of the possi-
bilities is that what we see is transformed into proprioceptive coordinates. In a model 
by Flanders et al.42 a reach plan in proprioceptive coordinates is proposed, because 
we need our motor command in proprioceptive coordinates. Another possibility 
is that information about the location of the hand is first transformed into visual 
coordinates, and after that this reach plan is transformed into motor commands. 
Evidence for this model is found for example in a study by Pouget et al.41. They 
found a significant effect of eye position on the direction of reaching movements 
aimed toward a proprioceptive target. Also Blangero et al.112 showed that when 
moving with the unseen hand towards a proprioceptive target, non-informative gaze 
influences the endpoints of the movements. 

An alternative explanation for gaze to influence movements with the unseen 
hand towards proprioceptive targets is a reach plan in combined coordinates. It has 
been argued that transforming sensory signals into a common representation would 
simplify reach planning124-127. Such studies argue for both eye-centred41,55,128,129 and 
hand- or body-centred56,130 planning. One example of these models is that there are 
always both a visual and a proprioceptive estimate of the target and the hand46,131. 
The amount on which the estimates are taken into account depends on how certain 
we are of this estimate. We found evidence for this theory in chapter 5, where we 
show that a non-informative finger at a visual target influences the way we move to-
wards it with the unseen finger of the other hand. The results of chapter 4 are also in 
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line with this theory. We found in chapter 4 that participants benefit from repeating 
a position when the targets are displayed on a computer screen and the movements 
were made on a horizontal table. The benefit of a remembered proprioceptive esti-
mate is larger when the moving hand and the visual target are not in the same plane 
than when the moving hand and the visual target are in the same plane. We found 
that repeating a position when moving the unseen finger to the visual target itself did 
not significantly increase the precision of the movements. 

A model that has both a visual and a proprioceptive estimate of the hand and the 
target46 can however not explain the differences we find in chapter 6. If there are 
always two estimates of both the target and the hand, we do not expect differences 
between conditions with the same final end-configuration (when we move with our 
finger to a dot, or with a dot towards our finger). In chapter 6 we show that there 
are differences between tasks in which the same sensory biases are involved, but the 
order in which they were performed differed. Probably there are systematic errors 
introduced when information is transformed. We show that these systematic errors 
are higher when information is transformed between modalities than within the 
haptic modality. 

In chapter 6 we measured matching errors in different tasks. Previous research 
suggests that these matching errors are specific to the participant and are stable over 
time100,101. In a set of experiments that were not included in this thesis we found 
that matching errors were not as reproducible over days as has been suggested in the 
literature. We found that the difference between the matching errors in the same task 
when they were measured a few weeks later were larger than the magnitude of the 
errors itself. When the same tasks were also measured a few months later, it seems 
that the errors were less similar to the original errors. Although we did not measure 
this systematically, this might suggest that matching errors are not stable over time, 
but might involve a more a dynamic process that evolves over time depending on the 
activities we do everyday. More research is needed to find out whether and how each 
participants’ matching errors develop over time. 

Information about HOW to get to the target
A combination of position and vector coding?

The question how the brain codes to go to a target is proposed to be either in 
terms of vectors or in terms of positions. However recently also a combination of 
vector and position coding is proposed64, just as we combine vision and propriocep-
tion when determining where a target is45. It might be that the brain considers all 
available information, but weights the information that is most certain more heavily 
than the information that is less certain. In chapter 2 we show that we might use 
force that tells us the direction of movement. In chapter 3 we show in an indirect 
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way that vector coding and position coding might be combined. We found that 
not all the errors in the initial movement direction that were made when moving 
towards a haptically defined target could be explained by the errors that are made in 
the perception of direction towards the same targets. If you assume that vector and 
position information is combined to make a movement plan, this would explain 
the results: the part of the errors that could not be explained by a misperception of 
direction could be explained by the fact that not only direction information is used 
for our movement plan, but also position information.

Evidence for a combination of position coding and vector coding comes from 
the study of Hudson and Landy64. They show that participants optimize their 
movements in a different way when either positions or vectors were repeated for 
movements on a table, when they saw the targets on a vertical screen. Movements 
were optimized in both the direction of the movement as well as orthogonal to 
the movement direction when the same endpoint was repeated. Movements were 
more precise in the direction orthogonal to the movement direction than in the 
movement direction when a vector was repeated. We replicated this study in chapter 
4 but found that for movements with the same movement direction, movement 
were always more variable in the direction of the movement. We only found that 
participants were more precise when repeating a position, but this could also be 
explained by the proprioceptive estimate of the target being more certain when the 
targets are not presented in the same plane as the movements are made.

Future research?
Position coding has been suggested in the literature many times53-59. However 

vector coding has been in the literature for a longer time47,49. Our studies show that 
position and vector coding might both be important for movement planning (chap-
ter 3 and 4). Especially when learning a new visuo-motor mapping, participants 
became more precise when they repeated a position (chapter 4). We find differences 
in the extend to which the initial movement direction correlated with the perceived 
direction for different setups (chapter 3). If participants repeated a vector or a posi-
tion instead of a random order of movements, a different setup also caused different 
benefits. More research must be done to investigate how vector and position coding 
might be combined to form a movement plan, and also when one type of coding 
might be more beneficial than the other type of coding. 

What can we do with this information? An example where the vector-coding 
hypothesis is used is in the control of a prosthetic arm132. A sensor records signals 
from the brain that is converted to a signal to control a prosthetic arm or a cursor on 
a computer screen. This signal is tuned for a directional map, so that specific brain 
parts correspond to specific directions. As is found in chapter 3 and 4, position 
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coding might be more important for arm movements than vector coding. It has been 
shown before when combining both visual and proprioceptive information133 and 
optimizing the place of the neural sensor134 improves the performance of a prosthetic 
arm. When we know how a movement is coded in the brain, it might be better to 
use that information to control a prosthetic arm. For example what happens when 
instead of electrodes that correspond to certain directions, they correspond to posi-
tions, or an optimal combination of position and direction. 

Conclusions
In this thesis

This thesis is about movements and how they are coded. I show that the amount 
of control and tactile information does not influence the way we move but that 
we might use information about the third dimension and information about the 
direction of movement (chapter 2). That we move the way we do might involve 
both vector and position coding (chapter 3), however position coding seems to be a 
more important component, at least when acting in a unusual visuo-motor mapping 
(chapter 4). I show that to move towards a target, we use both a visual and a proprio-
ceptive estimate of both the hand and the target to determine their position (chapter 
5). To get these two estimates, information is transformed, which induces systematic 
errors. (chapter 6). These errors are larger for transformations between modalities 
than for transformations within the proprioceptive modality.

This thesis suggest that models of motor control should be adjusted to consider 
both position and vector information. It also suggests that there are not only biases 
in the senses that are combined for both the hand and the target, but that there are 
also errors in the transformation of information. 

Why do we move the way we do?
Making a movement plan might involve higher order parameters, such as sepa-

rate estimates for the target and the hand, but also position and vector information. 
In some circumstances we are not able to use certain information, for example when 
we have no vision of the moving arm. Different circumstances, for example how 
long ago we have seen the arm, alters the certainty of the information, which alters 
our movements. Repeating information sources and changing the order of a task 
also changed how we moved to a certain position. Lastly, the presence or absence of 
information available during a movement also change the movements.

In the future... can we reconstruct a human brain?
Unfortunately the brain is still a black box to us, for now… When we are able to 

understand the whole input/output relation of the brain, we might be able to recon-
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struct a human brain. We are already able to record signals from the brain to control 
a robotic arm! However the movements of this arm are not nearly as fine-tuned 
as human movements. In this thesis the planning of goal-directed movements was 
investigated, by decoding actions we found evidence for different kind of parameters 
in which the brain may code movements. When we know what parameters are used 
to code a movement we may be able to improve those movements.
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Dit proefschrift gaat over bewegingen en de manier waarop deze gecodeerd zijn 
in het brein. De bewegingen die we bekeken hebben zijn natuurlijke armbewegin-
gen naar specifieke doelen. Ondanks de individuele verschillen tussen mensen en de 
oneindige mogelijkheden om een beweging te maken, bewegen alle mensen op een 
vergelijkbare manier naar een specifiek doel. Het doel van dit proefschrift is dan ook 
om inzicht te krijgen in de volgende vraag:

Waarom bewegen we op de manier waarop we bewegen?

Dat mensen ongeveer dezelfde bewegingen maken suggereert dat het brein deze 
bewegingen codeert in simpele parameters. Twee informatiebronnen die nodig zijn 
bij het plannen van een beweging, zijn de informatie waar het doel is en de infor-
matie over hoe we naar dit doel toe moeten.

Mensen bewegen op een typische manier naar objecten; in een lichtelijk gekromd 
pad, zelfs wanneer ze geïnstrueerd worden om in een rechte lijn te bewegen. Om te 
onderzoeken welke informatie we gebruiken als we een beweging maken, hebben 
we de observatie gebruikt dat bewegingen meer gekromd zijn in de vrije ruimte 
dan bewegingen over een oppervlak (hoofdstuk 2). De reden dat deze paden meer 
gekromd zijn is wellicht dat de informatie die we krijgen als we het oppervlak voelen 
afwezig is bij bewegingen in de ruimte. De mate waarin een beweging gecontroleerd 
moet worden is ook groter bij een beweging in de vrije ruimte. 

We hebben proefpersonen gevraagd om met de ene naar de andere hand te be-
wegen onder verschillende omstandigheden. We vonden dat de trajecten die proef-
personen aflegden meer gekromd waren in de vrije ruimte dan over een oppervlak, 
zelfs wanneer ze geïnstrueerd waren om in een rechte lijn naar het doel te bewegen. 
Sterk gereduceerde tactiele informatie (veroorzaakt door een vingerhoedje over de 
bewegende vinger) had geen effect op het bewegingstraject dat proefpersonen af-
legden. Ook bij beweging over een oppervlak dat zeer sterk meegaf was de kromming 
in de trajecten lager dan in de vrije ruimte. We concludeerden hieruit dat de mate 
waarin de proefpersonen de bewegingen moesten controleren geen invloed had op de 
manier waarop ze naar het doel toe bewogen. De extra informatie dat het oppervlak 
geeft over een derde dimensie en informatie over de richting van de beweging die 
ontstaat door de kracht in de bewegingsrichting zijn mogelijk twee informatiebron-
nen welke de verschillen tussen bewegingen in de vrije ruimte en bewegingen over 
een oppervlak kunnen verklaren.

Informatie over hoe we naar een doel bewegen is mogelijk gecodeerd in simpele 
parameters. In hoofdstuk 3 en 4 van dit proefschrift hebben we onderzocht of 
bewegingen gecodeerd zijn als een positie (coördinaten in de ruimte) of een vector 
(richting en afstand). Als een beweging is gecodeerd als een vector, is de bewegings-
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richting een parameter die we gebruiken om een beweging te plannen. We hebben 
daarvoor de fouten die proefpersonen maakten in het begin van hun beweging 
(de initiële bewegingsrichting) wanneer zij zo recht mogelijk naar doelen bewogen 
vergeleken met fouten die zij maakten in het zetten van een pointer richting dezelfde 
doelen (hoofdstuk 3). Wanneer personen fouten maken in de inschatting van de 
bewegingsrichting, en dus gebruik maken van vector codering, zouden deze fouten 
sterk overeen moeten komen. De resultaten lieten zien dat de fouten in initiële be-
wegingsrichting en de fouten in het inschatten van richting matig overeenkomen. 
Een deel van de initiële bewegingsfouten kon dus verklaard worden met het verkeerd 
inschatten van richting van het beginpunt naar het doel. De sterkte van de over-
eenkomst hing af van de oriëntatie van de opstelling en de bewegingsrichting. Dit 
suggereert dat bewegingen niet alleen als een vector gecodeerd worden, maar dat 
ook andere informatie gebruikt wordt. Uit literatuur is bekend dat mogelijk niet de 
richting en de afstand de parameters zijn om een beweging te coderen, maar ook de 
positie, of mogelijk een combinatie van deze informatie. 

De vraag of bewegingen gecodeerd zijn als posities of vectoren werd onderzocht 
in hoofdstuk 4. We namen aan dat het herhalen van bewegingen naar dezelfde posi-
tie de precisie van deze bewegingen verhoogt wanneer bewegingen gecodeerd zijn als 
een positie. Het herhalen van bewegingen met dezelfde richting verhoogt de precisie 
van deze bewegingen als ze gecodeerd zijn als een vector. Proefpersonen maakten 
bewegingen naar visuele doelen op een tafel zonder dat ze daarbij hun eigen arm 
konden zien; ze kregen echter wel feedback over waar de beweging geëindigd was. 
We vergeleken twee blokken, namelijk herhalingen van eindpunten en herhalingen 
van vectoren, met een derde blok met dezelfde bewegingen in een random volgorde. 
We vonden dat er geen voordeel was voor het herhalen van bewegingen naar dezelfde 
positie of dezelfde richting ten opzichte van een random volgorde. We hebben het 
experiment herhaald met een andere opstelling waar de proefpersonen de doelen op 
een computerscherm voor hen zagen, terwijl ze de bewegingen op een tafel maakten. 
In dit geval moest de proefpersoon eerst leren welke plek op de tafel correspondeerde 
met welke plek op het computerscherm. Proefpersonen waren preciezer wanneer er 
een positie werd herhaald dan wanneer de richting werd herhaald, of bewegingen in 
de random volgorde werden aangeboden. We concludeerden hieruit dat proefperso-
nen voordeel hebben als er een positie herhaald werd als ze in een omgeving bewogen 
die ze nog niet gewend waren. Dit suggereert dat in deze situatie positie codering 
een voordeel geeft ten opzichte van vector codering. Deze twee hoofdstukken samen 
suggereren dat vector - en positie codering beide belangrijk zijn voor het begrijpen 
van menselijke bewegingen.

Er zijn verschillende ideeën over hoe we bepalen waar een doel is. In hoofdstuk 5 
hebben we een model onderzocht waarin zowel de positie van het doel als de positie 
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van de bewegende hand gebaseerd zijn op een combinatie van informatie die we zien 
en informatie die we voelen; een visuele en een proprioceptieve schatting van de 
positie. Er is al eerder aangetoond dat we visuele en proprioceptieve informatie kun-
nen combineren om onze hand precies te kunnen lokaliseren; we zijn dan preciezer 
dan met visuele of proprioceptieve informatie alleen. Er wordt gesuggereerd dat we 
hetzelfde doen wanneer we een doel moeten lokaliseren. We hebben onderzocht of 
we zowel een visuele als een proprioceptieve schatting (de afstand van de hand tot 
het doel) hebben van een visueel doel. We hebben herhaalde bewegingen naar visuele 
doelen onderzocht wanneer proefpersonen hun hand na een aantal bewegingen te 
hebben gezien (en dus de bewegingen bijna perfect uitvoerden) de hand ineens niet 
meer konden zien. Wanneer het zicht op de hand, en dus de visuele informatie 
over de positie van de hand, wordt verhinderd zal de proprioceptische schatting van 
de locatie van het visuele doel slechter worden als we de hand bewegen. Hierdoor 
zullen mensen fouten maken, die langzaam steeds groter worden, dit noemen we 
visuo-proprioceptische fouten (fouten die ontstaan als we met onze hand die we niet 
zien naar een visueel doel bewegen). 

We hebben onderzocht of proefpersonen in staat waren de proprioceptische 
schatting te behouden door de vinger van de andere hand bij het doel te plaatsen. 
Men zag deze hand niet en omdat de hand stond bij de plek waar de proefpersonen 
dachten dat het visuele doel was, voegde hij ook geen nieuwe informatie toe; het 
kopieerde alleen de visuele informatie van het doel naar proprioceptie. Hierdoor 
werd de zekerheid waar het doel zich bevond beter, en verwachten we dat proefper-
sonen sneller naar een evenwicht gaan. De snelheid waarin de eindpunten van de 
bewegingen afweken van het doel was inderdaad hoger, wat suggereert dat proefper-
sonen een preciezere schatting hadden van het doel wanneer zij de andere hand bij 
het doel geplaatst hadden dan wanneer zij geen extra propioceptische informatie over 
de positie van het doel hadden. Dit is bewijs voor het model waarin voor zowel het 
doel als de hand proprioceptische en visuele schattingen worden gecombineerd.

We hebben de oorsprong van visuo-proprioceptische fouten onderzocht in hoofd-
stuk 6. We hebben bestudeerd of deze fouten veroorzaakt werden door fouten in de 
sensorische informatie of dat er misschien ook andere bronnen van fouten zijn zoals 
de manier waarop visie en proprioceptie gecombineerd worden. Hiervoor hebben 
we verschillende experimenten gedaan, waarin onderzocht werd of er verschillen zijn 
in visuo-proprioceptische fouten waarin dezelfde sensorische informatie aanwezig is. 
Een voorbeeld is als proefpersonen met hun rechtervinger die ze niet zien naar een 
visueel doel bewegen, of als ze dat visuele doel naar hun ongeziene vinger bewegen. 
In dit voorbeeld is er in beide gevallen een ongeziene vinger en een visueel doel aan-
wezig en dus dezelfde sensorische informatie. We vonden dat de fouten in de taken 
niet vergelijkbaar zijn voor vergelijkingen waar visie en proprioceptie beide aanwezig 
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waren. Dit suggereert dat fouten niet alleen ontstaan door fouten in sensorische 
informatie, maar dat er ook mogelijk fouten ontstaan in het omzetten van informatie 
tussen verschillende bronnen van sensorische informatie. 

Het model dat is aangenomen in hoofdstuk 5 kon de resultaten uit hoofdstuk 6 
niet verklaren. Hoofdstuk 6 suggereert dat de visuele en proprioceptische schattingen 
in het model dat was aangenomen in hoofdstuk 5 niet alleen kunnen voortkomen 
vanuit de herinnering waar de hand en het doel eerder waren, maar dat het ook 
ontstaat door het omzetten van verschillende sensorische informatie.

Om terug te komen op de centrale vraag in dit proefschrift:

Waarom bewegen we op de manier waarop we bewegen?

Omdat we in verschillende omstandigheden onze bewegingen maken, is niet altijd 
dezelfde informatie beschikbaar. Dit zorgt er voor dat we de ene keer net iets anders 
bewegen dan de andere keer. Ondanks dat lijken de bewegingen van mensen in het 
algemeen toch erg op elkaar. Dit wijst erop dat het brein bewegingen waarschijnlijk 
codeert in simpele parameters. Dit proefschrift geeft bewijs, door het “decoderen van 
acties”, wat precies de parameters zijn die het brein meeneemt in het plannen van een 
beweging. Het lijkt erop dat het brein informatie over richting, afstand, positie, maar 
ook verschillende sensorische informatie meeneemt in het plannen van de optimale 
beweging. 
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