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Abstract
Grip force has been studied widely in a variety of interaction and movement tasks, however, not much is known about the 
timing of the grip force control in preparation for interaction with objects. For example, it is unknown whether and how the 
temporal preparation for a collision is related to (the prediction of) the impact load. To study this question, we examined the 
anticipative timing of the grip force in preparation for impact loads. We designed a collision task with different types of load 
forces in a controlled virtual environment. Participants interacted with a robotic device (KINARM, BKIN Technologies, 
Kingston) whose handles were equipped with force sensors which the participants held in precision grip. Representations of 
the hand and objects were visually projected on a virtual reality display and forces were applied onto the participant’s hand 
to simulate a collision with the virtual objects. The collisions were alternating between the two hands to allow transfer and 
learning between the hands. The results show that there is immediate transfer of object information between the two hands, 
since the grip force levels are (almost) fully adjusted after one collision with the opposite hand. The results also show that 
the grip force levels are nicely adjusted based on the mass and stiffness of the object. Surprisingly, the temporal onset of the 
grip force build up did not depend on the impact load, so that participants avoid slippage by adjusting the other grip force 
characteristics (e.g., grip force level and rate of change), therefore considering these self-imposed timing constraints. With 
the use of catch trials, for which no impact occurred, we further analyzed the temporal profile of the grip force. The catch 
trial data showed that the timing of the grip force peak is also independent of the impact load and its timing, which suggests 
a time-locked planning of the complete grip force profile.
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Introduction

Interaction with moving objects while holding another 
object is something we do very regularly in our daily life, 
e.g., when playing tennis or holding a tray while someone 
(un)loads it. One of the challenges in these types of tasks 
is to apply a sufficient grip force on the hand-held object to 
counteract tangential load forces due to the collision.

When manipulating an object in precision grip, the 
changes in load force can be predicted by the neural system 

because of the efference copy of the arm motor command, 
and be compensated by anticipatory grip force adjustments 
to stabilize the object. Hereby, the force level of the grip 
and the load are coupled with no time delay (Flanagan and 
Wing 1993; Flanagan and Tresilian 1994), including changes 
of the load force due to position, velocity and acceleration 
(Flanagan and Wing 1997; Nowak et al. 2004).

When hand-held objects are perturbed from an external 
source, it becomes more difficult to predict changes of the 
load force, especially when the load force change is fast 
and the available time for sensory feedback is short, like 
in the case of a collision. Several studies have addressed 
the control of grip force in collision tasks (e.g., Johansson 
and Westling 1988; Serrien et al. 1999; Nowak and Herms-
dörfer 2006). When the impact load was predictable, par-
ticipants were able to adjust their grip force to the impact 
time and intensity during passive collisions (Johansson and 
Westling 1988) as well as during active collisions (Turrell 
et al. 1999). During passive collisions, when the task was to 
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receive and withstand an impact, the timing of the grip force 
peak regarding the load force peak was delayed (Serrien 
et al. 1999; Turrell et al. 1999; Delevoye-Turrell et al. 2003). 
An earlier study from Johansson and Westling (1988) attrib-
uted this delay of the grip force peak to a reactive response, 
whereas a more recent study from Bleyenheuft et al. (2009) 
suggested that the predictive nature of grip force during 
rapid load force changes was causing the delays. Bleyenheuft 
et al. introduced catch trials in their protocol, in which an 
expected collision did not happen, and no load force was 
applied on the hand-held object. During these catch trials, 
the delayed grip force peak was still present, revealing its 
predictive nature. White et al. (2011) expanded on that study 
using catch trials in active collisions in a virtual environ-
ment and demonstrated that the timing of the grip force peak 
delay is pre-programmed and does not adapt to different load 
forces.

The research studying grip force in collision-like loads 
has focused often on the grip force response at or after the 
impact but rarely on the grip force preparation in anticipa-
tion of the collision. Johansson and Westling (1988) reported 
an anticipatory rise in grip force around 150 ms prior to the 
impact, but it is unknown whether and how the temporal 
preparation for a collision is related to the prediction of the 
impact.

In the present study, we examined the anticipative timing 
of the grip force in preparation for the impact load. To do 
this, we designed a collision task with different types of load 
forces in a controlled virtual environment. The results reveal 
that the temporal onset of the grip force build up does not 
depend on the impact load, so that participants avoid slip-
page by adjusting the other grip force characteristics (e.g., 
grip force level and rate of change), therefore considering 
these self-imposed timing constraints. Also, the timing of 
the grip force peak is independent of the impact load, which 
suggests a time-locked planning of the grip force profile.

Methods

Participants

Nineteen healthy participants (eight men, two left-handed, 
average age 31.7 ± 13.5 years) participated in the experiment 
after they provided informed consent (including one of the 
authors, FS). They all had normal or corrected-to-normal 
vision and did not have any known oculomotor deficiencies 
or motor disabilities. Except for the author, the participants 
were naïve as to the purpose of the experiment and debriefed 
after the experimental session. The data of the author were 
not different from the data of the others and the outcomes of 
the statistical tests were not affected with or without the data 
of the author. The experimental procedures were approved 

by the local ethics committee at the Université catholique 
de Louvain.

Behavioral task

We studied grip force anticipation and grip force adaptation 
to different load forces in a passive collision task alternating 
between the two hands. Participants were asked to hold two 
manipulandum handles (one for each hand), attached to a 
robotic arm, between thumb and index finger in a precision 
grip. This enabled the participants to interact bimanually 
in a 2D plane with virtual objects displayed on a virtual 
reality display (KINARM, BKIN Technologies, King-
ston) (Fig. 1b). Two force sensors on each manipulandum 
recorded the grip and load force of the index finger and 
thumb of each hand (Fig. 1a). Direct vision of the limbs and 
robotic arms was blocked. The participants were instructed 
to keep each hand in a visually indicated start position and 
await and absorb the collision(s). The target moved towards 
their hand and then collided with a virtual bar attached to 
their hand. The visual virtual bar was presented orthogonal 
to the movement of the ball (Fig. 1d), and did not rotate 
along with possible handle rotations. We instructed the par-
ticipants to hold the rotation of the handle in such a way that 
the ball would collide orthogonal to the line between their 
thumb and index finger, and we instructed them not to lose 
the grip of the manipulandum during the collision and not 
to push against the incoming object. The movement of the 
handle in the direction of the approaching ball before the 
collision was typically less than 3 mm. Due to the impact of 
the collision, the hand typically moved back less than 5 mm.

Task protocol

In the experiment, we wanted to investigate how the 
anticipatory grip force timing interacts with grip force 
adaptation to different load forces in a collision task. A 
second aim was to investigate transfer and learning of 
this grip force anticipation between the two hands. To 
elicit various load force profiles, we presented virtual 
objects to the participants of two different object stiff-
nesses (k1 = 1000 N/m, k2 = 6000 N/m) and three differ-
ent masses (m1 = 2 kg, m2 = 4 kg, m3 = 8 kg) resulting in 
six distinct objects (Fig. 1c). The object collisions were 
presented in blocks. One block consisted of six trials with 
the same object characteristics and all objects moved at the 
same constant velocity when approaching the hand. The 
six consecutive trials allowed us to study the evolution 
of the responses within each block. Thirty blocks of six 
trials were performed for each of the six objects resulting 
in 30 × 6 = 180 blocks (180 × 6 collision = 1080 collisions 
in total). Half of the blocks started with a collision to the 
left and the other half with a collision to the right. All 
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blocks of one starting direction were bundled so that par-
ticipants did a series of 90 blocks in one starting direction 
and then 90 blocks in the other starting direction. The 
starting direction was counterbalanced across participants. 
The distribution of objects was randomized, so that the 

participant did not know what object and intensity of the 
impact to expect in the first trial of each block. In addi-
tion, each block contained one catch trial in which no force 
was applied to measure the mechanically unperturbed grip 
force. The catch trial was chosen randomly for each block 

Fig. 1   a Handle with manipulandum and force sensors. Two differ-
ent viewing angles. b KINARM setup, handles held in precision grip. 
c Properties of virtual objects used during experiment. Two stiff-
nesses (k1 = 1000  N/m, k2 = 6000  N/m) and three different masses 
(m1 = 2  kg, m2 = 4  kg, m3 = 8  kg) constitute six different objects 
represented by a tennis ball image (3  cm diameter). d Time course 
of a block. One block consisted of a sequence of six trials. The par-
ticipant’s hands, represented by the red oblique bars are put into the 
indicated position. In the first trial, after 2  s of fixation and a gap 
period (object blanked for 300 ms), the object started moving towards 
the first hand (here: left hand) at a constant velocity (60  cm/s). 

After ≈ 380 ms, the object collided with the red oblique bar, trigger-
ing a force impulse onto the participants hand depending on mass and 
spring constant of the object. After the collision, the object bounced 
back in the direction where it came from for another 500 ms. Then 
the second trial started and after another 500  ms, the object was 
shown for 50 ms until it started moving towards the other hand (here: 
right hand), collided with it and bounced back for 500 ms. Then the 
third trial started and after another 500 ms, the object is shown again. 
Each block contained one randomly chosen catch trial (note that the 
first trial is never a catch trial) in which no force was applied
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and could replace normal trials 2–6 of a block (the first 
trial of block was never a catch trial).

During the entire experiment, a horizontal bar (30 × 2 cm) 
was shown on the top of the screen as reference for the start-
ing position of the moving objects that collided with the 
participant’s hand. At the beginning of the first trial of each 
block, the participants were asked to move both handles, rep-
resented by two oblique rectangular bars (1.5 × 5 cm, rotated 
(anti-)clockwise by 32.66° from the horizontal axis), into 
their indicated positions which were 30 cm apart from each 
other. Five hundred milliseconds after that, the virtual object 
(image of a tennis ball, 3 cm diameter) was displayed around 
25 cm away from the hands, just below the horizontal refer-
ence bar (Fig. 1d).

In the first trial of a block the object was displayed for 
2000 ms until it was turned off once for 300 ms to indicate 
the start of the object movement. For the subsequent trials 
2–6, the object was only displayed for 50 ms before it started 
moving. The object moved orthogonally towards the oblique 
rectangular bar (object velocity 60 cm/s) and collided with 
it. At contact, the object bounced back and was shown for 
another 500 ms. According to the virtual object mass and 
stiffness, different impact forces were applied by the robot to 
the hand approximating real-world collision dynamics mod-
eled after Hooke’s law. The force at a certain moment in time 
Ft was determined by the stiffness k of the object and the 
penetration length of the object into the handle at the same 
moment in time xt:

The applied force Ft determined the updated velocity Vt+1 
and position Xt+1 of the virtual object:

where Δt is the time step between state t and t + 1 and m is 
the virtual object mass.

Experimental setup

For this experiment, we used a KINARM robot (BKIN 
Technologies, Kingston; acquisition rate 1000 Hz) whose 
handles were equipped with a KINGRIP manipulandum 
(Arsalis, Belgium; acquisition rate 1000 Hz). Each KING-
RIP manipulandum was held in a precision grip between the 
thumb and index finger while manipulating the robot arms. 
Each KINGRIP finger contact surface (brass) was equipped 
with a bi-directional force sensor recording the normal force 
(range = 100 N, non-linearity < 0.3%) and the horizontal tan-
gential force (range = ± 50 N, non-linearity < 0.3%) applied 
by each finger on the KINGRIP manipulandum. The analog 
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KINGRIP force signals were filtered with a Bessel 8-pole 
low pass filter with a cutoff frequency of 500 Hz.

Data analysis

Throughout the whole experiment, the grip and load force 
at both handles were measured (typical profile see Fig. 2). 
Also, the position of the hands, the timing of collisions and 
the collision forces were measured. Data were analyzed 
offline using MATLAB and repeated measures ANOVA 
conducted with SPSS. Graphs were created with MATLAB 
and Inkscape was used to edit them and create illustrations.

For each trial, we calculated several metrics on grip 
force level and grip force timing. The forces for thumb and 
index finger were measured separately, hence grip force 
values are the average of the grip force of both fingers. We 
observed that the grip force of thumb and index finger was 
not the same following the contact with the object. When 
experiencing a horizontal collision, the finger’s position 
and orientation plays a role in the unloading of the load 
force onto the fingers. Since the thumb holds a more cen-
tral position (regarding to the body), one could expect a 
larger load force unloading onto the thumb. Indeed, we 
observed grip force profiles with a higher force for the 
thumb than for the index finger. Together with the fact that 
the grip force of the thumb followed closely the timing and 
strength of the load force, we conclude that the mechanical 
perturbation of the thumb was considerably stronger than 
for the index finger. The setup did not allow us to control 
the positioning and orientation of the fingers involved in 
the precision grip. These observations strengthened our 

Fig. 2   Grip and load force profile of soft light (blue) and stiff heavy 
object (black). Grip force represented by solid (normal trial) and 
dashed (catch trial) lines. Load force represented by dotted lines. 
Green dashed line indicates moment of contact with virtual object 
that was aligned with time zero for all trials. Each line represents a 
single trial of one example participant
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decision to neglect the raw data from the normal trials 
after contact and to use the pre-collision metrics for pre-
dicting the grip force maximum as they were highly cor-
related (see “Results”).

GF at contact is defined as the level of grip force that the 
participant applied at the handle at the moment of contact. 
GF rate at contact is the first derivative of the grip force at 
the moment of contact, calculated as the average rate over 
the last 10 ms before contact. GF baseline is the average grip 
force level in between the collisions, calculated over 250 ms, 
starting from 50 ms before the object started to move to 
200 ms after. The onset of the grip force was determined as 
the first moment at which the grip force exceeds the baseline 
plus five times the standard deviation of the baseline and 
remains higher than this threshold for more than 10 ms. GF 
anticipation was defined as the temporal difference between 
the grip force onset and the moment of contact.

Model for predicted grip force maximum

Unfortunately, the grip force traces of the normal trials were 
mechanically disturbed by the impact loads (see Fig. 2), 
hence it was not possible to read out the actual grip force 
maximum applied during the trials. To be able to analyze the 
grip force maximum of the normal trials, we used multiple 
regression to estimate the grip force maxima with the help 
of the undisturbed catch trials.

With the multiple regression on the catch trials, we deter-
mined the correlation of the grip force maximum (GFM) 
with the grip force at contact (GFC) and its first derivative 
at contact (dGFC/dt [F/s]):

with R2 = 0.84. Both components contribute significantly 
(both p < 0.001). The determined values are similar to the 
ones found in an active collision task in the study of White 
et al. (2011). The high correlation between the prediction 
and the measured grip force maximum in the catch trials 
shows that we can well predict the level of the grip force 
maximum based on the GF at contact and the GF rate at con-
tact. We used this predictive model to calculate the predicted 
GF max for all trials.

We compared the predicted GF max, GF at contact, 
GF rate at contact, GF baseline and GF anticipation over 
starting direction, objects and trials with 2 × 6 × 6 repeated 
measures ANOVA (starting direction × object × trial). When 
a significant main effect of object was present, a post hoc 
3 × 2 ANOVA (mass × stiffness) was performed to test 
the effects of mass and stiffness. In all ANOVAs, Green-
house–Geisser corrections were used when sphericity was 
violated, and Bonferroni corrections were used in all post 
hoc comparisons.

GFM = 0.93 × GFC + 0.05211 × dGFC∕dt,

Results

In this study, participants were asked to hold both handles of 
a bimanual endpoint manipulandum in a precision grip with 
custom-made integrated force sensors. In a collision task, 
the participant was asked to hold the hands at the starting 
positions while an object collides with one of their static 
hands. We analyzed force patterns and their timing during 
the preparation and collisions.

Grip force

Figure 3 shows the average across participants of four dif-
ferent grip force characteristics for each trial number and 
each object condition: The predicted grip force maximum 
(predicted GFmax), the grip force level at the moment of 
contact (GF at contact), the grip force level between colli-
sions (GF baseline), and the grip force rate at the moment 
of contact (GF rate at contact). For all four parameters, no 
difference can be seen for the different objects in the first 
trial, but a clear distinction for the six different objects can 
be seen in the later trials. Significant main effects for the 
trial number and for the interaction between trial number 
and objects revealed that the grip force behavior changed 
significantly from trial 1 to trial 6. Furthermore, significant 
main effects for object mass and object stiffness as well as its 
interaction were found, meaning that the grip force property 
was adjusting to each mass and stiffness, respectively. Both 
a larger mass and a higher stiffness resulted in larger grip 
force levels and a larger grip force rate at contact. Statistical 
tests showed no difference regarding the hand used during 
the first trial, so the data sets of both starting directions were 
analyzed together. Below, we describe the results on these 
metrics in more detail.

Predicted grip force maximum

The results showed (Fig. 3a) that for the first trial of each 
block, the level of predicted GFmax was consistent (~ 19 N). 
Starting from the second trial (which was with the opposite 
hand), the predicted GFmax diverged based on the charac-
teristics of the objects. For trials 3–6, the predicted GFmax 
levels were consistent and adjusted to the mass and stiffness 
of the objects (from ~ 15 N for the light soft object to ~ 22 N 
for the heavy stiff object).

A 2 × 6 × 6 repeated measures ANOVA (starting direc-
tion × object × trial) on the predicted grip force maximum 
showed no main effect of starting direction (F1.0,18.0 = 2.40, 
p = 0.139). A main effect of object (F5,90 = 30.42, p < 0.001) 
showed an effect of the different object characteristics. A 
post hoc 3 × 2 ANOVA (mass × stiffness) showed significant 
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main effects of mass (F2,36 = 57.55, p < 0.001) and stiffness 
(F1.0,18.0 = 32.26, p < 0.001) and no significant interaction 
(F2,36 = 0.46, p = 0.63). Both a larger mass and a higher 
stiffness resulted in larger grip force maxima. A main 
effect of trials (F1.3,23.9 = 5.30, p = 0.022) and post hoc com-
parisons with Bonferroni corrections showed a difference 
between the predicted GFmax for the first trial and the fifth 
trial (p = 0.032). An interaction effect was seen for start-
ing direction × object (F2.4,43.9 = 21.03, p < 0.001), showing 
more distinct differences in the predicted grip force maxi-
mum between the objects when the first collision was to the 
right hand than when it was to the left hand. An interaction 
effect was seen for trial × object (F7.3,130.7 = 8.28, p < 0.001), 
reflecting the difference between the predicted grip force 
maximum for the first trials and the adjustments based 
on the object characteristics on the following trials. Also, 

an interaction effect for starting direction × trial × object 
(F6.9,124.9 = 6.19, p < 0.001) was found.

GF at contact

The results showed (Fig. 3b) that for the first trial of each 
block, the level of grip force at contact was consistent 
(~ 15 N). Starting from the second trial (which was with 
the opposite hand), the grip force at the moment of contact 
diverged based on the characteristics of the objects. For tri-
als 3–6, the grip force levels at contact were consistent and 
adjusted to the mass and stiffness of the objects (from ~ 10 N 
for the light soft object to ~ 16 N for the heavy stiff object).

A 2 × 6 × 6 repeated measures ANOVA (starting direc-
tion × object × trial) on the grip force at contact showed no 
main effect of starting direction (F1.0,18.0 = 0.55, p = 0.469). 

Fig. 3   Grip force depending on trial and object. Predicted GFmax (a), 
GF at contact (b), GF baseline (c) and GF rate at contact (d) plotted 
for normal trials 1–6 (group data). The catch trials of trials 2–6 are 
combined into one data point at the right of each panel. Colors indi-

cate object mass (blue = m1, red = m2, black = m3) and type of circle 
indicates object stiffness (hollow circle = k1, filled circle = k2). Error 
bars indicate SEM
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A main effect of object (F2.1,37.0 = 50.01, p < 0.001) showed 
an effect of the different object characteristics. A post hoc 
3 × 2 ANOVA (mass × stiffness) showed significant main 
effects of mass (F1.2,21.3 = 79.37, p < 0.001) and stiffness 
(F1.0,18.0 = 46.22, p < 0.001) and a significant interaction 
(F2,36 = 3.36, p = 0.046). Both a larger mass and a higher 
stiffness resulted in larger grip force levels at contact. A 
main effect of trial number (F1.7,31.4 = 20.45, p < 0.001) and 
post hoc comparisons with Bonferroni corrections showed 
a difference between the grip force at contact for the first 
trial and all other trials (all p < 0.01 for comparison with the 
first trial). Other differences were found between trial 3 and 
trial 4 (p = 0.016), trial 3 and trial 6 (p = 0.002), trial 4 and 
trial 5 (p = 0.042), and trial 5 and 6 (p = 0.001). An inter-
action effect was seen for trial × object (F6.8,122.3 = 20.44, 
p < 0.001), reflecting the difference between the grip force 
at the first trial and the adjustments on the following trials.

GF baseline and GF rate at contact

In addition to the adjustment of the grip force at contact 
according to mass and stiffness of the virtual objects, both 
the baseline grip force level in between collisions (GF base-
line, Fig. 3c) and the grip force rate at contact (GF rate at 
contact, Fig. 3d) adjusted as well to virtual object properties.

A 2 × 6 × 6 repeated measures ANOVA (starting direc-
tion × object × trial) on GF baseline showed no main effect 
of starting direction (F1.0,18.0 = 0.02, p = 0.893) but a main 
effect of object (F1.4,25.2 = 17.30, p < 0.001). A post hoc 
3 × 2 ANOVA (mass × stiffness) showed significant main 
effects of mass (F1.1,21.4 = 23.01, p < 0.001) and stiffness 
(F1.0,18.0 = 16.34, p = 0.001) and a significant interaction 
(F1.4,25.9 = 6.75, p = 0.008). Both a larger mass and a higher 
stiffness resulted in larger GF baseline. A main effect of 
trial number (F2.7,49.1 = 4.76, p = 0.001) was found, but no 
post hoc differences. An interaction effect was seen for 
trial × object (F5.1,91.9 = 13.43, p < 0.001), reflecting the dif-
ference between the GF baseline for the first trial and the 
adjustments based on the object characteristics on the fol-
lowing trials. There was no significant difference for the GF 
baseline between the first and second collision (p > 0.77), 
from which we could speculate that the GF baseline is appar-
ently not part of the prediction for the impact, but more the 
result of the experience of the previous collision.

A 2 × 6 × 6 repeated measures ANOVA (starting direc-
tion × object × trial) on GF rate at contact showed no main 
effect of starting direction (F1.0,18.0 = 0.02, p = 0.881) but a 
main effect of object (F2.3,43.4 = 39.52, p < 0.001). A post 
hoc 3 × 2 ANOVA (mass × stiffness) showed significant 
main effects of mass (F1.2,21.3 = 54.80, p < 0.001) and stiff-
ness (F1.0,18.0 = 34.19, p < 0.001) and a significant interaction 
(F2,36 = 3.63, p = 0.037). Both a larger mass and a higher 
stiffness resulted in a larger GF rate. A main effect of trial 

number (F2.3,40.9 = 5.17, p = 0.008) was found, with post hoc 
comparison patterns similar to those for GF at contact. An 
interaction effect was seen for trial × object (F5.6,101.3 = 10.02, 
p < 0.001), reflecting the difference between the grip force 
rate at contact for the first trials and the adjustments based 
on the object characteristics on the following trials.

Catch trials

The results of the catch trials were overall very similar to 
the normal trials (see catch trials in Fig. 3). It is difficult 
to statistically test these findings in a scientifically sound 
way, since there is only limited data on the catch trials on 
each position in the sequence and we see clear effects of the 
sequence on the normal trials. However, testing the catch 
trial data to the overall mean of the normal trials for each 
object did not show any significant differences in any of 
the metrics before or at the (predicted) moment of impact 
(all p > 0.3). Being similar to the normal trials before and at 
contact (e.g., GF at contact, GF baseline, GF rate at contact) 
illustrates that the participants could not predict whether 
a trial was a catch trial or not. Since there were no colli-
sions for the catch trials, the measured grip force profiles 
gave us insight into the motor planning and anticipation for 
the whole trial without the mechanical perturbations of the 
actual collision (see “Methods” for the calculation of a pre-
dicted grip force maximum for the normal trials). The grip 
force profiles of the catch trials showed that the value of the 
grip force at contact is not the maximum grip force, but this 
maximum is reached later [similar as in White et al. (2011)]. 
Pooled catch trials of all participants showed that the grip 
force maximum is 82 ± 39 ms after the contact (not shown) 
and that it did not depend on the object characteristics.

Grip force timing

In contrast with the grip force levels that nicely adjusted 
to the virtual objects’ mass and stiffness, we found that the 
grip force onset in anticipation of the object contact (GF 
anticipation) and the following collision was constant and 
also independent of the object characteristics. The follow-
ing results suggest therefore an object-independent temporal 
grip force planning.

GF anticipation

To see whether the adjusted grip force levels originated from 
the timing of the anticipation, we compared the moment of 
grip force onset, i.e., the moment in time at which the grip 
force exceeds five times the standard deviation of the base-
line grip force level, for each trial. The temporal anticipation 
(Fig. 4) was longer for the first trial (~ 170 ms) compared 
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to the following trials (~ 110 ms) but did not depend on the 
characteristics of the objects.

Like for the GF levels, a 2 × 6 × 6 repeated measures 
ANOVA (starting direction × object × trial) on the tempo-
ral anticipation showed no main effect of starting direction 
(F1.0,18.0 = 0.34, p = 0.566). In contrast to the GF levels, it did 
not show a main effect of object (F5,90 = 1.43, p = 0.221). A 
main effect of trial number (F1.4,24.9 = 160.86, p < 0.001) and 
post hoc comparisons with Bonferroni corrections showed a 
difference between the temporal anticipation for the first trial 
and all other trials (all p< 0.001 for comparison with the first 
trial, all other comparisons had p > 0.268).

Grip force timing in catch trials

To further explore the timing in the grip force planning, 
we performed additional analyses on the catch trials. As 
described above, the grip force maximum was not at the 
moment of contact, but 82 ± 39 ms after the moment of con-
tact [similar to White et al. (2011)] and this timing did not 
depend on the object characteristics. These constant tempo-
ral factors are especially noteworthy given the fact that the 
time between contact and load force peaks differs consider-
ably (as seen in Fig. 2) with a difference over 40 ms between 
the light stiff object (m1k2, 27 ms after contact) and the 
heavy soft object (m3k1, 69 ms after contact).

Discussion

In this study, we investigated the preparation of the grip 
force response to counteract six different impact loads that 
differed in mass and stiffness. Participants encountered each 

type of impact load in sequences of six collisions. We stud-
ied the force levels and the timing of the grip behavior to 
learn more about the grip force motor planning strategies.

First, the results showed that one single collision is suf-
ficient to get enough information to prepare for the next col-
lision, even when this collision is to the other hand. This 
process whereby training with one limb leads to subsequent 
improvement in performance by the contralateral untrained 
limb is called cross-education (e.g., Ruddy and Carson 
2013). It has been found that cross-education can increase 
the strength of the untrained contralateral limb when train-
ing the other.

Next, we found that grip force levels, both pre- and post-
collision, adjust very well to the object characteristics. Grip 
force at contact and grip force rate was nicely adjusted to 
mass and stiffness. Due to the mechanical disturbance of 
the grip force after contact, we could not directly measure 
the grip force maximum in the normal trials, but from the 
catch trials we learned that the level of the GF maximum 
can be very well predicted from the GF at contact and the 
GF rate at contact. This prediction was very similar to the 
prediction made by White et al. (2011) in their study with 
vertical active collisions.

Looking at the timing of the grip force preparation, there 
were no differences in the temporal profile for the differ-
ent object characteristics, but we observed a significantly 
longer anticipation time for the first trial of every block. The 
first trial of each block differed in two ways from the sub-
sequent repetitions. On one hand, the mass and the stiffness 
were unknown to the participant during the first trial so that 
this uncertainty could have led to an earlier rise in the grip 
force. On the other hand, the time between when the object 
was displayed and started moving was 2300 ms during the 
first trial and only 50 ms during the subsequent trials of 
each block. Therefore, the time between the initial object’s 
appearance and the object’s contact with the participant’s 
hand was also considerably shorter, so that the shorter avail-
able time until contact could have led to an overall shorter 
anticipation time for the subsequent trials of each block. A 
follow-up study could bring clarity to the question whether a 
different timing of the object presentation does indeed influ-
ence the anticipation time.

Strikingly, our results revealed that the temporal onset of 
the grip force build up does not depend on the impact load, 
so that participants avoid slippage by exclusively adjusting 
the other grip force characteristics (e.g., grip force level and 
rate). Also, we found that the timing of the grip force peak 
does not depend on the impact load either [similar to White 
et al. (2011)], which suggests an altogether time-locked 
planning of the grip force profile.

Time-locked motor planning has also been found in other 
motor tasks. For example, Lefèvre et al. (1992) showed 
that a fixed period of time (~ 40 ms) is needed to restore 

Fig. 4   Grip force anticipation (group data) plotted for normal trials 
1–6 and catch trials. The catch trials of trial numbers 2–6 are com-
bined into one data point at the right of the panel. Colors indicate 
object mass (blue = m1, red = m2, black = m3) and type of symbol 
indicates object stiffness (hollow circle = k1, filled circle = k2). Error 
bars indicate SEM
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an inhibited vestibulo-ocular reflex at the end of large 
amplitude gaze shifts. The authors suggested that the gaze 
control system is using a predictive strategy based on the 
knowledge of head velocity and instantaneous gaze motor 
error. McIntyre et al. (2001) also showed a fixed timing of 
an action movement (catching a falling ball) in their experi-
ments with different gravity conditions (1 g and 0 g). The 
authors found that in 1 g participants started their muscle 
activity to catch the ball 200 ms before contact, and this 
was independent of the ball velocity and the height of the 
release of the ball. In an untrained 0 g condition, the peak 
of the anticipatory motor response was found to be earlier 
(with respect to the moment of contact), suggesting that the 
timing shifted because of a mismatch in perceived moment 
of contact. After repeated exposure, the perceived moment 
of contact and with that the initiation of the motor action 
shifted (though not completely) towards the findings in 1 g. 
The time-locked motor planning relative to the time to con-
tact appears similar to our results where the grip force onset 
in preparation for the collision is time locked and independ-
ent of object mass and stiffness.

Visual information plays a critical role when estimating 
the time to contact in many daily tasks. On one hand, the 
visual system can use the motion of the visual image on the 
surface of the retina (retinal slip), e.g., while driving on the 
highway when a car is cutting your lane or in the case of 
looming when the retinal image becomes increasingly large 
so that it is perceived as an approaching object (e.g., Gibson 
2014). Hereby, timing is limited by the response latencies 
of the photoreceptor (Kietzman and Sutton 1968) and the 
dependency on luminance, color, and contrast of the signal 
processing latencies in different brain areas (e.g., Thomp-
son 1982). On the other hand, if sufficient time is available, 
humans can pursue the visual stimulus (Brenner and Smeets 
2009, 2011), so that the target’s position and velocity are 
derived from (continuous) oculomotor signals rather than 
from (intermittent) retinal signals. Accordingly, temporal 
precision is poorer when the moving target is not visually 
pursued (Brenner and Smeets 2011). At a neural level, recent 
studies about the neural coding of the motor system show 
that precise timing can be achieved by the millisecond-scale 
timing patterns of action potentials (spike timing) in addition 
to the already established total number of spikes fired within 
a specified time interval (spike rate) (Srivastava et al. 2017; 
Sober et al. 2018). This could explain why estimating the 
time to contact of a collision in our task can be very precise 
enabling exact temporal motor planning.

Further preferences for time-locked motor planning 
have been observed in interception. Brenner and Smeets 
(2015) presented an interception study, in which perfor-
mance was found to be better when the timing of the reach-
ing movement was fixed, and the point of interception was 
fine-tuned by the participants than when the timing needed 

to be fine-tuned to reach a precise position for the intercep-
tion. They argue that the reason for this improved preci-
sion is a shorter feedback delay for updating the antici-
pated point of interception with a fixed timing than for 
updating the anticipated time of interception for a fixed 
point. This is in line with an earlier study (Brenner et al. 
1998) where changing the timing of an interception takes 
longer than changing the position. Consequently, Brenner 
and Smeets (2015) propose that people use time-locked 
motor planning to achieve the amazing precision that is 
reported for several sports situations (Bootsma and van 
Wieringen 1990; Mcleod and Jenkins 1991; Regan 1992).

A follow-up study could explore whether the time-
locked motor control is an essential part of the grip force 
motor planning by testing participant’s specific brain 
regions. Both motor timing and time perception underlie 
similar cerebral structures as revealed by a FMRI study 
(Schubotz et al. 2000) which is often identified as the cer-
ebellum in other studies. Hence, impaired sensorimotor 
timing was found in adults with attention-deficit/hyperac-
tivity disorder due to an atypical function of the cortico-
cerebellar system (Valera et al. 2010) and the associated 
degeneration of the cerebellum in patients with spinocer-
ebellar ataxia led to quantitative deficits in temporal pro-
cessing for predictive motor timing (Bares et al. 2011). 
Testing patients with these conditions could clarify the 
reliance on the time-locked behavior. In the reverse case, 
our task might be used as a clinical test to assess the sever-
ity or the evolution of pathologies affecting timing and 
motor control as observed, e.g., in Parkinson patients [for 
a review see Lucas et al. (2013)].

Furthermore, it would be interesting to see whether a con-
stant timing is preserved in active collisions, namely when a 
certain force has to be transmitted to a stationary object by 
colliding a hand-held object with it. During active collisions, 
an efferent copy of the arm movement is available, which 
might influence the perceived time to contact. This could 
shed some light on the extent to which the central nervous 
system takes self-motion into account and how it adapts the 
timing of the grip force motor planning.

To conclude, in this study, we not only confirmed that 
grip force levels adjust to the mass and stiffness of the collid-
ing object but also showed that this adjustment is transferred 
to the other hand after one single collision. Moreover, our 
findings reveal a grip force onset that is independent of the 
collision characteristics and suggest that the complete timing 
of the grip force profile is time locked.
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