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Institut de Neurosciences de la Timone,

Marseille, France
Current affiliation: Institute of Neuroscience,

Institute of Communication & Information Technologies,
Electronics & Applied Mathematics,
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The ability to track a moving target with the hand has
been extensively studied, but few studies have
characterized gaze behavior during this task. Here we
investigate gaze behavior when participants learn a
new mapping between hand and cursor motion, such
that the cursor represented the position of a virtual
mass attached to the grasped handle via a virtual
spring. Depending on the experimental condition,
haptic feedback consistent with mass-spring dynamics
could also be provided. For comparison a simple one-
to-one hand-cursor mapping was also tested. We
hypothesized that gaze would be drawn, at times, to
the cursor in the mass-spring conditions, especially in
the absence of haptic feedback. As expected hand
tracking performance was less accurate under the
spring mapping, but gaze behavior was virtually
unaffected by the spring mapping, regardless of
whether haptic feedback was provided. Specifically,
relative gaze position between target and cursor, rate
of saccades, and gain of smooth pursuit were similar
under both mappings and both haptic feedback
conditions. We conclude that even when participants
are exposed to a challenging hand-cursor mapping,
gaze is primarily concerned about ongoing target
motion suggesting that peripheral vision is sufficient to
monitor cursor position and to update hand movement
control.

Introduction

The ability to track moving objects with the hand, or
an object held in the hand, is important in many
natural tasks and has been extensively studied (Foulkes
& Miall, 2000; Miall, Weir, & Stein, 1993; Poulton,
1974; Streng, Popa, & Ebner, 2018). However, how
such tracking behavior is supported by gaze has
received less attention (Danion & Flanagan, 2018;
Miall, Reckess, & Imamizu, 2001; Xia & Barnes, 1999).
Previous studies have shown that when tracking simple
(sinusoidal) or complex (Danion & Flanagan, 2018;
Koken & Erkelens, 1992; Niehorster, Siu, & Li, 2015;
Tramper & Gielen, 2011) trajectories with a cursor
controlled by the hand, gaze typically leads the hand
while both gaze and hand tend to lag behind the target.
However, previous work has mostly focused on simple
hand-cursor mappings, and it is not clear whether this
observation holds for arm movement performed under
more complex mappings, such as those that arise when
tracking with a hand-held object with its own dynamics
(e.g., a mass attached to the hand via a spring).
Previous work has explored the effects of delaying
(Foulkes & Miall, 2000; Miall & Jackson, 2006;
Vercher & Gauthier, 1992), inverting (Grigorova &
Bock, 2006; Vercher, Quaccia, & Gauthier, 1995), and
rotating visual feedback of the hand (Gouirand,
Mathew, Brenner, & Danion, 2019). However, the
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effects of more complex perturbations, linked to object
dynamics, on eye-hand coordination remains to be fully
explored.

When being asked to track a moving target with the
hand, not only do participants need to monitor the
target position, they also need to keep track of the
current cursor position. Evaluating the difference
between target and cursor position is mandatory for
accurate hand tracking. When people perform full arm
movements under a simple (one-to-one) hand–cursor
relationship, their gaze is much closer to the target than
the cursor (Danion & Flanagan, 2018), suggesting that
an estimate of cursor position is accessible through
peripheral vision and/or arm (efferent/afferent) signals.
We recently showed that when participants track a
moving target with a joystick, their gaze is also closer to
the target than the cursor after adapting to a
visuomotor rotation that rotates the cursor away from
the hand but preserves a one-to-one mapping between
cursor speed and hand speed (Gouirand et al., 2019).
The goal of the current study was to determine whether
fixating the target with the eyes is a gaze strategy that
extends to full arm movements performed under more
complex (nonlinear) hand–cursor mappings.

We asked participants to move a cursor controlled
by the hand. In the spring condition, the cursor that
behaved like a mass attached to the hand by means of a
spring (Danion, Diamond, & Flanagan, 2012; Ding-
well, Mah, & Mussa-Ivaldi, 2002; Landelle, Montag-
nini, Madelain, & Danion, 2016; Nagengast, Braun, &
Wolpert, 2009). We examined hand and gaze behavior
during both initial learning and subsequent steady state
performance. For comparison, we also examined a
rigid condition in which the cursor behaved like a mass
without a spring. We hypothesized that, during
learning, the mass-spring dynamics, in the spring
condition, would affect gaze behavior because the
location of the controlled object (cursor) cannot be
easily estimated based on arm movement related
signals. More specifically, we reasoned that, in com-
parison to the rigid condition, gaze would become more
equally shared between the cursor and target. We also
expected that the need to monitor cursor position with
gaze would decrease as hand tracking improves during
learning.

When manipulating nonrigid objects, the contribu-
tion of haptic feedback has been demonstrated to be
valuable (Danion et al., 2012; although see Hasson,
Nasseroleslami, Krakauer, & Sternad, 2012; Huang,
Gillespie, & Kuo, 2006). Therefore, we also included a
spring haptic condition in which we applied forces to
the arm that simulated a mass-spring acting at the
hand, to the arm. We reasoned that the provision of
haptic feedback might improve the sensory estimate of
the cursor position, and therefore allows gaze to be
released from the monitoring of the cursor.

For each of these three conditions (rigid, spring, and
spring haptic) participants performed 40 consecutive
trials, allowing monitoring of possible changes in gaze
behavior as learning progressed. In contrast to our
hypotheses, and despite marked differences in hand
tracking performance across cursor–target mappings
and across trials, results showed only modest changes
in gaze behavior, such that in all conditions gaze was
predominantly directed toward the target.

Method

Participants

Eighteen self-proclaimed right-handed participants
(Aged 24.2 6 6.9 years; 10 women, 8 men) participated
in this study. None of the participants had neurological
or visual disorders. They were naı̈ve as to the
experimental conditions and hypotheses, and had no
previous experience of ocular motor testing. All
participants gave written informed consent prior to the
study. The experimental protocol was approved by the
General Research Ethics Board at Queen’s University
in compliance with the Canadian Tri-Council Policy on
Ethical Conduct for Research Involving humans. Each
experimental protocol lasted about one hour, and
participants were compensated $15 for their participa-
tion.

Apparatus

The experimental setup is similar to the one used in
our recent study (Danion & Flanagan, 2018), thus we
will only report key information. Our setup is
illustrated in Figure 1. Participants were comfortably
seated and performed the tasks with their arm
supported by, and secured to, a robotic exoskeleton
(Kinarm, BKIN Technologies, Kingston, ON, Canada)
that allowed the arm to move in the horizontal plane
and could apply torques at the elbow and shoulder
joint to simulate loads acting on the hand (Scott, 1999).
Visual stimuli (i.e., target and cursor) were projected
from above onto an opaque mirror positioned over the
arm, and appeared in the plane of arm motion.
Participants could not see their actual hand or arm.
Hand movements were recorded at a sampling rate of
1000 Hz with a resolution of 0.1 mm.

The cursor and the target were represented, respec-
tively, as red and purple filled circles (0.6 cm in
diameter). A built-in video based eye tracker (Eyelink
1000; SR Research Ltd., Ottawa, ON, Canada)
recorded eye movements at 500 Hz. Before the
experiment, gaze position in the work plane was
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calibrated by having participants fixate a grid of
targets. When looking at the center of the region of the
work plane (and the center of target motion), a 1 cm
change in gaze position corresponded to a 1.68 change
in gaze angle.

Procedure

Two types of hand-cursor visual mapping were
tested. Under the RIGID mapping, the cursor position
directly matched the position of the hand in the
horizontal plane. No haptic feedback was implemented
under the RIGID mapping; the motors of the robotic
device were simply turned off. Under the SPRING
mapping, the cursor behaved as a mass attached to the
hand by means of a spring. We used the following
parameters for the simulation: mass¼ 1 Kg, stiffness¼
40 N/m, damping¼ 1.66 N/m/s, resting length ¼ 0 m.
These values are about one third of values used in
previous studies investigating the manipulation of
nonrigid objects (Danion et al., 2012; Dingwell et al.,
2002; Dingwell, Mah, & Mussa-Ivaldi, 2004; Landelle
et al., 2016; Nagengast et al., 2009), but a similar
parameter setting was used in our recent study
(Danion, Mathew, & Flanagan, 2017). The rational for
decreasing object inertia was to prevent possible fatigue
effects while keeping a 1 Hz resonance frequency as in
other studies; the resonance frequency (F) of a mass-
spring system depends on its mass (m) and its stiffness
(k) such that

F ¼ 1

2p

ffiffiffiffi
k

m

r
ð1Þ

Depending on the experimental conditions, haptic
feedback could be provided (SPRING-HAPT) or not
(SPRING). When haptic feedback was provided the
same parameters were employed to simulate the
physical and visual behavior of the cursor. In the
absence of haptic feedback, the motors of the robotic
device were turned off. Overall our experimental design
included three conditions: RIGID, SPRING,
SPRING-HAPT.

For each experimental condition participants were
instructed to track as accurately as possible a target
with the cursor. There was no explicit requirement in
terms of gaze behavior. The motion of the target
resulted from the combination of sinusoids: two along
the x axis (one fundamental and a second or third
harmonic) and two along the y axis (same procedure;
see Figure 1 for axes). We used the following equation
to construct target motion

xt ¼ A1x cos xtþ A2x cos hxxt� uxð Þ

yt ¼ A1y sin xtþ A2y sin hyxt� uy

� �
A similar technique was used elsewhere to generate

pseudo-random 2D pattern while preserving smooth
changes in velocity and direction (Mrotek & Soechting,
2007; Soechting, Rao, & Juveli, 2010). A total of five
different patterns were used throughout the experiment
(see one example in Figure 1). All trajectories had a
period of 5 s (fundamental¼ 0.2 Hz). The parameters
(gain, frequency, phase, and harmonics) used to
generate all our patterns can be found in our previous
study (Danion & Flanagan, 2018). They were selected
so as to maintain the same path length over one cycle
(78 cm). Given that each trial was 10 s long (i.e., two
cycles), the total distance covered by the target was 156

Figure 1. Top view of the experimental setup. Both arms of the participant were inserted into an exoskeleton. An opaque mirror

placed above the arms blocked their view. A purple target was projected on the mirror from above and appeared at the height of the

hand. The dotted line shows an example target path (not visible to the participant). A red cursor representing the right index fingertip

was also displayed and the participant was instructed to move his/her right arm so as to bring the cursor as close as possible to the

moving target.
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cm, resulting in a mean tangential target velocity of
15.6 cm/s.

Before the experimental session each participant
completed a familiarization session with five trials
under the RIGID mapping. Each participant then
completed one block of 40 trials in each experimental
condition. The order of the three blocks was random-
ized across participants. Overall, a total of 120
experimental trials were collected per participant. The
overall duration of the experiment averaged 60 min.

Data analysis

To assess the participants’ ability to perform our
hand-tracking task, the following dependent variables
were extracted from each trial. For all trials we
computed the mean Euclidian distance between cursor
position and target position. The temporal relationship
between cursor and target movement, and between eye
and target movement was estimated by means of cross
correlations that simultaneously took into account the
vertical and horizontal axes. To simultaneously cross
correlate horizontal (x) and vertical (y) position signals
between effectors, we interleaved the x and y signals,
and always time shifted these interleaved signals by a
multiple of two samples (Danion & Flanagan, 2018;
Flanagan, Terao, & Johansson, 2008). A positive value
indicates that the cursor was lagging on the target.

Regarding gaze behavior, we first performed a
sequence of analyses to separate periods of smooth
pursuit, saccades, and blinks from the raw eye position
signals. The identification and removal of the blinks
(1% of the total trial duration on average) was
performed by visual inspection. Eye signals were then
low-pass filtered with a fourth order Butterworth filter
using a cutoff frequency of 25 Hz. The resultant signals
were differentiated to obtain velocity traces, and then
were low-pass filtered again with a cutoff frequency of
25 Hz to remove the noise from the numerical
differentiation. These eye velocity signals were differ-
entiated to provide accelerations traces that we also
low-pass filtered at 25 Hz to remove noise. The
identification of the saccades was based on acceleration
and deceleration peaks of the eye (.1,500 cm/s2).
Based on these computations, periods of pursuit and of
saccades were extracted. To better characterize saccadic
activity we computed for each trial the mean saccade
rate (average number of saccades per second). To
evaluate the performance of smooth pursuit, we
computed its mean tangential velocity as well as its gain
(SP gain) by averaging the ratio between instantaneous
gaze and target tangential velocities (only situations
where target tangential velocity was greater than 10 cm/
s were considered; Landelle et al., 2016). Finally, to
assess the relative contribution of saccades and smooth

pursuit, for each trial we computed the total distance
traveled by the eye with saccades and then expressed
this as a percentage of the total distance traveled by the
eye using both saccades and smooth pursuit (Orban de
Xivry et al., 2006; Landelle et al., 2016).

To assess how gaze was shared between target and
cursor, we developed the following procedure (see also
Danion & Flanagan, 2018). At each point in time we
projected the gaze position onto an axis connecting the
target and cursor and determined the relative position
along this axis, with 0 indicating that gaze projected on
the target, 1 indicating gaze projected on the cursor,
and a value of 0.5 indicating that gaze was equidistance
between the cursor and target. We will refer to this
variable as the relative projected gaze position. For all
the analyses described above, the first second of each
trial was discarded.

Finally, as an aside, hand–cursor dynamics was
investigated by means of computing the mean distance
between the cursor (projected on the opaque mirror)
and the projected hand position on the opaque mirror
(for a similar approach, see Danion et al., 2012).
Because this distance is 0 under the RIGID mapping, it
will not be presented. Dynamics of hand movements
was also investigated by means of hand tangential
velocity. Specifically, we computed mean tangential
velocity and its associated fluctuation (SD) over each
trial.

Statistical analysis

Two-way repeated measures ANOVAs were used to
assess the effect of TRIAL (2 first vs. 2 last trials) and
MAPPING (RIGID, SPRING, SPRING-HAPT).
Newman-Keuls corrections were used for post hoc t
tests to correct for multiple comparisons. A conven-
tional 0.05 significance threshold was used for all
analyses.

Results

Typical trials

Figure 2 plots typical trials performed by the same
subject in each of the three experimental conditions. As
can be seen, cursor and gaze were always lagging
behind the target; however, this lag was substantially
smaller for gaze. It is also apparent that tracking
performance (i.e., how well the cursor tracked the
target) was better under the RIGID mapping than the
SPRING ones. In the next section we analyze in more
details those observations.
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Tracking performance

The accuracy with which the cursor tracked the
target was greatly influenced by hand–cursor mapping,
with lower performance under both SPRING map-
pings. Figure 3 shows mean tracking performance as a
function of trials and experimental conditions. Re-
garding the cursor–target distance (Figure 3A), the
ANOVA showed a main effect of MAPPING, F(2, 34)
¼ 247.27, p , 0.001; TRIAL, F(1, 17)¼ 15.79, p ,
0.001; and an interaction, F(2, 34) ¼ 15.14, p , 0.001.
Post hoc analyses of the MAPPING effect indicated
that cursor–target distance was nearly doubled under
SPRING and SPRING-HAPT compared to RIGID
(4.8 vs. 2.5 cm; p , 0.001); however, there was no
significant difference between SPRING and SPRING-
HAPT (p¼ 0.21). Post hoc analysis of the interaction
revealed that cursor–target distance decreased across
trials under both SPRING mappings (p , 0.001),
confirming that prolonged experience benefitted cursor
tracking. However, no similar improvement was
observed under the RIGID mapping (p¼ 0.65).

Rather similar observations were obtained when
examining the temporal lag between cursor and target
(see Figure 3B). The ANOVA showed a main effect of
MAPPING, F(2, 34)¼ 138.41, p , 0.001, and an
interaction, F(2, 34)¼ 11.64, p , 0.001, but no TRIAL
effect, F(1, 17) ¼ 0.05, p ¼ 0.83. Post hoc analysis of
MAPPING revealed that the lag was more than
doubled under both SPRING mappings compared to
the RIGID mapping (245 vs. 112 ms; p , 0.001). Post
hoc analysis of the interaction revealed a significant
decrease in lag across trials under SPRING-HAPT (p
, 0.001), but not under SPRING and RIGID (p .

0.10). Overall, those analyses support the view that the
SPRING mappings were more challenging than the
RIGID one, even though tracking improved across
trials with the SPRING mappings.

Hand–cursor dynamics under SPRING and
SPRING-HAPT

Figure 4A shows the mean hand tangential velocity
as a function of trials for each SPRING mapping. As
can be seen, hand movements were typically slower
under the SPRING conditions. Indeed, the ANOVA
showed a main effect of MAPPING, F(2, 34)¼ 25.52, p
, 0.001, with post hoc comparisons indicating lower
hand velocities under SPRING and SPRING-HAPT
compared to RIGID (p , 0.001). Although the
provision of haptic feedback tends to increase hand
velocity, the difference between SPRING-HAPT and
SPRING did not reach significance (p ¼ 0.09). The
ANOVA also showed a main effect of TRIAL, F(1, 17)
¼ 7.39, p , 0.05), and a TRIAL by MAPPING
interaction, F(2, 34)¼ 5.37, p , 0.01, linked to a
decrease in hand velocity across trial in the SPRING
conditions only. Further analyses of fluctuations in
hand tangential velocity (see Figure 4B) revealed that
hand movements were also smoother under the
SPRING conditions. Indeed, the ANOVA showed a
main effect of MAPPING, F(2, 34)¼ 16.90, p , 0.001,
with post hoc comparisons indicating smaller fluctua-
tions under SPRING and SPRING-HAPT compared
to RIGID (p , 0.001). Although haptic feedback tends
to favor hand velocity fluctuations, the difference
between SPRING-HAPT and SPRING did not reach

Figure 2. Typical trials by the same participant in each of the three experimental conditions. Target, cursor, eye, and hand position

signals during early exposure. Although each trial was 10 s long, for clarity only 5 s of signals are displayed. For convenience, we have

selected three trials that used the same target trajectory. Saccadic eye movements are depicted by red segments.
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significance (p¼ 0.16). The ANOVA also showed a
main effect of TRIAL, F(1, 17)¼36.67, p , 0.001), and
a TRIAL by MAPPING interaction, F(2, 34)¼ 7.78, p
, 0.01, associated with a decrease in hand velocity
fluctuations in the SPRING conditions only. Overall,
these analyses demonstrate that participants employed
slower and smoother hand movements when moving
the cursor during the SPRING conditions.

Figure 5 shows the mean distance between hand and
cursor as a function of trials for each SPRING
mapping. Averaged across trials and mappings, mean
hand–cursor distance was 2.1 cm. ANOVA showed a
significant difference between SPRING and SPRING-
HAPT, F(1, 17)¼ 72.51; p , 0.001, such that the
provision of haptic feedback led to a smaller hand–
cursor distance (1.8 vs. 2.3 cm). There was also an effect
of TRIAL, F(1, 17)¼ 46.05; p , 0.001, due to a
progressive reduction in hand–cursor distance under
both mappings. Regarding the temporal level, as
expected, the cursor lagged behind the hand. Again we
found a significant difference between SPRING and
SPRING-HAPT, F(1, 17)¼ 89.9; p , 0.001, such that
the provision of haptic feedback led to a smaller
temporal lag (61 vs. 92 ms). There was also an

interaction between TRIAL and MAPPING, F(1, 17)¼
19.98; p , 0.001, due to a progressive reduction in
hand–cursor lag across trials under SPRING but not
under SPRING-HAPT. Overall, although prolonged
exposure and haptic feedback allowed participants to
keep the cursor closer from the hand, the cursor
remained temporally and spatially dissociated from the
hand motion.

Gaze behavior

Figure 6 presents the time course of mean group eye–
target (panel A) and eye–cursor (panel B) distance as a
function of experimental conditions. The comparison
between these two panels indicates that the eye was
usually closer from the target than the cursor. Indeed,
although eye–target distance was on the order of 1–2
cm, the eye–cursor distance ranged between 2 and 5 cm,
a twofold difference. Although the eye–target distance
increased for both SPRING mappings compared to
RIGID (1.8 vs. 1 cm), a similar phenomenon was
observed for the eye–cursor distance (3.5 vs. 2.2 cm),

Figure 3. Average cursor tracking performance as a function of experimental condition and trial number. A. Euclidian distance

between cursor and target. B. Temporal lag between cursor and target (a positive lag indicates that the hand is lagging behind the

target). Error bars represent SEM. For both indexes, note the lower performance under the SPRING mappings.
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Figure 4. Average hand tangential velocity and its fluctuations as a function of experimental condition and trial number. Error bars

represent SEM.

Figure 5. Average hand–cursor distance as a function of experimental condition and trial number. Error bars represent SEM.
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suggesting that the relative position of gaze did not
change much across mappings.

To characterize in more detail gaze behavior relative
to the cursor and target, in Figure 7 we show the mean
group distribution of the relative projected gaze position
for each experimental condition. As can be seen, for each
of the three mappings, the distribution had a single peak
that was closer to the target than the cursor. Further
analyses comparing early and late trials show no obvious
trend in the location of this peak: 21.8 vs. 22.5%; F(1, 17)
¼ 0.29; p¼ 0.59. However a main effect of MAPPING
was found, F(2, 34)¼ 9.18; p , 0.001). Post hoc analysis
indicated that the peak was shifted slightly away from the
target in SPRING-HAPT compared to the other two
mappings (25 vs. 20%; p , 0.01). Overall, it seems that
relative projected gaze position was rather invariant
across TRIALS and MAPPING, with gaze being closer
to the target than the cursor.

Saccadic and smooth pursuit activity

The rate of saccades was approximately 2 per second
and was rather stable across conditions and trials.

ANOVA showed no main effect of MAPPING, F(2,
34)¼0.48, p¼0.62, or TRIAL, F(1, 17)¼2.92, p¼0.11,
and there was no interaction, F(2, 34)¼ 0.19, p¼ 0.82.
Similar results were obtained for the contribution of
saccades to total eye displacement, reaching on average
22% (p . 0.17). Smooth pursuit gain and velocity were
also found to be similar across mappings, F(2, 34) ,
1.75; p . 0.19, reaching, respectively, 0.94 and 15.7 cm/
s on average. Overall, saccadic and smooth pursuit
activity appeared rather insensitive to our experimental
factors.

Discussion

The main goal of this study was to investigate free
gaze behavior under a complex hand–cursor mapping
when participants have to track a visual target with a
cursor controlled by the arm movement. Overall our
experiment brought the following key findings. As
largely expected, hand tracking accuracy was substan-
tially impaired by the SPRING mapping, resulting in a
doubling of cursor–target distance and lag. Despite

Figure 6. Gaze position as a function of experimental condition and trial number. A. Euclidian distance between eye and target. B.

Euclidian distance between eye and cursor. Error bars represent SEM. For all mappings, note how gaze is closer to the target than the

cursor.
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substantial differences in cursor tracking accuracy, only
minimal changes were found with respect to gaze
behavior. Indeed, gaze position relative to the target
and cursor positions was similar under the SPRING
and RIGID mapping. In both cases, gaze was typically
located between the cursor and the target, but was
closer to the target than the cursor (20% vs. 80%).
Analyses of the distribution of the relative position of
gaze between the cursor and target showed unimodal
distributions, ruling out the possibility that gaze
alternated between cursor and target fixation. Fur-
thermore, the saccadic and smooth pursuit activity did
not change with hand–cursor mapping. Finally, al-
though the provision of haptic feedback influenced
hand behavior, it had virtually no impact on gaze
behavior. We will now discuss in more detail these
findings and their implications.

Cursor tracking and hand behavior are strongly
dependent on hand–cursor dynamics

As expected, the accuracy of cursor tracking was
substantially impaired by the SPRING mapping,
resulting in a doubling of both the distance and the
time lag between the cursor and target when compared
to the RIGID mapping. Although cursor tracking in
the SPRING condition improved over the time course
of the experiment, it never reached the level in the
RIGID condition. Those observations are consistent
with earlier ones emphasizing the real challenge of
manipulating nonrigid objects (Danion et al., 2012;

Nagengast et al., 2009) even when extended practice is
offered (Dingwell et al., 2002; Hasson, Shen, &
Sternad, 2012).

Regarding hand behavior, we observed a progressive
reduction in hand–cursor distance under both SPRING
mappings. This strategy contrasts with our previous
study in which participants had to move a cursor with
mass-spring dynamics as fast as possible from one
location to another one (Danion et al., 2012). Indeed,
during that discrete task we found that the best strategy
was to have the object move away from the hand. As
participants were given more practice we observed an
increase in hand–cursor distance. Here our continuous
task may be more challenging in the sense that this time
the object has to follow an imposed trajectory, and if
the object gets ‘‘out of control’’, cursor tracking will be
poor. Of course, if participants were given days to
practice, the best strategy may be to free the object.
With perfect control, we would expect participants to
generate larger, more rapid hand movements, which
would cause the object to move further from the hand.
However, over a shorter time scale and in the absence
of perfect control, this strategy would likely result in
large tracking errors. This reasoning is in line with our
observation that hand tangential velocity and its
fluctuations were substantially reduced under both
SPRING mappings. More generally this comparison
across studies suggests that the way participants handle
the properties of nonrigid objects is strongly influenced
by the characteristics of the task.

Figure 7. Distribution of relative projected gaze position in each experimental condition. Mean group distributions are presented by

thick lines (with dotted lines indicating 61 SEM). All distributions had a single peak much closer to the target than the cursor.
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Gaze behavior is virtually unaffected by hand–
cursor dynamics

In contrast to cursor tracking performance, gaze
behavior was modestly influenced by the spring
dynamics. We did find that gaze was further away from
the target under the SPRING mapping compared to
the RIGID mapping. However, when normalized by
the target–cursor distance, gaze position was rather
similar across our experimental conditions. In all cases
we found that gaze was much closer to the target than
the cursor, and that this relative position did not
change much with learning. Furthermore, the distri-
bution of gaze indicated that the eye was not
alternating between periods of target and cursor
fixation, even during the early stage of exposure. This is
quite different than the gaze behavior observed when a
participant was learning a completely novel and
arbitrary mapping between hand actions and cursor
motion, where gaze tends to be directed at the cursor in
early learning and then to the target in late learning
(Sailer et al., 2005). Overall, those observations suggest
that participants employed a rather robust gaze
strategy that consists of positioning gaze between
cursor and target but closer to the target. Although
similar findings were observed when participants
perform this tracking task with a joystick and a rotated
cursor (Gouirand et al., 2019), the current study
demonstrates that this strategy (gaze on target first)
holds for more complex mappings and full arm
movements.

As noted above, gaze was not strictly on the target,
but rather in between the target and the cursor. A first
reason is that since target motion was not fully
predictable, gaze was necessarily lagging on the target.
Second, this behavior is reminiscent of the center-
looking strategy that participants often adopt when
tracking, with their eyes, multiple objects simulta-
neously (Fehd & Seiffert, 2008). For instance, when
participants track three moving targets surrounded by
distractors, fixation is close to the center of the triangle
formed by the targets, rather than alternating between
individual targets. This behavior is interpreted as a
strategy that consists in grouping multiple targets into a
single object, and also limits saccades (among individ-
ual targets) during which targets cannot be tracked.
Participants in our experiment may have employed a
similar strategy, allowing them to track both the target
and the cursor while limiting saccades.

Under the SPRING mappings, participants were
able to improve their tracking performance across trials
without directed their gaze at the cursor. This suggests
that peripheral vision was sufficient to monitor the
cursor and provide the error signals necessary for
updating the novel relationship between hand motor
commands and their visual consequences. Work on

reaching to static targets has shown that peripheral
vision provides precise information direction and speed
of the cursor controlled by the hand—information that
can be used to rapidly update motor commands during
the reach (Brenner & Smeets, 2003; de Brouwer,
Gallivan, & Flanagan, 2018; Dimitriou, Wolpert, &
Franklin, 2013; Franklin & Wolpert, 2008; Knill,
Bondada, & Chhabra, 2011; Sarlegna et al., 2003;
Saunders & Knill, 2003, 2005). Of course, one can ask
why participants do not fixate on the cursor and use
peripheral vision to track the target. Presumably,
participants tend to fixate on the target because it
facilitates the use of extraretinal information (i.e., gaze-
related proprioceptive signal and/or efference copies of
eye movement comments) in locating what is the target
of their action (Mrotek & Soechting, 2007; Neggers &
Bekkering, 2001; Prablanc, Echallier, Komilis, &
Jeannerod, 1979; Prablanc, Pélisson, & Goodale, 1986).

Separate contribution of haptics for eye and
hand

Based on our previous study, we reasoned that
haptic feedback would provide relevant information for
cursor tracking (Danion et al., 2012). This reasoning is
consistent with novel evidence that the provision of
haptic feedback accelerated learning. Indeed, despite
similar initial performance, target–cursor distance was
smaller in the SPRING-HAPT condition compared to
the SPRING condition. Regarding the influence of
haptic feedback on gaze behavior, our previous study,
in which participants had to track, with the eyes, a self-
moved target (Danion et al., 2017) that was transiently
occluded, showed that haptic feedback was useful
under a SPRING mapping. In the current study,
however, haptic feedback had no effect on eye–target
lag and eye–target distance, as well as relative gaze
position. Although these results extend the view that
haptic feedback benefits the hand movement control,
they do not support a systematic contribution of haptic
feedback to eye movement control. Moreover, we
conclude that haptic feedback can have distinct
contribution depending on the effector, even when
these effectors need to be coordinated as envisaged
during manual tracking of a visual target.

Conclusions

The main goal of this study was to investigate free
gaze behavior when participants learn a complex hand–
cursor mapping in order to track a visual target.
Overall, our study makes two main contributions.
First, our results indicate that maintaining gaze on the
target remains a priority, thereby suggesting that
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peripheral vision is sufficient to learn a new cursor
dynamics. Second, despite an intricate relationship
between eye and hand movements (Crawford, Meden-
dorp, & Marotta, 2004; de Brouwer, Albaghdadi,
Flanagan, & Gallivan, 2018; Johansson, Westling,
Bäckström, & Flanagan, 2001), we show that haptic
feedback can make distinct contributions to each of
these effectors.

Keywords: pursuit, arm movement, eye-hand
coordination, hand-target mappings, haptic feedback
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