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Abstract 

Both in the catching and grasping component of prehension, the hand opens and 

closes before hand-object contact is made. The initiation of hand closure has to be 

coordinated with the time course of the decrease of the distance between the hand 

and the target object, i.e., with the reaching component in prehension or the 

approach of the target in catching. The authors investigated if this initiation of hand 

closure could be explained by a common control. For this purpose, they fitted the 

dynamic timing model to data from the two tasks. In both tasks, participants were 

asked to get hold of an object approaching along the table top at a constant 

velocity. In the prehension task, participants could reach out to grasp the object; in 

the catching task, they were required to keep their hand stationary. In comparison 

with other accounts, the dynamic timing model performed best in explaining the 

data. The model proved adequate for the prehension task but not for the current 

catching task. 
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1. Introduction 

Prehension, the act of coordinated reaching and grasping, and catching have in 

common that the hand first opens and subsequently closes to take hold of the 

target object. In prehension, the initiation of the hand closure has to be coordinated 

with the reaching (i.e., the movement of the hand towards the target). In catching, 

the initiation of hand closure has to be coordinated with the arrival of the 

approaching target. Thus, in both tasks, the gap between the hand and the target 

closes, and the timing of the initiation of closure of the hand has to be coordinated 

with this gap closure. The objective of the current study was to see if the control of 

catching and the control of the grasping component of prehension could be 

understood within the same framework. More specifically, given the success of the 

dynamic timing model in the context of prehension (Zaal & Bootsma, 2004; Zaal, 

Bootsma, & van Wieringen, 1998), in which first-order time-to-contact information is 

used to time the initiation of hand closure, we focused on this model to see if it 

would predict this timing both in the grasping of prehension and in catching equally 

well. 

Two decades of prehension research offered several proposals that described 

how the initiation of hand closure might be timed. Unfortunately, most of these 

proposals did not hold very well under experimental scrutiny. Three of these 

proposals will be briefly presented in the following. In the first proposal, hand 

closure was thought to be initiated at a fixed time before hand-object contact, 

independent of task conditions (Gentilucci, Chieffi, Scarpa, & Castiello, 1992). 

Several empirical studies tested this hypothesis by manipulating reaching 

amplitude (Zaal et al., 1998), object width (Zaal & Bootsma, 2004), object size 



ACCEPTED MANUSCRIPT 

 Getting hold of approaching objects -- 4 
 
 

  

(Wang & Stelmach, 2001), object orientation (Rand & Stelmach, 2005), reach or 

object velocity (Carnahan & McFadyen, 1996; Rand, Squire, & Stelmach, 2006; 

Zaal et al., 1998), and the direction of the object’s approach (Watson & Jakobson, 

1997), which, taken together, demonstrated that in prehension the initiation of hand 

closure is not time-invariant over a range of conditions.  

A second proposal employed a spatial rather than a temporal variable: The 

initiation of hand closure should happen at a fixed distance from the hand to the 

target object (cf. Wang & Stelmach, 1998, 2001). Recently, Stelmach and 

colleagues have amended this original proposal (Rand et al., 2006; Rand, 

Shimansky, Hossain, & Stelmach, 2008), after finding that closing distance varied 

with object orientation (Rand & Stelmach, 2005) and reach velocity (Rand et al., 

2006). They proposed that the initiation of hand closure occurs at a closing 

distance that is a function of, among other variables, reaching amplitude and 

velocity. Although adding these variables improved the data fitting, it made the 

account less parsimonious, of course.  

A third proposal that we will discuss stems from the line of research that 

considers the timing of interceptive actions to be based on prospective information 

about the time remaining until the object and the observer meet (e.g., Bootsma & 

Peper, 1992; Lee, 1976; Savelsbergh, Whiting, & Bootsma, 1991). In this proposal, 

the initiation of hand closure is triggered on the basis of first-order time-to-contact 

information (tau). In prehension, this first-order time-to-contact information specifies 

the time for the physical gap between the target object and the grasping hand to be 

closed under prevailing speed conditions. One way the initiation of hand closure 

could be based on first-order time-to-contact information is that the hand starts 

closing at a critical value of tau. In prehension, however, this seems not to be the 

case. For instance, earlier work showed that at the initiation of hand closure, first-
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order time-to-contact varied with reaching amplitude (Zaal & Bootsma, 2004; Zaal 

et al., 1998) and object velocity (Zaal et al., 1998). However, Zaal and coworkers 

(Zaal & Bootsma, 2004; Zaal et al., 1998) showed another way first-order time-to-

contact information could be at the basis of the initiation of hand closure, along the 

lines of Schöner’s (1994) dynamic timing model. We will return to this model later, 

after having had a look at the catching literature. 

As in the literature on prehension, also in the context of catching, researchers 

have considered the proposal that the initiation of hand closure is timed on the 

basis of a critical value of first-order time-to-contact. Just as in prehension, little 

support was found for this proposal. That is to say, ambiguous results concerning 

values of first-order time-to-contact at the initiation of hand closure were found in 

studies on catching. Whereas an early study reported no effects of object velocity 

(Savelsbergh, Whiting, Burden, & Bartlett, 1992), later studies showed that first-

order time-to-contact at the initiation of hand closure varied with object velocity 

(Bennett, van der Kamp, Savelsbergh, & Davids, 1999; Caljouw, van der Kamp, & 

Savelsbergh, 2004; Wallace, Stevenson, Weeks, & Kelso, 1992). Also, just as was 

the case for prehension, it was examined whether the initiation of hand closure is 

timed on the basis of a critical closing time or closing distance. Findings concerning 

these hypotheses were inconsistent as well (Laurent, Montagne, & Savelsbergh, 

1994; Mazyn, Montagne, Savelsbergh, & Lenoir, 2006; Savelsbergh et al., 1992; 

Wallace et al., 1992; Wang & Stelmach, 2001). 

Together, the proposals introduced so far, do not seem very promising in 

revealing the control for the separate tasks, let alone for an account for the timing 

of hand closure common in both prehension and catching. Therefore, we turn to a 

final proposal, one that has been shown to accurately predict the moment of hand 

closure in prehension (Zaal & Bootsma, 2004; Zaal et al., 1998) and might apply to 
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catching as well. In the same vein as the critical-tau (threshold) type of control 

mentioned before, the dynamic timing model exploits first-order time-to-contact 

information. However, in this account, the use of tau is more sophisticated than 

simply waiting until a critical value has been reached. The idea is that grasping 

behavior is best understood within a dynamical systems approach, in which the 

hand-opening and hand-closing states are endowed with stability features. 

Elaborating on the work of Schöner (1994), Zaal and colleagues (1998, 2004) 

proposed a formulation of how the stability of the hand-opening state and the 

stability of the hand-closing state are coupled to first-order time-to-contact. At the 

beginning of the movement, when first-order time-to-contact between the grasping 

hand and the target object is long, the hand-opening state is most stable, whereas 

the hand-closing state is rather unstable. While the reach unfolds, first-order time-

to-contact decreases, resulting in a loss of stability of the hand-opening state and a 

gain of stability of the hand-closing state. At a certain point in time (i.e., the initiation 

of hand closure), the hand-closing state has become more stable than the hand-

opening state and a transition – which has stability features of its own – from the 

hand-opening state to the hand-closing state takes place (for more details see 

Schöner, 1994; Zaal & Bootsma, 2004; Zaal et al., 1998). A consequence of this 

nonlinear dynamics alternative for the use of first-order time-to-contact over the 

threshold type of control is that hand closure does not necessarily occur at a fixed 

value of first-order time-to-contact. That is to say, in the situation of non-constant 

velocities, whereas values of first-order time-to-contact at the moment of the 

initiation of hand closure might vary across experimental conditions, the dynamic 

timing model might be able to accommodate these variations (cf. Zaal & Bootsma, 

2004; Zaal et al., 1998). Furthermore, the dynamical regulation of the initiation of 
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hand closure makes the system resistant to perturbations, for instance, when the 

hand needs to be retracted or the target object changes position. 

Zaal and Bootsma (2004) considered the standard prehension task of having 

participants pick up stationary target objects, and showed that closing time, closing 

distance, and first-order time-to-contact at the moment of hand-closure initiation all 

varied with factors such as distance and the size of the objects, but no effects were 

seen when looking at the differences between the model predictions and the actual 

moments of hand-closure initiation. These differences had been computed on a 

trial-to-trial basis. In an earlier study, Zaal and colleagues (1998) had studied the 

picking up of objects that either remained stationary or moved away from the 

participants in the experiments. They inspected the performance of the dynamic 

timing model, using compound time-to-contact time series rather than individual 

ones, and showed that the model predicted the moments of initiation of hand 

closure quite accurately. Here, we will present an experiment in which participants 

were asked to either reach for and pick up an approaching target (prehension task) 

or keep their hand still and wait for the object to arrive into the hand that they 

needed to open and close to get hold of the approaching object (catching task). 

Following Zaal and Bootsma (2004), we will evaluate the data on a trial-to-trial 

basis, to investigate if the dynamic timing model also applies to the situation of 

approaching objects, both in prehension and in catching.  

 

2. Method 

2.1. Participants 

Seven men and eight women, with an average age of 24 years (ranging from 20 

to 41 years) participated in the experiment. All were right-handed and had normal 

or corrected-to-normal vision. Participants were naive to the exact purpose of the 
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experiment, gave their informed consent and were paid a small fee for their 

participation. 

 
2.2. Apparatus 

A cylindrical target object was placed on top of a magnet embedded object-

carrier. This carrier was made to move along a plain white tabletop (2 m x 2 m) by 

means of a magnetic coupling to a servomotor driven mechanism underneath the 

tabletop (for a similar setup, see: Schenk et al., 2000). The exact movement path of 

the target object was computer-controlled through a user interface that was 

developed for this purpose (LabView, National Instruments). The positions of four 

infrared light emitting diodes (IREDs) were tracked at a rate of 100 Hz using an 

Optotrak system (NDI, Waterloo, Ontario, Canada). The IREDs were placed on the 

center of the target object, the lateral lower corner of the index finger nail, the 

medial lower corner of the thumb nail, and the skin immediately proximal to the 

styloid process of the radius at the wrist. 

 
2.3. Procedure and design 

We used two tasks (prehension and catching) in which the target object 

(diameter: 3 cm, height: 1.5 cm) approached the participants with one of three 

constant velocities (20, 40 and 60 cm/s) and starting from one of two initial 

distances (75 and 100 cm). With a set acceleration of 600 cm/s2 it took the object at 

most 6 cm (100 ms) to reach the constant velocity. Participants sat alongside the 

table, with their right side touching the table edge and their sagittal plane parallel to 

the table edge. The object approached along the participants’ sagittal plane, some 

30 cm away from the edge of the table. At the start of each trial, the right hand, with 

the tips of the thumb and index finger touching, was positioned on a Plexiglas span; 

this span allowed the object to pass underneath. In the prehension task, 
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participants were to reach for and grasp the object. As soon as the object started to 

move towards the participant, he or she was free to choose the moment to start the 

reach to grasp movement. This way, the pick-up location was left to the participant; 

the only instruction was to carry out a continuous, fast but accurate reaching-to-

grasp movement. In the catching task, the participants were required to catch the 

approaching object between the pads of the thumb and index finger while keeping 

the position of their hand fixed, resting on the Plexiglas span. After liftoff, the object 

was to be placed on the tabletop somewhere around the pickup location. During 

each trial headphone-delivered white noise was played. 

The order of the catching and prehension tasks was counterbalanced across 

participants. Presenting the 6 randomized conditions (3 object velocities x 2 initial 

distances) in 12 blocks for the two tasks resulted in a total of 144 trials per 

participant. 

 
2.4. Data analysis 

A total of 2080 trials were used for the data analysis. In 3 trials the object was 

unintentionally dropped, while in 46 trials, either some IRED data was missing or 

we encountered problems with the object carrier.  

Position data was smoothed using a low-pass recursive Butterworth filter with a 

cutoff frequency of 10 Hz. Speed was computed using a three-point finite difference 

algorithm. Hand position was defined as the average position of the thumb and 

index-finger IRED. The start of the reaching movement was defined as the moment 

at which the tangential hand speed rose above a threshold of 2 cm/s. Hand 

aperture was defined as the three-dimensional distance between the thumb and the 

index finger IREDs. The start and end of the grasping movement were defined as 
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the moment when hand opening and closing speed rose above or dropped below a 

threshold of 2 cm/s, respectively. 

To determine the initiation of hand closure we looked back from the moment of 

peak closing velocity and detected the first moment that the hand closing speed 

passed a threshold of 2 cm/s. Closing distance was defined as the distance 

(projected along the dimension of the object approach) between the object and the 

hand at the initiation of hand closure. Closing time was the time from the initiation 

of hand closure until the end of the grasping movement. First-order time-to-contact1 

TC1(D) at the moment of hand-closure initiation corresponded to the time it would 

take to make contact with the object if conditions would prevail (i.e., constant 

velocity) and was computed by dividing the distance (projected along the dimension 

of the object approach) between the object and the hand by the momentary speed 

at which this distance was closed. 

An important part of our analyses examined the accuracy with which the 

initiation of hand closure was predicted by the dynamic timing model (Schöner, 

1994; Zaal & Bootsma, 2004; Zaal et al., 1998). For each trial, we compared the 

predicted moment of hand-closure initiation with the experimentally observed 

moment of hand-closure initiation. To arrive at the model prediction, we numerically 

simulated the model’s set of differential equations (see Appendix) using a Runge-

Kutta algorithm, with a fixed time step of 0.01s, equal to the time step of the 

kinematic data. All parameters of the model were set at a fixed value (α = 10; ω = 

10; γ = 10; β = 90; σ = 0.75; rcrit = 0) except the parameter cvision, which was allowed 

to vary across participants and tasks (as discussed later). The parameter cvision 

represents the strength of the contribution of the first-order time-to-contact variable 

(see Appendix; cf. Schöner, 1994; Zaal & Bootsma, 2004; Zaal et al., 1998). We 

optimized the values of the cvision parameter to have a best fit between the average 
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model predictions and the average observed initiation moments by finding the cvision 

parameter setting that resulted in a minimum sum of squared prediction errors. In a 

first pass, we allowed cvision to vary only across participants (see Table 1 for the 

values of cvision). In a subsequent analysis, cvision was allowed to vary across 

participants but also between tasks (prehension vs. catching; see Table 1).  

*** Table 1 about here *** 

Model accuracy was evaluated in terms of a temporal prediction error, which was 

defined as the time difference of the experimentally observed moment of hand-

closure initiation and the moment of hand-closure initiation as predicted by the 

dynamic timing model; a positive difference meant that the model prediction 

preceded the observed moment of initiation of hand closure.  

A problem for the comparison of the four dependent variables that we identified 

before (closing distance, closing time, first-order time-to-contact, and dynamic-

timing-model prediction error) is that they are defined along different dimensions. 

To arrive at dependent measures that are defined along the same dimension for 

each dependent variable, we computed temporal prediction errors, analogous to 

the dynamic-timing-model prediction error, for each variable that we considered in 

our comparison. To this end, we assumed that these variables (closing time, 

closing distance, or first-order time-to-contact) were to be kept constant at a 

specific value in the control of grasping. We took this value (which was allowed to 

vary across participants) to be the value at which the sum of squared prediction 

errors was minimal, just as we had done for the dynamic-timing-model error. Next 

we inspected for each trial when this value was reached, and computed the 

difference in time between the latter moment and the moment of hand-closure 

initiation. We did so for the variables of closing time, closing distance, and first-

order time-to-contact. The resulting dependent variables were all along the 
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dimension of real time, just as the prediction error of the dynamic timing model. 

Thus, a fair comparison among all four of the temporal prediction errors was 

possible.  

Each dependent variable (temporal prediction errors of closing distance, closing 

time, first-order time-to-contact, and the dynamic timing model) was analyzed with 

a separate repeated-measures analyses of variance (ANOVAs) with task (catching 

vs. prehension), object velocity (20, 40, or 60 cm/s), and initial distance (75 vs. 100 

cm) as within-participant factors. Greenhouse-Geisser corrections of degrees of 

freedom were used when sphericity assumptions were violated. For every 

statistically significant effect, we calculated effect sizes using generalized eta-

squared values (cf. Bakeman, 2005). These effect sizes were interpreted according 

to Cohen’s (1988) recommendation of .02 for a small effect, .13 for a medium 

effect, and .26 for a large effect. In post-hoc analyses, we applied Bonferroni 

corrections to control Type-I errors. 

 

3. Results 

Fig. 1 shows typical examples of hand-aperture profiles. Figs. 1A and B present 

the hand aperture as a function of actual time to contact (i.e., the time until the end 

of the grasping movement), equivalent to the most familiar representation of hand 

apertures in prehension, and given in the majority of the studies of grasping and 

catching (e.g., in the context of prehension: Castiello, 2005; Jeannerod, 1984, 

1988; Marteniuk, Leavitt, MacKenzie, & Athènes, 1990; Zaal et al., 1998; but see 

Bongers, Zaal, & Jeannerod, submitted; and in the context of catching: Mazyn, 

Savelsbergh, Montagne, & Lenoir, 2007; Savelsbergh, Whiting, & Bootsma, 1991; 

Savelsbergh, Whiting, Pijpers, & van Santvoord, 1993). In Figs. 1C and D, hand 

aperture is plotted as a function of actual distance to contact (i.e., hand-object 
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distance), a less familiar representation, although given in a subset of prehension 

studies that stress the role of distance rather than time (e.g., see Haggard & Wing, 

1998; Rand, Squire, & Stelmach, 2006; Wallace, Stevenson, Spear, & Weeks, 

1994; Wing & Fraser, 1983; Zaal & Bootsma, 2000). Finally, Figs. 1E and F give 

hand aperture as a function of first-order time-to-contact (TC1(D); cf. Lee 1976). 

 

3.1. Closing time, closing distance, and first-order time-to-contact 

Although we will perform our inferential statistics on the temporal prediction 

errors that we defined before, for the sake of comparison of the present data with 

results of previous papers, Table 2 gives the values of the three variables of closing 

time, closing distance, and TC1(D), at the moment of the initiation of hand closure. 

Table 2 presents the averages and average standard deviations of these three 

variables, for the three object-velocity conditions. As we explained before, we did 

not analyze these averages per se, but inspected temporal prediction errors, to 

allow a proper comparison among the variables (see Methods section for details).  

 

*** Fig. 1 and Table 2 about here *** 

 

We found a large effect of object velocity on the closing-time prediction error, 

F(1.40,19.59) = 28.77, p < .0001, �2
G = .269 (see Table 3). Post-hoc tests learned 

that all means were different from each other (p < .05). In addition, the ANOVA 

showed a large task effect, F(1, 14) = 19.51, p < .0005, �2
G = .432, M (SD) = 12.1 

(22.0) and -11.6 (29.7) ms for catching and prehension, respectively. 

The ANOVA on the closing-distance prediction error revealed a large effect of 

object velocity, F(1.13, 15.77) = 119.42, p < .001, �2
G = .503 (see Table 3). The 

post-hoc tests showed that all levels of object velocity differed from each other (p < 
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.01). Furthermore, the ANOVA showed a small to medium Task x Object-velocity 

interaction, F(1.32, 18.49) = 7.67, p < .05, �2
G = .068. 

Finally, we found a small to medium effect of object velocity on the prediction 

error of first-order time-to-contact at the moment of hand-closure initiation, F(1.21, 

16.91) = 13.33, p < .005, �2
G = .125 (see Table 3). Post-hoc tests indicated that all 

differences between the means, except for the difference between the two highest 

object velocities, were statistically significant (p < .05). 

 

*** Table 3 about here *** 

 

3.2. Dynamic-timing model 

As we mentioned in the Methods section, we first evaluated the model 

predictions using the same cvision parameter setting for the prehension and the 

catching tasks. Inspection of the average prediction errors learned that in the 

catching task, the model, on average, was some 15.5 (SD = 23.4) ms too late, 

whereas in the prehension task, it was some 8.5 (SD = 29.4) ms too early. 

Although these differences were rather small, a large task effect was found, F(1, 

14) = 50.34, p < .001, �2
G = .418. Furthermore, we found a small to medium effect 

of object velocity, F(1.25, 17.53) = 7.95, p < .01, �2
G = .117 (see Table 3). Post-hoc 

tests showed that the average prediction error of the lowest object-velocity 

condition differed from the other object-velocity conditions (p < .05). Finally, the 

ANOVA revealed a small to medium Task x Object-Velocity interaction, F(1.19, 

16.67) = 9.59, p < .01, �2
G = .039. 

Given the two effects that include the factor of task, we were interested to see if 

allowing the cvision parameter to vary, not only across participants, but also across 

tasks, would result in a situation in which the model would predict the initiation of 
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hand closure in both tasks accurately, albeit with different strengths of the optical 

information on the intrinsic dynamics of hand opening and closing. The ANOVA on 

the prediction errors revealed a same pattern of effects as we had found when we 

used the same values of the cvision parameter for both tasks, although with smaller 

effect sizes. The analysis showed a medium to large effect of object velocity, 

F(1.23, 17.28) = 7.89, p < .01, �2
G = .142 (see Table 3). Again, the prediction errors 

in the slowest object-velocity condition differed from those in the two other object-

velocity conditions (p < .05). Furthermore, we found a small effect of task, F(1, 14) 

= 7.55, p < .05, �2
G = .028, M (SD) = -3.6 (22.9) and 1.1 (29.5) ms for catching and 

prehension, respectively. Finally, the ANOVA revealed a small Task x Object-

Velocity interaction effect, F(1.24, 17.42) = 6.11, p < .05, �2
G = .028 (see Table 4). 

To unpack this interaction effect, we performed two ANOVAs, with factors of object 

velocity and initial distance, for the prehension task and catching task separately. 

Whereas we found no statistically significant effects of any of both factors for the 

prehension task, the analysis of the catching data revealed a large object-velocity 

effect, F(1.22, 17.13) = 9.53, p < .010, �2
G = .248, due to different prediction errors 

when catching the objects that approached at the lowest velocity (p < .05).  

 

*** Table 4 about here *** 

 

4. Discussion 

The main purpose of the current study was to see if the timing of closure of the 

hand was controlled similarly in prehension and catching, both with approaching 

objects. Given the earlier successes (Zaal & Bootsma, 2004; Zaal et al., 1998) of 

modeling the initiation of hand closure in prehension with Schöner’s (1994) 

dynamic timing model, with the hand-closure initiation timed on the basis of first-
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order time-to-contact information, we took this model as our starting point of the 

study. Zaal and Bootsma (2004) reported, for prehension of stationary objects, 

effects of distance, size, and width on the TC1(D) values in their experiment but that 

the dynamic timing model accommodated all these variations: They found no 

significant effects on the average prediction errors. The present study showed that 

this was not the case in all the conditions that we tested, in which we asked our 

participants to either reach for and grasp an object approaching at a constant 

velocity or catch it (with a stationary hand). We found effects of both object velocity 

and task on the quality of the dynamic timing model’s prediction of the moment of 

hand-closure initiation. Importantly, we also found an interaction effect of these two 

factors. It turned out that dynamic timing model had difficulty fitting particularly the 

condition of catching the object approaching at its lowest velocity; In the other 

conditions, the prediction errors were less than 5 ms, on average.  

In line with previous studies, which had shown that closing time (Laurent et al., 

1994; Rand & Stelmach, 2005; Rand et al., 2006, 2008; Zaal & Bootsma, 2004) 

and closing distance (e.g., Carnahan & McFadyen, 1996; Rand & Stelmach, 2005; 

Rand et al., 2006; Wang & Stelmach, 2001; Watson & Jakobson, 1997; Zaal & 

Bootsma, 2004; Zaal et al., 1998) varied with factors such as object velocity, object 

orientation, object width, object size, reaching amplitude, and reaching velocity, we 

found a large effect of the velocity with which the object approached on these two 

variables. The effects of object velocity on these two factors that came out of our 

experiment corroborated the conclusion that closing time or distance are not being 

kept constant, and, thus, do not act as control variables in the coordination of 

reaching and grasping or in the timing of catching in the situation that the hand is 

not moving.  
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Our results showed that the dynamic timing model did not perform well for the 

current catching task of a stationary hand and an object approaching at constant 

velocity, especially when the target arrived at a low speed. From this, one might 

conclude that the model was not appropriate to explain the timing of hand-closure 

initiation in catching. An alternative conclusion might be that our choice of 

designing the catching task in such a constrained way might have brought our 

participants in a rather unnatural situation, in which they were invited to show 

behavior that they would not show in natural catching. We have planned 

experiments to explore this possibility. In these experiments, objects arrive at non-

constant velocities or we allow the hand to move when objects do arrive at constant 

velocities. 

When we looked at the different object-velocity effects in our data, we found that 

the dynamic timing model most closely fit the patterns of results of the current 

experiment. Except for the condition of catching approaching objects at the lowest 

speed used in the current study, temporal prediction errors were less than 5 ms (cf. 

Table 4). The dynamic timing model did explain the results just a little better than a 

model with the timing of the initiation of hand closure at a critical value of first-order 

time-to-contact, and much better than models in which closure distance or time 

were to be kept constant. Temporal prediction errors of the constant-time-to-contact 

account were roughly twice as big as those of the dynamic timing model, except for 

the prediction errors of the lowest object velocity (see Table 3). This lowest object 

velocity proved to be problematic, particularly for the current catching task (we did 

not find a significant object-velocity effect when we considered the data of the 

prehension task separately). Taken together, the dynamic timing model accounted 

for much of the variability seen in closing time and closing distance, and a small 

amount of the variability seen in first-order time-to-contact. For now, we conclude 
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that the dynamic timing model does a fine, albeit not a perfect, job in predicting the 

moment of the initiation of hand closure on the basis of first-order time-to-contact, 

at least for the task of prehension. As to the task of catching, the jury is still out. 
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Footnote 

1 Following Bootsma, Fayt, Zaal, and Laurent (1997), we distinguish the optical 

time-to-contact information (τ) from the organism-environment property that it 

specifies, TC1(D). TC1(D) is defined as the first-order time-to-contact, the time that 

distance gap D will be closed when closing velocity would remain constant. 

Although our ultimately interest is in the information, technically speaking, it is the 

physical first-order time-to-contact TC1(D) that we manipulated in the current study, 

and that we used in our model simulations.  
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Appendix: Model equations 

The dynamic timing model is a set of differential equations, originally 

formulated by Schöner (1994), and adopted for the situation of the grasping of 

prehension by Zaal and colleagues (Zaal & Bootsma, 2004; Zaal et al., 1998). In 

the model, a state variable x is mapped onto the hand-opening and hand-closing 

regimes of prehension. The model equations combine so-called intrinsic dynamics -

- the dynamics that give the state variable x its stability properties -- and the 

contribution of the visual information: 

 

d
dt

x

y
� 
� � 
� 
� � 

= fgrasp + fvision  (1) 

 

In the model three attractors in state space are defined. That is to say, there are 

two fixed-point attractors, for the hand-opening regime (xopen) and the hand-closing 

regime (xclose), respectively, and a limit-cycle attractor passing through these two 

fixed-point attractors: 

 

fgrasp = fosc + fopen + fclose  (2a) 

 

fosc (x, y) =
α ω
−ω α
� 
� � 

� 
� � 

x

y
� 
� � 
� 
� � 

− γ
(x2 + y2)x

(x2 + y2 )y
� 
� � 

� 
� � 

 (2b) 

 

fopen (x,y) = −βint frange

x − xopen

y − yopen

� 
� � 

� 
� � 

 (2c) 
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fclose (x, y) = −βint frange

x − xclose

y − yclose

� 
� � 

� 
� � 

 (2d) 

 

frange(x, y, x i ,yi ) = exp −
(x − xi ) + (y − yit )

2σ 2
� 
� 	 


 
� � 
 (2e) 

 

The contribution of the visual variable r(D), which is the inverse of TC1(D) in 

our case, is defined: 

 

fvision(x, y, xopen ,yopen , xclose ,yclose ) = βvision(D) + frange(x,y, xopen, yopen )
x − xopen

y − yopen

� 
� � 

� 
� � 

� 

� 
	 
	 

− frange (x, y, xclose ,yclose)
x − xclose

y − yclose

� 
� � 

� 
� � 

 

� 
� 
� 
 (3a) 

 

βvision (D) = cvision (r(D) − rcrit ) (3b) 

 

A closer inspection of Equation (3a) shows large similarities with Equations 

(2c) and (2d). A growing value of the visual variable r(D) leads to an increase of the 

variable βvision, resulting in a decrease in the strength of attraction of the point-

attractor at xopen and an increase in the strength of attraction of the point attractor at 

xclose. For a more detailed introduction to the model and its equations, we refer the 

reader to Schöner (1994).  
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Table 1 

Values of the cvision parameter that were used in the simulations when the same 

parameter was used for both tasks and when different parameters were used for 

the two tasks of catching and prehension. 

 

cvision parameter 

different 

participant 

same 

catching prehension 

1 4.21 5.29 3.90 

2 4.27 4.23 4.27 

3 4.67 4.85 4.59 

4 4.37 5.37 4.14 

5 3.75 4.82 3.62 

6 4.32 4.70 4.18 

7 3.87 4.72 3.63 

8 3.96 5.89 3.59 

9 3.86 4.95 3.53 

10 6.04 6.10 5.80 

11 4.40 4.57 3.86 

12 4.11 4.14 3.97 

13 4.89 5.00 4.89 

14 3.50 3.85 3.23 

15 3.80 4.64 3.73 
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Table 2 

Means and average within-participant standard deviations (between brackets) of 

closing time, closing distance, and first-order time-to-contact TC1(D), at the moment 

of initiation of hand closure, as a function of object velocity. 

 

 object velocity (cm/s) 

 20 40 60 

Closing Time (ms) 122.4 (32.0) 107.9 (24.8) 100.1 (20.7) 

Closing Distance (mm) 12.5 (6.6) 18.0 (6.7) 25.3 (8.2) 

TC1(D) (ms) 54.8 (16.0) 47.9 (11.5) 46.3 (10.5) 
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Table 3 

Means and average within-participant standard deviations (between brackets) of 

the model prediction errors (ms) as a function of object velocity. 

 

  object velocity (cm/s) 

  20  40 60 

Constant closing time -11.0 (32.0) 3.5 (24.8) 3.3 (20.7) 

Constant closing distance 12.1 (22.0) -7.7 (14.4) -18.4 (12.9) 

Constant first-order time-to-contact -2.7 (25.8) 6.1 (16.1) 7.7 (14.3) 

Same cvision -10.8 (35.2) 0.7 (21.6) -0.5 (22.4) 
Dynamic timing 
  

Different cvision -8.4 (34.9) 3.0 (21.7) 2.2 (22.1) 
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Table 4 

The significant Object-Velocity x Task interaction effect of the dynamic-timing-

model prediction errors (ms); Means and average within-participant standard 

deviations (between brackets). 

 

Task  object velocity (cm/s) 

  20  40 60 

Prehension -3.2 (36.3) 3.6 (26.2) 2.8 (26.1) 

Catching  -13.7 (33.5) 2.4 (17.2) 1.5 (18.1) 
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Figure caption 

Fig. 1. Typical examples of hand-aperture profiles of 6 different trials of one and 

the same participant, of the catching task (left column) and of the prehension task 

(right column). The dotted, dashed, and solid lines represent the 20, 40, and 60 

cm/s levels of object velocity, respectively. The hand-aperture profiles are plotted 

as a function of the actual time to contact (top row), the actual distance to contact 

(middle row), and the first-order time-to-contact (bottom row). 
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