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Objective: The aim of the present study was to evaluate the impact of different
task constraints on the participants’ adaptation when performing a 3D visuomotor
tracking task in a virtual environment.

Methods: Twenty-three voluntary participants were tested with the HTC Vive Pro
Eye VR headset in a task that consisted of tracking a virtual target moving in a cube
with an effector controlled with the preferred hand. Participants had to perform
120 trials according to three task constraints (i.e., gain, size, and speed), each
performed according to four randomized conditions. The target-effector distance
and elbow range of movement were measured.

Results: The results showed an increase in the distance to the target when the task
constraints were the strongest. In addition, a change in movement kinematics was
observed, involving an increase in elbow amplitude as task constraints increased. It
also appeared that the depth dimension played a major role in task difficulty and
elbow amplitude and coupling in the tracking task.

Conclusion: This research is an essential step towards characterizing interactions
with a 3D virtual environment and showing how virtual constraints can facilitate
arm’s involvement in the depth dimension.
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1 Introduction

In recent years, many studies have used immersive virtual reality (VR) to analyse
perceptual-motor coordination as closely as possible to the real environment (Bideau et al.,
2010; Bideau et al., 2004; Ranganathan and Carlton, 2007; Vignais et al., 2009; Faure et al.,
2020). This strong interest in VR creates the possibility for accurately controlling the
information provided by the device, the interactions with the environment and the
constraints of the task (e.g., Vignais et al., 2009; Choi et al., 2021). In this context, there
is a need for research that characterises the motor actions that are possible in the virtual
environment, specifically in the depth dimension (Armbrüster et al., 2008; Vienne et al.,
2020). To address this end, our research team has developed a visuomotor tracking task to
manipulate and evaluate the impact of different virtual constraints on action involvement
and particularly in the depth dimension. The principle of a tracking task is to move an
effector with the aim of keeping it as close as possible to a moving target, either by interacting
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with the display screen (with the hand, for example,) or by using an
external device to move an effector in the virtual environment (see
Adams, 1961; Poulton, 1957 for first use of this task; Yang and Ferris,
2020). Such a task requires continuous perceptual-motor regulation.
This regulation involves prospective control of action based on the
exploitation of control laws (defined as the mathematical equation
for the circular relation that links information to a motion
parameter), consisting in minimizing the gap between current
and required behaviour (Gibson, 1979; Warren, 2006; Pacheco
et al., 2019). In addition, Limanowski et al. (2017) have used a
similar task (i.e., continuous visuo-manual pursuit task) and
showed, by varying the feedback delay, that specific brain areas
were involved in order to compensate and maintain tracking
accuracy, thus implicating specific neural processes.

It therefore appears that visually and dynamically guided
tracking movements can be of great interest in analysis of the
perceptual-motor process as they involve continuous arm
mobilization and induce visuomotor regulation (Pacheco et al.,
2019). By varying the speed of the target, some early studies
demonstrated that participants were able to accurately track the
movement of the target under various speed conditions (Fine
et al., 2014). Ao et al. (2015) also observed the effects of different
target speeds in stroke patients and showed a shift in
sensorimotor control from feedback to feedforward control as
target speed increased. Furthermore, the same authors observed a
reduction in target-tracking accuracy as speed increased,
suggesting an increase in neuromotor noise in the
sensorimotor system (Ao et al., 2015). Similarly, (Beppu et al.,
1984; Beppu et al., 1987) analysed motor control in ataxic
patients (this disease disrupts smooth continuous movement,
inducing saccadic patterns) using a visuomotor tracking
movement involving elbow flexion. They were able to extract
some parameters for assessing the severity of cerebellar ataxia.
Three parameters were found to be helpful for assessing this
disease: the initial error (defined as target position at the onset of
hand movement, for the first approximation of such a predictive
error), the initial peak velocity (as these patients have difficulty
adapting the amplitude of initial peak velocity to the target
velocity), and the ratio of the movement arrest period, to
estimate the degree of undulation quantitatively.

Furthermore, it should be noted that visuomotor tracking tasks
have mainly been developed in 2D environments (e.g., Buekers et al.,
2000; Mallek et al., 2017). The addition of the depth component in
visuomotor tracking tasks is of a great interest for testing the effect of
this dimension in real and virtual interactions. Interaction with a 3D
space is a key component for examining reaching, grasping and
interaction tasks (Bingham, 2005; Naceri et al., 2011; Zhu, 2020). To
perceive depth, humans rely on two main sources of information:
binocular and monocular, which combine directional and depth
components. Of these two sources of information, there are many
cues, such as occlusion, height in the visual field, relative size, relative
density, aerial perspective, binocular disparities, accommodation,
convergence, andmotion perspective (Cutting, 1997; Cutting, 2021).
In fact, the notion of dimension (i.e., degrees of freedom) is
important and authors have analysed sensorimotor control as a
function of trajectory dimension (1D, 2D, 3D) in arm tracking (Fan
et al., 2019). They have shown a deterioration in sensorimotor
control (e.g., accuracy, fluidity) as the dimension, and therefore

the length of the trajectory increases, no doubt due to the addition of
this depth dimension.

Previous studies have analysed depth perception in a three-
dimensional virtual environment showing differences in reaching
performance depending on the quality of the environment, as well as
the available depth cues (Naceri et al., 2011; Gerig et al., 2018;
Vienne et al., 2020). Gielen et al. (2009) studied the coordination of
eye and hand movements in 3D by recording binocular eye
movements while participants moved their finger along a curved
trajectory. These authors showed shifts between gaze and finger
movements with a greater lead time for gaze in the depth direction.
They suggested that these timing differences in the depth dimension
were consistent with the idea that the control of vergence and
saccades is mediated by distinct neural structures responding to
different dynamics (Gielen et al., 2009). More recently, Gerig et al.
(2018) studied the effects of depth cues on three-dimensional
reaching movements. They showed that the use of a head-
mounted display with the addition of stereopsis and motion
parallax resulting from head movements, as well as aerial and
linear perspectives, occlusion, shadows, and texture gradients,
enabled participants to perform better in a reaching task.

More recently, some authors have used 3D virtual environments
to examine the control characteristics of dominant and non-
dominant hands during a circular tracking task with varying
target speeds in healthy adults (Choi et al., 2018; Choi et al.,
2021; Jo et al., 2020; Park et al., 2020). Their results showed a
decrease in initial peak velocity in both hands as target speed
increased. Moreover, the peak of velocity was reached earlier for
the dominant hand than the non-dominant hand, regardless of
target speed. The results concerning velocity-control performances
suggest that the tracking skills of both hands were broadly the same,
indicating that the task required essential processes related to
interactions with the environment.

Very few studies have focused on the effects of gain, which is
defined as the transformation of real movement in virtual movement
according to scales that characterize each environment. Some
authors have manipulated gain transformation (translational,
rotational or curvature), and examined its effect on locomotion
in healthy participants (Xie et al., 2010; Zhang et al., 2014; Nguyen
et al., 2017) or the accuracy of reaching and its impact on
manipulation of an object (Wilson et al., 2018). In the latter
study, the participant had to walk to a table to pick up a
highlighted cube, and then to walk to another table to place the
cube in a designated position. Five levels of translational gain were
tested [i.e., 1.0x (1-to-1 movement), 1.5x, 1.75x, 2.0x and 3.0x]. The
results showed a degradation in cube handling accuracy for the
highest translational gain level. An increase in motion sickness was
also reported in this condition. This study suggests that increasing
the gain beyond a certain threshold can have negative effects on the
accuracy and comfort of interactions within virtual environments.

In sum, even if the role of the constraints has been investigated
in previous studies, there is lack of data on specific constraints of
great importance such as the space of interaction, the gain in the
transformation of real movement into virtual movement and the
speed of movement. Therefore, the overall aim of this study was to
provide knowledge about the effects of constraints in a well-defined
3D virtual reality interaction task. This knowledge would be valuable
for the design of virtual reality devices used in several areas, such as
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neuromotor rehabilitation of patients suffering from visuomotor
coordination disorders.

As a result, the main research question was the following: What
is the impact of the various task constraints on target tracking in a
3D virtual environment?

In the current study, participants had to perform a
visuomotor tracking task a large number of trials, involving a
continuous interaction with the virtual environment in the
pursuit of a 3D moving target. We chose this task to study
participants’ adaptation to 3D environments to different
constraints in terms of precision and movement coupling.
Based on previous research and the potential need for future
experimental application design, we decided to manipulate the
speed of the target, the size of the interaction space, and the gain
of movement.

Several hypotheses were then put forward:

• (H1) a limited amount of practice should enable participants
to adapt their responses to track the target with accuracy
(Mallek et al., 2017);

• (H2) manipulating each of these three constraints should
increase the difficulty level of the task (Wilson et al., 2018;
Jo et al., 2020; Choi et al., 2021);

• (H3) the depth dimension is expected to be the main source of
difficulty in the tracking task (Naceri et al., 2011; Gerig et al.,
2018);

• (H4) target displacement in the depth dimension should
specifically involves a coupling of the elbow with

corresponding flexion/extension (Gielen et al., 2009; Gerig
et al., 2018).

2 Materials and methods

2.1 Participants

Twenty-three voluntary participants (12 males and 11 females)
with ages ranging from 19 to 60 years (32.8 ± 11.7 years) were
recruited for this study. All participants were novice VR players.
None of the participants had a history of physical disability or
balance disorders. After an explanation of the purpose of the study,
all participants gave written informed consent to participate in the
study which is in accordance with the Declaration of Helsinki.

2.2 Task and experimental conditions

2.2.1 Apparatus
Participants were seated on a chair, the upper body against the

back of the chair to avoid anymovement and were equipped with the
HTC Vive Pro Eye VR headset (HTC Corporation Inc., Xindian,
New Taipei, Taiwan, with technology by Valve; screen: Dual
AMOLED 3.6″ diagonal; field of view: 110°; resolution: 1440 *
1600 pixels per eye—2880 * 1600 pixels combined; refresh rate:
90 Hz; eye relief: interpupillary distance and lens distance
adjustment for each participant), with two HTC Vive trackers

FIGURE 1
Pictures of experimentation set-up (A) and graphic depiction of this set-up in profile (B). Participants wore an HTC Vive Pro Eye VR headset and had
to move the controller (right) to move an effector in the virtual environment to track the target (left).
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positioned on the elbow and shoulder and an HTC Vive controller
placed inside the preferred hand (Figure 1). The virtual environment
and the task were developed with the Unity game engine (Unity
Technologies, San Francisco, United States). In this virtual
environment, the front of the cube whatever its size was located
in front of the participant, at a distance of 1.75 m, and the center of
the cube at a height of 1.60 m (Figure 1). The coordinate system in
real space was a world-fixed coordinate system, where x, y, and
z-axes corresponded to the horizontal, vertical and depth axes
(towards the front of the participant), respectively. This
coordinate system was transposed into virtual space at the center
of the cube.

2.2.2 Task
The instructions given to participants were to track a virtual target

moving inside a virtual cube by using a controller with their preferred
hand (22 participants used the right hand and 1 the left hand). Both
target and effector were translucent spheres measuring 20 cm in
diameter, which could interpenetrate. The starting position of the
target was randomized within the cube. To start the trial, the
participants had to reach the stationary target with the effector. At
that moment, the target started, between 0 and 2 s, in a random
direction with the corresponding velocity. The target could move in
any direction with a linear displacement and at constant speed. The
target bounced on the cube walls without any deformation or
modification of the speed and with symmetry between the incident
and reflected angles. Target trajectories were also randomized for each
trial and each participant. Each trial lasted 10 s. Following the study by
Gerig et al. (2018), the sources of information for the depth dimension
were stereopsis (a different image for each eye), shadows on the cube
surfaces, parallax, the similar size of the target and the effector, and
when the objects overlapped.

2.2.3 Experimental design
Participants had to perform 120 trials according to three task

constraints (i.e., gain, size, and speed), each of them including four
randomized conditions, as presented below, and each condition
being performed ten times (i.e., 3*4*10). The values for each
condition were selected after pre-testing to avoid floor or ceiling
effects. This experimental design was applied to counterbalance the
order effect and therefore neutralize the training effect.

The Gain variable corresponded to the value that transformed
the real movement produced by the participants into the movement
of the effector in the virtual environment. Four transformation gains
were used: 4.583, 6.111, 9.167 and 18.333. For each trial, the speed of
the target and the size of the cube were 1.7 m/s and 20.8 m3 (side
2.75 m), respectively.

The Size variable corresponded to the volume of the cube
delimiting the space of interaction with the target. Four sizes
were used: 1.33 m3 (side 1.1 m), 10.65 m3 (side 2.2 m), 35.94 m3

(side 3.3 m) and 85.18 m3 (side 4.4 m). For each trial, the speed of
the target and the gain were 1.7 m/s and 7.333, respectively.

The Speed variable corresponded to the speed of the target. Four
speeds were used: 1.4 m/s, 1.6 m/s, 1.8 m/s and 2 m/s. For each trial,
the size of the cube and the gain were 20.8 m3 (side 2.75 m) and
7.333, respectively.

After each trial, the mean distance between the effector and the
target (centre-to-centre) and the percentage of time during which

the effector was in contact with the target were displayed on the
screen.

A check was made, for each condition, to ensure that no
participant, due to their size, encountered any difficulty in
covering the entire interaction space without moving their body.
Moreover, each participant’s arm movement was calibrated for each
condition so that the effector was located in the center of the cube.

2.2.4 Data processing
The positions of the markers (shoulder, elbow and remote) were

recorded by the HTC Vive system and allowed us to calculate,
through the 3D coordinates, the angle of the elbow for each
participant. This angle was calculated using the following equation:

cosÂ � xb − xa( ) xc − xa( ) + yb − ya( ) yc − ya( ) + zb − za( ) zc − za( )�����������������������������
xb − xa( )2 + yb − ya( )2 + zb − za( )2

√
*

�����������������������������
xc − xa( )2 + yc − ya( )2 + zc − za( )2

√

With x, y and z corresponding to the horizontal, vertical and
depth axes, respectively; and a, b and c corresponding to the elbow
tracker, hand controller and shoulder tracker, respectively.

The Vive’s tracking technology uses two laser emitters allowing
to calculate the position and orientation of the headset and trackers
[see Niehorster et al. (2017), for more details and validation of the
system for experimental procedures].

To answer our hypotheses, we examined several variables:

• The percentage of target-effector contact (%), corresponded to
the percentage of time during which the effector was in contact
with the target (i.e., the distance between the centers of the
target and the effector was less than the sum of their two
radii) (H1).

• The absolute target-effector distance (in m) was calculated with
the following formula (

����������
x2 + y2 + z2

√
) (H1, H2).

• The target-effector distance (in m) was calculated separately on
the x, y and z dimensions (horizontal, vertical, and
depth) (H3).

• The maximal elbow range of movement (in °) corresponded to
the difference between the maximal and minimal angles
recorded during a trial (H4). These angles were calculated
from the two markers placed on the shoulder and elbow, plus
the controller.

• Regression analyses (R2) were performed between the position
of the target in each dimension (x, y, z) and the angle of the
elbow to determine with which dimension of the target motion
the elbow movements were most coupled (H4).

2.3 Statistical analyses

Statistical analyses were performed using Statistica® 14.1.0.
software (TIBCO Software Inc., Palo Alto, California, United States).

In a first stage, in order to evaluate participants’ adaptation to the
task, ANOVAs were performed on the 12 blocks of 10 trials without
considering the independent variables of gain, size and speed, which
were presented in a randomized order. AnANOVAwas conducted on
the variables absolute target-effector distance andmaximal elbow range
of movement, with two-way repeated measures 12(Block) x 10 (Trial).
Another ANOVA was performed on the variables target-effector
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distance for each dimension, x, y, z and theR2 from regression analyses
between the position of the target in each dimension (x, y, z) and the
maximal elbow range of movement, with three-way repeated
measures: 3 (Dimension) x 12(Block) x 10 (Trial). This last
analysis was performed to determine which dimension of the
target’s movement mobilized the most the elbow. Moreover, a
descriptive analysis was performed on the percentage of target-
effector contact variable to evaluate the adaptation to the task.

In a second stage, an ANOVAwas performed separately for each
independent variable of gain, size and speed for the variables
absolute target-effector distance and maximal elbow range of
movement with one-way repeated measures corresponding to the
4 conditions for each variable. The trials were not considered as a
variable after the first stage of analysis. An ANOVA was performed
on the R2 calculated from the regression analyses between the
position of the target in the three dimensions of space and the
angle of the elbowwith two-way repeatedmeasures: 3 (Dimension) x
4(Condition).

For each analysis, the statistical threshold was established at p =
0.05. When the Mauchly test for sphericity was significant, the
Greenhouse-Geisser correction was applied when the epsilon was
lower than 0.75, otherwise the Hyun-Feld procedure was used.
When a significant main effect or interaction was found, the
Bonferroni method was used for post hoc comparisons.

3 Results

3.1 First stage: adaptation to the task

3.1.1 Percentage of target-effector contact
The percentage of target-effector contact (mean) showed that

participants started with a target-effector contact score of about 30%
and reached about 45% by the end of the 120 trials (Figure 2).

3.1.2 Absolute target-effector distance
The evolution pattern of the target-effector distance (absolute

and in the x, y and z dimensions) is presented in Figure 3.
The 12(Block) x 10 (Trial) ANOVA performed on the absolute

target-effector distance showed a significant main effect of Block, F
(11,242) = 6.22, p < .001 (ƞ2 = 0.22), of Trial, F (9,198) = 7.44, p <
.001 (ƞ2 = 0.25) and a significant Block * Trial interaction effect, F
(99,2178) = 1.68, p < .001 (ƞ2 = 0,07; Figure 4).

The post hoc method on the Block * Trial interaction effect
indicated an absolute target-effector distance significantly higher for
trials 1, 2 and 3 of block 1, trials 1 and 2 of block 2 and trial 1 of block
3, compared to the other trials of blocks (Figure 4).

3.1.3 Target-effector distance for each dimension
(x, y, z)

The 3 (Dimension) x 12 (Block) x 10 (Trial) ANOVA performed
on the target-effector distance revealed a significant main effect of the
dimension (x, y, z), F (2,44) = 779.13, p < .001 (ƞ2 = 0.97) and two
interaction effects: Dimension * Block, F (22,484) = 4.98, p < .001

FIGURE 2
Depiction of adaptation to the task for the percentage of target-
effector contact.

FIGURE 3
Depiction of adaptation to the task for the target-effector
distance (absolute and in the x, y and z dimensions).

FIGURE 4
Depiction of interaction effects between Block * Trial for the
absolute target-effector distance.
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(ƞ2 = 0.19) and Dimension * Block * Trial, F (198,4356) = 1.28, p <
.05 (ƞ2 = 0,06; Figure 5).

The post hoc tests performed on the Dimension * Block * Trial
interaction effect showed significantly higher target-effector distance
for all trials and all blocks in the z dimension (Figure 5).

3.1.4 Maximal elbow range of movement
The 12 (Block) x 10 (Trial) ANOVA performed on themaximal

elbow range of movement revealed no significant effect and no
interaction effect between blocks and trials.

3.1.5 Regression analyses between the position of
the target in each dimension (x, y, z) and the
maximal elbow range of movement

The 3 (Dimension) x 12(Block) x 10 (Trial) ANOVA on the R2

obtained from the regression analyses showed a significant main
effect of Dimension F (2,44) = 706.51, p < .001 (ƞ2 = 0.97) and
Block F (11,242) = 2.74, p < .05 (ƞ2 = 0.11). This analysis also
showed four interaction effects: Dimension * Block, F (22,484) =
2.09, p < .05 (ƞ2 = 0.09); Dimension * Trial, F (18,396) = 2.15, p <
.05 (ƞ2 = 0.09); Block * Trial, F (99,2178) = 2.13, p < .05 (ƞ2 = 0.09)

and Dimension * Block * Trial, F (198,4356) = 2.38, p < .05 (ƞ2 =
0,10; Figure 6).

The Bonferroni post hoc method performed on interaction
effects indicated significant differences between blocks and
between trials only in the z dimension. However, it is difficult to
clearly distinguish the origin of these interactions (Figure 6). The
main result remains the greater R2 correlation in the z dimension.

3.2 Second stage: effects of the variables
gain, size of the cube, speed of the target

As exploratory analyses did not reveal significant effects of Trials
at this stage, this factor was not involved in the current analyses.
Moreover, the three dimensions x, y, z did not provide more
information in relation to the variables Gain, Size of the cube,
and Speed of the target than the absolute target-effector distance. In
addition, the issue of the depth was addressed in previous analyses.
Consequently, it was also decided to not include these three
dimensions of target-effector distance in this second stage.
Nevertheless, the regression analyses between the position of the

FIGURE 5
Depiction of interaction effect between Dimension * Block * Trial for the target-effector distance in x (A), y (B) and z (C) dimensions.

FIGURE 6
Depictions of interaction effect Dimension * Block * Trial for regression between elbow angle and target distance in the x (A), y (B) and z (C)
dimensions.
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target in each dimension (x, y, z) and the maximal elbow range of
movement were retained, to provide information about the effect of
the variables on the strength of the coupling between the elbow and
the three dimensions in the displacement of the target as a function
of the conditions of Gain, Size and Speed.

3.2.1 Absolute target-effector distance
3.2.1.1 The effect of gain

The 4 (Condition) ANOVA performed on the absolute target-
effector distance revealed a significant main effect of the Gain
Condition F (3,66) = 62.93, p < .001 (ƞ2 = 0.74) (Figure 7).

The results of the post hoc tests for the main effect gain condition
indicated significantly higher absolute target-effector distance in the
higher condition of gain compared to the other three (Figure 7).

3.2.1.2 The effect of the size of the cube
The 4(Condition) ANOVA revealed a significant main effect of

the size of the cube, F (3,66) = 51.55, p < .001 (ƞ2 = 0.70) (Figure 7).
The post hoc tests indicated a higher absolute target-effector distance
for the larger cube as compared to the other three (Figure 7).

3.2.1.3 The effect of the speed of the target
The 4 (Condition) ANOVA indicated a significant main effect of

the speed of the target, F (3,66) = 66.71, p < .001 (ƞ2 = 0.75)
(Figure 7). The post hoc tests indicated significant differences in the
absolute target-effector distance between each of the four conditions
of speed (1.4 m/s ± 1.6 m/s ± 1.8 m/s ± 2 m/s), with an increase of
the distance as a function of speed (Figure 7).

3.2.2 Maximal elbow range of movement
3.2.2.1 The effect of gain

The 4(Condition) ANOVA performed on the maximal elbow
range of movement revealed a significant main effect of gain, F
(3,66) = 488.04, p < .001 (ƞ2 = 0.96) (Figure 8). The post hoc tests
indicated a significant decrease inmaximal elbow range of movement
with the increase in gain (gain 1 ± gain 2 ± gain 3 ± gain 4; Figure 8).

3.2.2.2 The effect of the size of the cube
The 4 (Condition) ANOVA analysis indicated a significant main

effect of the size of the cube, F (3,66) = 245.51, p < .001 (ƞ2 = 0.92)

(Figure 8). The post hoc tests revealed a significant increase in
maximal elbow range of movement with the increase in the size
of the cube (size 1 ± size 2 ± size 3 ± size 4; Figure 8).

3.2.2.3 The effect of the speed of the target
The 4 (Condition) ANOVA revealed a significant main effect of

the speed of the target, F (3,66) = 6.57, p < .001 (ƞ2 = 0.23) (Figure 8).
The post hoc tests showed that the maximal elbow range of
movement for the two fastest speeds was significantly larger than
the amplitude for the slower speed (Figure 8).

3.2.3 Regression analyses between the position of
the target in each dimension (x, y, z) and maximal
elbow range of movement
3.2.3.1 The effect of gain

The 3 (Dimension) x 4 (Condition) ANOVA performed on the
R2 from the regression analyses of elbow angle and target distance in
3 dimensions indicated a significant main effect of Dimension, F
(2,44) = 771.24, p < .001 (ƞ2 = 0.97), of the Gain condition, F (3,66) =
10.93, p < .001 (ƞ2 = 0.33) and a significant Dimension * Condition
interaction effect, F (6,132) = 3.29, p < .05 (ƞ2 = 0.13) (Figure 9). The
post hoc tests performed on the interaction effect indicated
significant higher R2 in the z dimension but a slight decrease in
the regression score in the higher gain condition in this dimension
(Figure 9).

3.2.3.2 The effect of the size of the cube
The 3 (Dimension) x 4 (Condition) ANOVA revealed a

significant main effect of Dimension x, y and z, F (2,44) =
595.85, p < .001 (ƞ2 = 0.96), Size condition, F (3,66) = 492.59,
p < .001 (ƞ2 = 0.96) and a significant Dimension * Condition
interaction effect, F (6,132) = 66.89, p < .001 (ƞ2 = 0.75)
(Figure 9). The post hoc tests performed on the interaction
effect indicated significantly higher R2 in the z dimension but
a decrease in the regression score for the smallest cube (condition
1.1) (Figure 9).

3.2.3.3 The effect of speed
The 3 (Dimension) x 4 (Condition) ANOVA indicated a

significant main effect of Dimension F (2,44) = 875.24, p < .001

FIGURE 7
Depictions of target-effector distance (means ± standard deviation) for each variable and condition: gain (A), size (B) and speed (C). *significant
differences between all variables, **significant differences of one variable on the others.
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(ƞ2 = 0.98) and the Speed condition, F (3,66) = 7.33, p < .001 (ƞ2 =
0.25) (Figure 9). The post hoc tests showed significant differences in
R2 values for each dimension. Moreover, the R2 values were
significantly lower at conditions 1.8 and 2 compared to condition
1.4 m/s (Figure 9). Similarly, as with the gain and size conditions, the
R2 values were more significant in the z dimension (Figure 9).

4 Discussion

The aim of the present study was to evaluate the impact of task
constraints, specifically the speed of the target, the size of the
interaction space, and the gain of movement, on participants’
adaptation to the task, tracking accuracy and the mobilization of
the elbow in a 3D virtual target tracking task. We expected that a
limited amount of practice would enable the participant to adapt to
the task (H1). Moreover, we expected performance to decline (e.g.,
accuracy) when task constraints were greatest (H2). Similarly, we
expected the depth dimension would significantly increase the level
of difficulty of the task (H3). Finally, we expected an increase in both
the amplitude and the coupling of the elbow in the depth
dimension (H4).

4.1 Adaptation to the task (H1)

The adaptation to the task was evaluated through 120 trials,
and the results showed that participants quickly adapted with a
limited number of trials (Figures 2–4). These results suggest that
the task was quickly understood by the participants and carried
out with better efficiency, obtained with a limited number of
trials (as indicated by the increase in percentage of contact and
the decrease in the distance between target and effector with the
plateau reached quickly). This rapid adjustment may be due to
the clarity of the task goal, the quality of the virtual
environment, but also to the feedback which facilitates rapid
corrections (Gajda et al., 2016; van der Kooij et al., 2018). Other
analyses showed a greater target-effector distance in depth,
confirming the results by Gerig et al. (2018) and revealing
that this dimension was the most challenging for the
participants. To our knowledge, no prior study has attempted
to examine tracking tasks in a real 3D environment, and as such,
we have no direct comparison with tasks in a real environment,
even if online regulation in such a task is probably similar to the
regulations required in interceptive actions (e.g., Le Runigo
et al., 2005). However, the selected depth cues were similar to

FIGURE 8
Depictions of maximal elbow range of movement (means ± standard deviation) for each variable: gain (A), size (B) and speed (C). *significant
differences between all variables, **significant differences of one variable on the others.

FIGURE 9
Depictions of R2 values (means) for each dimension and condition, in the gain (A), size (B) and speed (C) conditions.
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those used in the study of Gerig et al. (2018) based on a virtual
reaching task. Moreover, the improved accuracy for reaching a
plateau after a small amount of practice, coupled with the level
of errors which was situated around 0.20 and 0.25 m in a space of
interaction of several meters both make us confident regarding
the representativity and the feasibility of the task.

4.2 Effect of the speed of the target, the size
of the interaction space and the
transformation gain in movement on the
difficulty of the task and elbow mobilization
(H2, H4)

The results concerning the effects of task constraints
showed a direct relationship between the task difficulty and
the absolute distance between the target and the effector. For
each condition of gain, size of the cube and speed of the target,
an increase was observed in the absolute target-effector distance
when task constraints were at their maximum (i.e., in Gain 4:
18.333, in Size 4: 4.4 m and in Speed 4: 2 m/s) (Figures 5, 6).
These results are consistent with those obtained by Buekers
et al. (2000), which showed better efficiency in the
synchronization of movement (arm movement with a light)
when constraints were minimal (movement in the same
direction and continuous light). Likewise, in another study
using a 2D tracking task, Mallek et al. (2017) showed
decreased accuracy in the most constraining conditions of
the tracking, when the target bounced on the side of the
interaction space. Therefore, the present results confirm the
first hypothesis that increasing task constraints induces a
decrease in tracking accuracy.

Concerning the control of movement, it was observed that
the increase in constraints influenced elbow range-of-motion
(Figure 7). This was particularly clear for the Gain and the Size
of the cube variables. The results showed that the smaller the
gain, the greater the elbow range-of-motion. For the larger gain
(18.333), very short movements were required and thus very low
mobilization of the elbow. This decrease in movement
amplitude did not mean that the task was easier. In this
condition, the distance to the target was the highest as
pointed out above. Similar results were observed with the size
of the cube: there was a progressive increase in elbow
mobilization when the size of the cube increased. It is
interesting to note that the increase in the speed of the target
resulted in a slight increase in elbow involvement. This was
probably due to an increase in intensity in the movement
produced with the increased speed. These results confirmed
our second hypothesis that there is a direct influence of the
selected task constraints on elbow amplitude (i.e., an increase in
elbow flexions/extensions). These observations are consistent
with the work by Van Emmerik and Newell (1990) which
showed, in a drawing task, that joint arm kinematics (and the
stylus) systematically varied under the effects of constraints.
Therefore, in our study, the constraints had a discernible impact
on visuomotor dynamics during the task inducing a
modification in intra-segment kinematics and range-of-
motion movement (Fan et al., 2019).

4.3 Effect of the depth dimension on the
difficulty of the task and on elbow
mobilization (H3, H4)

As presented above, the results clearly indicated that participants
showed more difficulties in the depth dimension during the tracking
task. It was also in this dimension that the greatest adaptations were
observed across the trials and blocks (Figure 2). The difficulties were
probably due to a less accurate perception of the distance between the
target and the effector on the z-axis. However, asmentioned by Bingham
(2005) and Naceri et al. (2011), depth perception is a key element in the
evaluation of reaching, grasping and interaction tasks. In our design, the
sources of information for the depth dimension were stereopsis,
shadows, parallax, the similar size of the target and the effector, and
the overlapping of these objects [see also Gerig et al. (2018), for similar
cues]. Nevertheless, it was not possible to evaluate the quality of these
sources in comparison to real situations or in comparison to other
sources of information or other designs or apparatus (Raab et al., 2013;
Gerig et al., 2018). In natural viewing, the changes in vergence and focal
distances are the same (meaning that the vergence and accommodative
demands are equal), and the slow and fast components work together to
produce a relatively rapid and accurate accommodative response.
However, a well-recognized limitation of virtual systems stems from
the fact that the image is projected on to a single plane of focus.
Therefore, the vergence and accommodative demands generally differ, so
the slow and fast components attempt to drive accommodation toward
different values. Thus, the vergence-accommodation conflict regardless
of the targeted depth affects depth perception and can cause visual
fatigue (Hoskinson et al., 2004; Hoffman et al., 2008). In this study, we
used a typical system for virtual interaction in 3D with the HTC Vive
system and the Unity game engine. This system has already been tested
in the context of research on perception-motor interaction with
conclusive results (e.g., Niehorster et al., 2017; Le Chénéchal and
Chatel-Goldman, 2018). However, it does not mean that the system
works perfectly, nor that other systems could not provide better
information for interacting in the depth dimension. It is therefore
possible that a small portion of the errors in the depth dimension
may be attributed to the vergence/accommodation conflict inherent in
virtual reality headsets. Therefore, as discussed by Brassel et al. (2021),
further efforts are required in order to make virtual environments more
realistic, thus improving the performances of participants.

The depth dimension played a role in increasing the difficulty of
the task, as well as in increasing shoulder mobilization. Across all
task constraints, the R2 values were seen to be more important in the
z dimension. This shows that the task was clearly achievable in the
depth dimension and that this dimension is the basis of the coupling
between elbow amplitude and target movement.

5 Conclusion and perspective

Confirming our main hypotheses, the results clearly showed
how the manipulation of task constraints (speed of the target, gain
and size of the cube) could heighten the task’s level of difficulty. The
visuomotor tracking task used in this study also confirmed that the
dimension of depth is a key element in the interaction with a virtual
environment wherein participants were able to quickly improve
their accuracy. This resulted in a strong coupling of the elbow
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flexion/extension with the target displacement in the depth
dimension.

Even if these hypotheses may have appeared straightforward, this
research constitutes an essential step in characterizing our 3D tracking
task. These results could be used for instance to implement this task in
a rehabilitation program for patients with a wide range of disabilities
of the upper limb. Importantly, they offer themeans for customization
through the precise control of task constraints, enabling progressive
mobilization of the arm in various directions and amplitudes,
according to the specific capabilities of each patient with
perceptual-motor impairment. These mobilizations could make it
possible to solicit degrees of freedom (Bernstein, 1967) that are
generally not solicited in patients (or mobilized specifically in
athletes) and specific anatomical positions of the upper limb, such
as elbow flexion/extension. This approach could enhance the strength
of perception-action coupling during this tracking task (Newell, 1996;
Warren, 2006) and result in a possible transfer of these acquisitions in
daily activities. These results are also relevant for designers and
developers of virtual reality devices, as they identify constraints
that can hamper the usability of virtual reality systems. On this
basis, other interesting and relevant studies could be conducted,
for instance, in the developing field of virtual reality rehabilitation.
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