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Abstract—The mechanisms that underlie the control of bimanual actions in which the two hands act separately to manipulate different

objects (uncoupled independent control) has been well studied. In contrast, much less is known about how the central nervous system

controls bimanual actions that require the two hands act cooperatively to manipulate a single object (dynamically coupled control).

Furthermore, there is scant research into the manual lateralization and role assignment in the processing of visual and haptic feedback

during dynamically coupled bimanual tasks. In this experiment, we examined the role of the dominant and non-dominant hands during a

dynamically coupled bimanual task in which visual and haptic feedback regarding object penetration were manipulated. Twelve

subjects performed a bimanual grasp and reach task towards different target locations in the workspace by using two identical wrist

robotic devices. Results showed haptic feedback is necessary for task completion, and that hand specialization plays a fundamental

role in spatial and temporal coordination between the two limbs.

Index Terms—Bimanual, visuohaptic feedback, wrist robot, hemispheric specialization
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1 INTRODUCTION

THE ability to skillfullymanipulate objects is one of the car-
dinal and distinctive features of human behavior. With

practice, an individual is able to gradually learn how to mas-
ter the most complex skills, such as playing an instrument,
high precision assembling, or performing surgical operations.

Since the initial contributions from Shadmehr and
Mussa-Ivaldi [1], there has been continuous interest in eluci-
dating the mechanisms underlying the formation of manual
skills. Motivated by the fact that many everyday actions
involve the use of both hands, a number of bimanual haptic
devices and robotic paradigms and have been developed to
probe the mechanisms of bimanual coordination as exten-
sively reported in [2]. Two basic scenarios have thus far
been investigated: uncoupled independent control, in which
the two hands act separately in manipulating different
objects, and dynamically coupled control, in which the two
hands cooperatively manipulate the same object.

Uncoupled independent control is the most studied of
the two scenarios, and primarily utilizes force field adapta-
tion paradigms during symmetric or non-symmetric biman-
ual actions [3]. During these tasks, participants perform
reaching movements with both hands (in non-overlapping
workspaces) toward different targets under the effect of
force fields. Results of these studies have reported that the

process of learning velocity-dependent force fields during a
bimanual task is similar for both the dominant and non-
dominant hand, regardless of whether a force-field was
applied or not (i.e., under a null field) [3].

Nozaki and Scott [4], [5] examined the transfer of learning
between unimanual and bimanual actions during reaching
movements when a velocity-dependent force field was
applied to the non-dominant left arm. Those studies demon-
strated that there is partial transfer between contexts, indicat-
ing that there is a limited overlap of unimanual and bimanual
learning processes beyond the adaptation effects. This find-
ing is supported by neuroanatomical studies indicating that
bimanual movements require interhemispheric communica-
tion [6], and are associated with greater activation of bilateral
primary sensorimotor cortex (SM1), supplementary motor
area (SMA), cingulate motor area, dorsal premotor cortex
(PMd), and posterior parietal cortex (PPC) [7].

Bimanual force field adaptation in uncoupled environ-
ments was also investigated by Casadio et al. [8] by inducing
spatial coupling in two separate workspaces and identifying
possible interference effects. In this study, participants
reached for the same target while two identical manipulanda
applied velocity-dependent non-zero curl viscous force fields
to the two hands in either the same (e.g., clockwise for both
hands) or opposite orientations (e.g., clockwise for the left
hand, counter-clockwise for the right hand). Results indicated
that the two arms were able to adapt to the two force fields,
but that adaptation was incomplete when the force fields
moved in opposite directions. On the basis of these results
the authors argued that the neural mechanisms underlying
bimanual movements oppose actions that may lead to a
crossing of the hands, and postulate that there are two task
dependent modules underlying motor-cognitive processing
during bimanual actions: an adaptive control module and
a “protective” one that opposes potentially “dangerous”
bimanual interactions, such as hand crossing.
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Dynamically coupled control scenarios have been
explored in experiments in which the use of both limbs
is synchronously involved to complete a specific task. In
Jackson andMiall [9] participants performed dominant right
arm reaching movements to a visual target, while a velocity
dependent force that was proportional and perpendicular to
movement direction acted on their stationary left hand at the
same time as the right handmovement. Results revealed that
left hand movements peaked just before those of the right
hand, indicating that individuals used a predictive forward
internalmodel inwhich the sensory consequences associated
with the right hand were predicted and used to generate an
appropriate compensatory response for the left hand.

In a later study, Howard et al.[10] used a dual robotic
planar manipulandum to examine the transfer between cou-
pled and uncoupled scenarios during a center-out move-
ment in the presence of a velocity dependent force field.
Results suggested that the motor system may use partially
separate representations for coupled and uncoupled con-
texts, and that there also exist partially independent repre-
sentations of the dynamics of the two arms.

Although the aforementioned studies have provided a
number of insights into bimanual planning and related con-
trol processes underlying motor adaptation, the role of sen-
sory feedback on bimanual coordination has received much
less attention. Indeed, the majority of robot-mediated experi-
mental paradigms have provided both visual and haptic
feedback to participants. There is evidence that the integra-
tion of these sensory streams is weighted based upon infor-
mation reliability and appropriateness [11], and is combined
in a complex way which leads to enhanced task accuracy
and performance [12]. With respect to bimanual tasks, the
coordinated use of the limbs is highly weighted by the domi-
nance of one hemisphere with respect to the other, with the
dominant and non-dominant hands adept at utilizing differ-
ent sensory information. In particular, literature suggests
that the right hemisphere (of right-handers) is more adept at
utilizing haptic feedback [13], whereas the left hemisphere
(of right handers) is more adept at utilizing visual feedback
[14] that ensures accurate interactions between the preferred
right hand and the to-be-manipulated objects.

Given the open questions regarding the allocation of
functional roles to the hands, and how sensory feedback is
used to ensure accurate task performance during dynami-
cally coupled bimanual tasks, the aim of the present work
was to examine how visual and haptic feedback is weighted
when individuals manipulate an object during a dynami-
cally coupled bimanual task. To this end, participants per-
formed a bimanual grasp and reach task, in which they
used two wrist haptic devices to grasp a virtual object and
transport it across the workspace towards a target. Four dif-
ferent feedback conditions were simulated: a Haptic condi-
tion in which participants were provided with haptic
rendering of the collision of the wrists’ end effectors with
the object to be manipulated, a Haptic+Visual condition in
which participants were provided with both haptic and
augmented visual feedback about the end effector penetra-
tion inside the object during manipulation, a Visual condi-
tion in which visual feedback about object penetration (but
no haptic feedback was provided), and a No Feedback condi-
tion where both visual and haptic cues about end effector

penetration were absent and participants could rely only on
a standard visual feedback to perform the task.

We were specifically interested in whether bimanual
coordination is influenced by the availability of visual and
haptic feedback. Based on the literature indicating that the
integration of information from different sensory sources
augments the precision of the combined estimate [15], [16],
[17], [18], and that additional visual feedback allows for bet-
ter control of force when combined with the haptic feedback
for unimanual grasping [19], we hypothesized that task
performance would be facilitated when participants are
provided with both haptic and augmented visual feed-
back about the object penetration depth (Haptic+Visual
condition) compared to when feedback is provided from
a single sensory source (Visual and Haptic conditions). In
addition, based on the literature suggesting hemispheric
specialization during object manipulation tasks [13], [14],
we expected that interlimb coordination would be influ-
enced by the position of the target [20]. We tested the
hypothesis that additional visual information on object
penetration would differently affect movements in oppos-
ing directions, when the roles of the dominant and non-
dominant hands are reversed to superimpose forces and
aim at different target locations.

2 METHODS

2.1 Participants

Twelve neurologically healthy individuals (mean age = 25.6,
SD = 2.7, 11 men) participated in the study. All participants
were right-handed (mean handedness = 90, SD = 7.84), as
determined by the Edinburgh Handedness Inventory [21],
and had no history of previous musculoskeletal or neuro-
logical disease. The experiment conformed to the ethical
standards of the 1964 Declaration of Helsinki, and was
approved by the Institutional Review Board at Nanyang
Technological University, Singapore (IRB-2015-03-24). Each
participant signed a consent form prior to the experiment.

2.2 Experimental Setup

The experiment employed a bimanual workstation consist-
ing of two identical wrist robots [22] (Fig. 1A). The devices
are highly backdrivable, and allowed three DoFs in the
range of motion (ROM) of the human wrist as shown in
Fig. 1B (human wrist ROM: 65/70 degree flexion/extension
(FE), 15/30 degree adduction/abduction (AA), 90/90
degree pronation/supination (PS); Wrist robot ROM: �72
degree FE, 45/27 degree AA, �80 degree PS). Angular rota-
tions in each DoF were measured by high-resolution digital
encoders (4,000 bits/rev) and the wrist joints were actuated
by one brushless (Maxon ECi-40) motor for FE, one for PS
and two motors for AA respectively. The maximum torques
available were 1.53 Nm (FE), 1.63 Nm (AA) and 2.77 Nm
(PS). The apparatus was comprised of a PC equipped with
an Analog and Digital I/O PCI card (Quanser QUARC
QPIDe), where eight analog channels were used to com-
mand the reference values of the motor torques and eight
channels to receive the repetition signals from the digital
encoders. Rotations around the three axes of each wrist
robot were read by QUARC (Simulink based) and trans-
lated to linear movements in the virtual environment.
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The bimanual task consisted of a grasp and reach move-
ment in which two end effectors (representing the position
of the two wrists) interacted with an object which had to be
picked and moved towards different targets (Fig. 2A). In
the present study movements were limited to two DoFs by
blocking the PS joints of each of the wrist robot. The virtual
environment was simulated using a Simulink model that
employed the QUARC Visualization Toolkit. The position

of the two end effectors was represented as two spheres
that were identical in appearance for both the left and the
right wrist. In this way, the participant could use the spheri-
cal end effector to grasp the virtual object and to transport it
to the target position (Fig. 2B). The position of the end effec-
tors was measured by evaluating the device’s joint angles
and consequently determining the linear relationship
between angle and planar position and multiplying for an
opportune scaling factor: flexion/extension and abduction/
adduction respectively corresponded to the horizontal and
vertical displacement of the end effectors on the screen
(Fig. 2C). The mapping factor from angles in joint space to
linear movement in the virtual environment was 3�/cm.
The scaled position of the end effectors was projected onto
the computer monitor (53 cm wide and 30 cm high).

The haptic object was represented as a rectangular paral-
lelepiped with the visual appearance of a cardboard box,
which indicated to the participant that they were manipu-
lating an object with limited compliance that should be han-
dled with care. Furthermore, to simplify the virtual
environment, the orientation of the object was kept fixed
throughout the trial (i.e., in an upright orientation) even if
the contact forces of the end effectors were misaligned.

The God Object algorithm with friction simulation [23]
was chosen to implement the virtual scenario and generate
the haptic rendering provided to the participants by the
wrist devices. In the absence of contact between the end
effectors and the haptic object, the wrist robots provided no
force and movements were afforded by virtue of the
mechanical backdriveable structures. Once the end effectors
were in contact with the haptic objects there were main fac-
tors that were considered for the implementation of the hap-
tic rendering: the depth of penetration of the end effectors
into the parallelepiped, and the different dynamics needed

Fig. 2. (A) View of the bimanual workstation when operated by the participant. (B) Wrist movements control the position of objects presented in
the virtual environment. (C) Schematic of the implemented bimanual controller that provides haptic and visual feedback during object manipulation.
(D) Impedance control scheme used to simulate the haptic environment.

Fig. 1. (A) The 3-DoF Wrist robot. (B) Allowable DoFs.
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to simulate the interaction with the user. The control scheme
is depicted in Figs. 2C and 2D.

The haptic rendering was evaluated by considering the
real positions of the end effectors, the so called haptic inter-
face points (referred as EER and EEL) and the representation
of the end effectors on the screen (i.e., God Objects, GOs), as
shown in Fig. 3A. In order to generate a haptic force, the dis-
tance between the EEs and the GOs along the x-axis was fed
back to the controller, and is referred in the following
sections as penetration depth (PD). Since the task required
that the haptic object was lifted using the two end effectors,
static friction was also simulated. Fig. 3B depicts the friction
cone centered in EEL, oriented in the normal direction (N)
to the contact surface. The friction cone was defined as the
intersection between the cone and the surface. Once the GO
was outside the friction cone surface (as a consequence of
the movement of the EE), the GO was updated to the closest
point of this surface (Fig. 3C). This highlights that the real
positions of the end effectors (EEs) were the ones by which
the interaction forces were calculated and fed back to the
user, while the GOs were a graphical representation of the
end effectors after the contact with the virtual object during
manipulation.

The dynamics of the virtual object and its planar trajec-
tory, described by the position vector y, depended on the
amount of forces applied during manipulation when the
end effectors maintained the contact with the object. Its
motion was therefore generated as the result of the external
forces Fext comprised of the gravity force (Mg), the friction
(Ff ) and the viscoelastic forces which were applied by the
end effectors FEEL

and FEER
involved in the contact.

M €y
!¼ Fext

��! ¼ M g!þ Ff
�!þ FEEL

���!þ FEER

���!
: (1)

The haptic rendering to the user was fed back by the
devices (in the FE and AA DoFs) and an impedance control-
ler (Fig. 2D) that regulated the interaction force FEE at each
end effector according to the following formula:

FEE
��! ¼ M g!þK x!þB _x

!
; (2)

where K and B indicate the stiffness and damping respec-
tively, and x indicates the PD of the end effector. Forces were
then summed and the object’s kinematics was computed
using a second order differential equation derived from

Newton’s second law. The values and gains (M = 0.5 kg,
K = 0.8 N/cm and B = 0.005 Ns/cm) were manually set in
order to provide a range of haptic rendering compatible with
task duration, mitigate muscular fatigue, and to cover a
range of torque/forces without saturating the haptic devices.

The static friction Ff was a force generated by consider-
ing the normal force applied on the virtual object which
depended on the PD and the friction coefficient m, and
served to prevent object slippage when the two end effec-
tors were in contact with the lateral surfaces of the virtual
object during the reach and return phases of the movement.
The friction force was parallel to the lateral surfaces of the
virtual object and its magnitude was obtained according to
the formula:

j Ff
�!j ¼ mjFN

�!j ¼ mKj x!j: (3)

The acceleration of the haptic object was double inte-
grated in order to update the velocity and the position and
the corresponding kinematics was fed back to the subjects
via the visual display. A high friction coefficient was simu-
lated when the object was on the ground to ensure that par-
ticipants lifted the object from the resting floor rather than
dragging it toward the target. This was achieved by multi-
plying the velocity, obtained by integrating the acceleration
in Equation (1), by a damping coefficient.

2.3 Experimental Task and Procedure

The experimental procedure was based on an analogous
experiment described in our previous work [24]. Partici-
pants sat in front of the bimanual workstation with the com-
puter monitor 80 cm away, and placed their forearms on the
supports, holding both robot handles in 30 degree in adduc-
tion and 0 degree flexion/extension. After visually confirm-
ing that the wrist joints aligned with the axis of the wrist
robots and making any necessary adjustments, the partic-
ipants’ forearms were secured to the robot devices using
Velcro strips.

For each single trial, participants were requested to lift
the object and transport it to the target location (reach
phase), and successively returning to the initial position
(return phase). There were five target positions (t1 = �60
degree, t2 = �30 degree, t3 = 0 degree, t4 = 30 degree and t5 =
60 degree), virtually represented as a semi-transparent par-
allelepiped, equally spaced from the starting position
(15 cm), Figs. 4A and 4B. A 15 second time constraint was
imposed using a countdown timer displayed on the virtual
object (i.e., cardboard carton) that indicated the remaining
time for task completion. Participants were informed that
they had to maintain an appropriate level of contact force
with the virtual object throughout the entire task and that
failure to do so would cause the object to break (when too
much force is applied, PD equal to 50 percent of object
width) or slip and fall (when too small or asymmetric forces
are applied, PD lower than 10 percent of object width). If
the movement was performed successfully the instruction
“return the object to the start position” was displayed at the
end of the reach phase. However, if the trial exceeded the
time limit or the object was broken, slipped and fell, then
the texture of the object changed and the instructions speci-
fied that the participant should “release the object”, which

Fig. 3. (A) Representation of the God Object (GO) algorithm in which the
actual position of the end effector is indicated as EE and the position
shown on the screen is represented as a GO. (B) Generation of the
friction cone. The friction force is evaluated by considering the Penetra-
tion Depth (PD) of the EE and multiplying it by a friction coefficient.
(C) When the end effector is moved, the corresponding position of the
GO is updated. Dotted and solid lines represent previous and updated
positions, respectively.
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would automatically return the object to the initial position.
An interval of the duration of 1 second separated the end
and the beginning of consecutive trials.

Four conditions were tested, and are depicted in Fig. 4C:

1) No Feedback condition: The participant did not
receive haptic or visual information regarding the
end effector penetration after the contact between
the end effectors and the object surface occurred.
Thus, participants had to rely solely on visual
information regarding the position of the end
effectors on the surface of the object in order to
complete the task.

2) Visual condition: Contact between the end effec-
tors and the object surface was visually rendered
as a deformation of the shapes of the virtual
objects representing the end effector as well as
their color change. In this condition, haptic feed-
back was not delivered to the subjects via the
wrist devices.

3) Haptic condition: While the end effectors were repre-
sented as spheres with no deformation (regardless of
the exerted forces), haptic information about object
penetration depth was provided to the subject. After
collision and penetration of the object by the two end
effectors, a viscoelastic force feedback was displayed
to the participants via the haptic devices. Thus, par-
ticipants could rely only on haptic information to
regulate the dynamic interaction and avoid object
breakage.

4) Haptic+Visual condition: Contact between the end
effectors and the object surfaces was rendered via
both haptic and visual information provided as
deformation and change in color of the spheres rep-
resenting the end effectors.

Visual feedback provided during the Visual and Haptic
+Visual conditions changed according to the level of
exerted forces and therefore object penetration depth. Spe-
cifically, the spheres (virtual representation of the position
of the two end-effectors) flattened against the object surface
proportionally to the penetration depth of the end effectors.
In addition, the color of the spheres changed in order to pro-
vide supplementary information about the level of penetra-
tion. The spheres were colored green prior to object contact
and represented the optimal range of applied forces (and

object penetration) which allowed to lift and carry the object
without breaking it. This color was displayed when object
penetration did not exceed 1/4 of the width (4 cm) of the
object. When the penetration depth was within 1/4 and 1/2
of the total object’s width the color of the sphere changed
from green to yellow, indicating that a critical amount of
force was being applied on the virtual object. When the
maximum penetration depth of 1/2 of the total object’s
width was exceeded, the spheres changed from yellow to
red, and resulted in object breakage. When the maximum
force was reached the virtual object was represented as a
crushed cardboard carton.

The experiment was organized in two sessions, each
comprising two feedback conditions. As shown in Table 1,
participants were randomly assigned to two groups:
Haptic 1st and Haptic+Visual 1st. In Session 1, the
Haptic 1st group experienced the Haptic condition first
followed by the Haptic+Visual condition. In Session 2,
the Haptic 1st group first performed the task under the
No Feedback condition, followed by the Visual condition.
The Haptic+Visual 1st group performed each session in
opposite order of feedback presentation: in Session 1, the
Haptic+Visual 1st group experienced the Haptic+Visual
condition first followed by the Haptic condition. In
Session 2, the Haptic+Visual 1st group first performed
the task under the Visual condition, followed by the No
Feedback condition.

Participants performed 20 practice trials prior to the
experimental test blocks to familiarize themselves with the
task and the mapping of the wrist interface in the virtual
environment. During the familiarization phase neither hap-
tic nor visual feedback was provided. Participants then took
a 2-minute rest break, after which the experiment com-
menced. Each session consisted of 100 trials (two conditions
or target sets of 50 trials), within which the five targets were
presented in a random fashion. The experimental sessions

Fig. 4. (A) Each trial consisted of a reach phase and a return phase. (B) There were five target positions that were equally distributed across the work-
space. (C) In the No Feedback condition, the participant did not receive haptic or visual information regarding end-effector penetration; in the Visual
condition, visual (but not haptic) information about object penetration depth was provided to the participant; in the Haptic condition, haptic information
(but not visual) about object penetration depth was provided to the participant; in the Haptic+Visual condition, both visual and haptic feedback about
the level of force applied to the virtual object by the two end-effectors were provided to the participant.

TABLE 1
Order of Feedback Presentation for the Two Groups

Session 1 Session 2

Group Condition 1 Condition 2 Condition 1 Condition 2

Haptic 1st Haptic Haptic+Visual No Feedback Visual

Haptic+Visual 1st Haptic+Visual Haptic Visual No Feedback
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were separated by a period of 3 months and lasted approxi-
mately 40 minutes each.

2.4 Data Analysis

Trajectories of the left (EEL) and right (EER) end effectors,
recorded at a sampling frequency of 250 Hz, were filtered
using a 6th order Savitzky-Golay filter (11 Hz cut-off fre-
quency). For each trial, data were divided into a reach
phase and a return phase. The reach phase was defined
as the time between the movement of the parallelepiped
was initiated and the moment the object was placed on
the target (i.e., object velocity was below a 2 cm/s thresh-
old and the distance to the target center was 0.5 cm). The
return phase was defined as the time between when the
end effectors left the target and the time the object was
placed back on the resting floor (i.e., object velocity was
below a 3 cm/s threshold).

We quantified the similarity between dominant and non-
dominant wrist (bimanual coordination) by analyzing the
end-effector trajectories in the temporal and spatial domains.
In particular, the followingmetrics were analyzed:

Reach Timewas defined as the amount of time (s) taken to
move the object from the starting position to the target.

Return Time was defined as the amount of time (s) to
move the object from the target back to the resting floor.

Dynamical Symmetry Index (DSI) [25] is a modified ver-
sion of the symmetry index (SI) proposed by Robinson
et al. [26] used to evaluate bimanual temporal coordination

DSIðtÞ ¼ DXDðtÞ � DXNDðtÞ
0:5ðDXDðtÞ þ DXNDðtÞÞ ; (4)

where DXDðtÞ and DXNDðtÞ are the distances from the initial
starting point of the trajectories of the dominant and non-
dominant wrist respectively. The magnitude of the index
expresses the percentage difference between trajectories of
the two end effectors during the bimanual grasp and reach
task. The sign indicates the pattern of asymmetry ranging
from �200 percent, in which positive values indicate that
the dominant wrist travels a longer trajectory in the same
amount of time than the non-dominant one. Negative
signs of the DSI describe an opposite situation in which
the non-dominant wrist traces a longer path than the
dominant one. A value of 0 percent reflects perfect sym-
metry, while the extremes indicate greater asymmetry.
Lastly, SIj j < 10 percent indicates symmetry, whereas
larger values indicate asymmetry.

Discrete Fr�echet Distance (DFD), also termed the coupling
measure [27], [28], is a measure of the similarity between
two polygonal curves quantified as the minimum cord-
length that connects the two curves as they move toward a
target without backtracking. More formally, let P and Q be
the trajectories of the end effectors EER and EEL and
sðP Þ ¼ ðu1; . . . ; upÞ and sðQÞ ¼ ðv1; . . . ; vqÞ the correspond-
ing sequences of endpoints of the line segments of P and Q
respectively. A coupling L between P and Q is a sequence

ðua1 ; vb1Þ; ðua2 ; vb2Þ; . . . ; ðuam; vbmÞ (5)

of distinct pairs from sðP Þ � sðQÞ such that a1 ¼ 1, b1 ¼ 1,
am ¼ p, bm ¼ q, and for all i ¼ 1; . . . ; q we have aiþ1 ¼ ai or

aiþ1 ¼ ai þ 1, and biþ1 ¼ bi or biþ1 ¼ bi þ 1 (such that they
respect the order of the points in P and Q). The length Lk k
of the coupling L is the length of the longest link in L

Lk k ¼ max
i¼1;...;m

dðuai ; vbiÞ: (6)

Thus, the DFD is defined to be

DFDðP;QÞ ¼ minf Lk kjL is a coupling between P and Qg: (7)

The trajectories of EEL and EER were considered by set-
ting their initial points as the points of contact with the
objects during reach and return phases. The DFD is zero
when the two trajectories are equal and grows positively as
the curves become more dissimilar.

Bimanual coordination was examined using Repeated
Measures Analysis of Variance on the variables Reach Time,
Return Time, Discrete Fr�echet Distance and mean Dynam-
ical Symmetry Index, with Group (Haptic 1st, Haptic
+Visual 1st), Condition (Haptic, Haptic+Visual) and Target
(t1, t2, t3, t4, t5) as factors. Statistical significance was consid-
ered for p-values lower than 0.05. Post-hoc analysis on sig-
nificant main effects and interaction was performed using
Bonferroni-corrected paired t-tests.

3 RESULTS

3.1 Trial Completion

The percentage of trials with errors (i.e., the object was bro-
ken due to excessive force or slippage, the trial exceeded the
allotted time limit) was similar between groups (32.2 and
31.3 percent for Haptic 1st and Haptic+Visual 1st respec-
tively), indicating that performance was not influenced by
condition presentation order. Exemplar movement trajecto-
ries from a single participant in each of the four feedback
conditions are depicted in Fig. 5.

Chi-Square Analysis indicated a significant effect of Con-
dition on the number of failed trials, x2tð3Þ = 217.68,
p < 0.0005. Overall, the percentage of errors was higher for
the No Feedback Conditions (54.7 percent) compared to
Visual (41.3 percent), Haptic (13.7 percent) and Haptic
+Visual conditions (17.3 percent), as well as for the Visual
condition compared to the Haptic and Haptic+Visual condi-
tions, both p’s < 0.008. The difference between Haptic and

Haptic+Visual conditions was not significant, x2tð1Þ = 2.60, p

= 0.107. The number of trials due to errors was 15.5 percent
in Session 1 (Haptic and Haptic+Visual conditions) and 48
percent in Session 2 (Visual and No Feedback). Inspection
of the data indicated that the major cause of error was the
application of forces on the object that exceeded the limits
imposed. Due to the high error rate during the Visual and
No Feedback conditions, detailed analysis was restricted to
the Haptic and Haptic+Visual conditions (i.e., feedback con-
ditions in Session 1).

3.2 Reach Phase

Average reach time values were similar for the Haptic
(3.64 s, 95 percent CI [3.19-4.08]) and Haptic+Visual condi-
tions (3.82 s, 95 percent CI [3.36-4.28]), Fð1;10Þ ¼ 1:245,
p ¼ 0:291. There was, however, a main effect of Target,
Fð4;40Þ ¼ 10:088, p < 0.001, with Bonferroni-corrected
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post-hoc analysis revealing significant shorter values for t3
(3.23 s, 95 percent CI [3.0-3.52]) compared to all other targets
(mean value: 3.86 s) p < 0.05 (Fig. 6A). The interaction
between Group and Condition was also significant, Fð1;10Þ =
21,357, p < 0.001, such that longer reach times were
recorded during the first feedback condition (Fig. 6B). Spe-
cifically, reach times for the Haptic+Visual 1st group were
significantly longer for the Haptic+Visual condition (4.40 s,
95 percent CI [3.75-5.05]) compared to the Haptic condition
(3.44 s, 95 percent CI [2.81-4.07]).

Mean Dynamical Symmetry Index values were similar
regardless of feedback condition (Haptic = 0.69, 95 percent
CI [�5.59-6.97], Haptic+Visual = 1.83, 95 percent CI [�5.09-
8.75]), Fð1;10Þ = 0.134, p = 0.72 (Fig. 7). There was, however, a
significant effect of Target (t1 = 26.34, 95 percent
CI [16.82-35.87], t2 = 17.11, 95 percent CI [10.12-24.12], t3 =
3.45, 95 percent CI [�4.39-11.30], t4 = �13.24, 95 percent CI
[�21.65- -4.83], t5 = �27.38, 95 percent CI [�35.34-�19.42]),
Fð4;40Þ = 53.83, p < 0.0005. Bonferroni-corrected post-hoc

analysis revealed significant differences among all targets
combinations except for the targets t1 and t2 (p ¼ 0:07).

There was a main effect of Condition on Discrete
Fr�echet Distance, Fð1;10Þ = 22.27, p = 0.001, with more simi-
lar spatial trajectories of EEL and EER during the Haptic
+Visual (3.11 cm, 95 percent CI [2.59-3.62]) compared to
the Haptic condition (3.72 cm, 95 percent CI [3.13-4.31])
(Fig. 8). The main effect of target was also significant,

Fð4;40Þ = 7.42, p < 0.0005 (Fig. 8). Bonferroni corrected post-

hoc analysis revealed significant differences (p < 0.05)
between t3 (2.93 cm, 95 percent CI [2.38-3.48]) and the
rightmost targets (t4 = 3.81 cm, 95 percent CI [3.07-4.56], t5
= 3.77 cm, 95 percent CI [3.21-4.33], respectively).

3.3 Return Phase

Average return time values were similar regardless of the
factors Group (Haptic 1st = 3.05 s, 95 percent CI [2.42-3.69],
Haptic+Visual 1st = 3.79 s, 95 percent CI [3.15-4.42]), Fð1;10Þ
= 3.37, p = 0.96, and Condition (Haptic = 3.25 s, 95 percent
CI [2.70-3.79], Haptic+Visual = 3.59 s, 95 percent CI [3.15
4.03]), Fð1;10Þ = 3.22, p = 0.103. There was, however, a signifi-

cant main effect of Target, Fð4;40Þ = 10.93, p < 0.001.

Although return time values were shorter for movements
from t3 (3.01 s, 95 percent CI [2.57-3.46]) compared to all
other targets, Bonferroni corrected post-hoc analysis
revealed that the only statistically significant differences in
return time values were between t3 and t2 (3.61 s, 95 percent
CI [3.15-4.06]) and t4 (3.74 s, 95 percent CI [3.27-4.21]), both
p’s < 0.05 (Fig. 9A). There was also a significant Group x
Condition interaction, Fð1;10Þ = 6.635, p = 0.028 (Fig. 9B).

While return time values were similar for the Haptic 1st
group regardless of feedback condition (Haptic = 3.12 s,
95 percent CI [2.36-3.90], Haptic+Visual = 2.97 s, 95 percent
CI [2.35-3.60]), they were significantly longer in the Haptic

Fig. 6. Average reach time values for the two feedback conditions as a
function of Target (A) and Group (B).

Fig. 5. Reaching trajectories from a single participant (group Haptic 1st) in each of the four feedback conditions (top: Haptic condition and Haptic
+Visual condition, bottom: No feedback condition and Visual condition) across the five different targets. The black line represents the average of the
completed reach trials while the shaded area indicates the standard error across all trials.

Fig. 7. Reach phase Dynamical Symmetry Index averaged across
subjects for the five targets in the two feedback conditions.
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+Visual condition (4.21 s, 95 percent CI [3.58-4.83]) than the
Haptic condition (3.37 s, 95 percent CI [2.60-4.14]) for the
Haptic+Visual 1st group, p = 0.001.

There was a main effect of Target on return phase mean
Dynamical Symmetry Index (Fig. 10), Fð4;40Þ = 4.28, p =
0.046. Bonferroni-corrected post hoc analysis revealed sig-
nificant differences between t1 and t4 targets (�9.07, 95 per-
cent CI [�18.01-�0:46] and 9.6, 95 percent CI [1.66-16.47]
respectively) and t2 and t5 targets (�9.04, 95 percent CI
[�17.37-�0:71] and �2.1, 95 percent CI [�9.88-5.67] respec-
tively), p < 0.05. The interaction between Condition and
Target was also significant, Fð4;40Þ = 5.24, p = 0.002. A differ-

ence of 22 percent was found between Group Haptic 1st
and Haptic+Visual 1st.

There was a significant main effect of Target on return
phase discrete Fr�echet distance, Fð4;40Þ = 4.32, p = 0.005. Bon-
ferroni corrected post-hoc analysis revealed a significant
difference between t2 (2.22 cm, 95 percent CI [1.68-2.76])
and the rightmost targets (t4 = 3.12 cm, 95 percent CI [2.71-
3.53], t5 = 3.05, 95 percent CI [2.61-3.50]), p < 0.05.

The interaction between Condition and Target was also
significant, Fð4;40Þ = 5.24, p = 0.002 (Fig. 11). Return phase
Discrete Fr�echet Distance values were significantly larger

for the Haptic condition for targets t4 and t5 (mean differ-
ence between conditions [Haptic, Haptic+Visual] = 1.13 and
0.97 cm respectively), compared to all other targets (mean
difference between conditions: t1 = 0.28 cm, t2 = 0.12 cm, t3 =
1.02 cm). In contrast, there was no significant difference in
return phase Discrete Fr�echet Distance across targets for the
Haptic+Visual condition.

4 DISCUSSION

4.1 Haptic and Visual Integration

The aim of the present study was to examine interlimb coor-
dination during a dynamically coupled bimanual task in
which participants manipulated a virtual object and were
provided with varying haptic and augmented visual feed-
back about object penetration depth. Results demonstrated
that participants were unable to modulate the amount of
force exerted on the object (and thus successfully complete
the task) in the absence of haptic feedback. Specifically, the
number of unsuccessful trials was significantly higher dur-
ing the No Feedback and Visual conditions (54.7 and 41.3
percent respectively) compared to the Haptic and Haptic
+Visual conditions (13.7 and 17.3 percent respectively). In

Fig. 8. The polar plot illustrates the average reach phase Discrete Fr�echet Distance for the factors Condition and Target. The dotted line represents
standard errors between participants. The time series graphs indicate the penetration depth (PD) of the two end effectors (EEL and EER) during the
Haptic (black lines) and Haptic+Visual (gray lines) conditions. Shaded area represents standard errors between participants.

Fig. 9. Average return time values for the two feedback conditions as a
function of Target (A) and Group (B).

Fig. 10. Return phase Dynamical Symmetry Index averaged across
subjects for the five targets in the two feedback conditions.
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the current experiment, the perception and discrimination
of object compliance was crucial to task completion. The
decrease in performance when only visual feedback was
provided is congruent with a prior research by Kuschel
et al.[29], in which participants compared two stimuli (i.e., a
standard stimulus and a comparison stimulus) and decided
whether the second stimulus was more compliant than the
first one. Kuschel et al. reported that compared to when
they were provided with haptic and visuohaptic feedback,
participants had difficulty in discriminating between stim-
uli when only visual compliance cues were presented,
suggesting that haptic feedback is required for the accurate
perception of object compliance during virtual object
manipulation tasks.

Contrary to our original hypothesis, performance was
not improved when both haptic and visual feedback was
provided (i.e., Haptic+Visual condition). In order to per-
form the task without breaking the virtual object, partici-
pants integrated information from different sensory
modalities in order to form a coherent percept of the vir-
tual environment. It has been suggested that the interac-
tion between the two sensory inputs may not be based on
a simple algebraic sum, and is supported by empirical
research revealing different time-period necessary for the
two sensory inputs to reach the brain (as shown by the
different latency of their primary components in the corti-
cal evoked potentials [30], [31], [32] or to reach conscious-
ness [33]). Processing input from multiple sensory
sources requires more neurocomputational resources,
which results in a slow-down of all output processes, and
interference errors due to the fact that selective attention
cannot be divided between the increased number of out-
put channels [34].

This result might also derive from the difference in the
variance of the visual and haptic stimuli. Participants’ reli-
abilities of the bimodal percept seemed to be closely tied to
the appropriateness of the haptic modality (more reliable

than the visual modality when presenting compliance infor-
mation), that presented information about object compli-
ance with a lower span of variability.

Kuschel et al. [29] investigated the hypothesis that visual
and haptic cues are fused in a fashion similar to a maxi-
mum-likelihood integrator, where visual dominance occurs
when the variance associated with visual estimation is
lower than that associated with haptic estimation (and vice
versa), as demonstrated by Ernst and Banks [16]. Our results
did not confirm that the combined bimodal percept was an
average of single-modality percepts, nor was there evidence
that sensory information was fused in an optimally
weighted fashion as predicted by the maximum-likelihood
theory. While the study by Ernst and Banks [16] tested per-
ception and perceptual judgement, our work focused on the
effect of the percepts on the motor action.

Contradicting our initial hypotheses that an augmented
visual feedback would facilitate task execution, our results
indicated that sensory fusion did not occur in the Haptic
+Visual condition. Rather, our results suggest that task per-
formance was improved when the combined percept of
visual and haptic object compliance was close to the modal-
ity that presented the least compliant stimulus (i.e., the
Haptic condition).

4.2 Dominant and Non-Dominant Hand
Specializations

4.2.1 Anisotropy Across the Task Workspace

Results indicated that interlimb coordination was influ-
enced by the target position, such that the end effectors
exerted different levels of virtual object penetration depend-
ing on the position of the target in the workspace. In addi-
tion, the observed spatial anisotropy was present in the
Haptic but not the Haptic+Visual condition (Figs. 8 and 11).
In the Haptic+Visual condition, the degree of spatial coordi-
nation was similar across the whole workspace. In contrast,

Fig. 11. The polar plot illustrates the average return phase Discrete Fr�echet Distance for the factors Condition and Target. The dotted line represents
standard errors between participants. The time series graphs indicate the penetration depth (PD) of the two end effectors (EEL and EER) during the
Haptic (black lines) and Haptic+Visual (gray lines) conditions. Shaded area represents standard errors between participants.
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the degree of spatial similarity was higher for targets in the
left, than the right, workspace during the Haptic condition.

We postulate that the spatial asymmetry arises from the
difference between right/dominant and left/non-dominant
hand’s roles, which clearly influenced the outcomes for the
spatial domain. The extensive literature on neuro-develop-
mental research [35], [36] has revealed an asymmetry in
neuromotor system, in which the left hemisphere (domi-
nant) develops earlier than the right hemisphere (non-domi-
nant), and is thought to be the basis for hemispheric
specialization of the right and left hands.

In the Haptic condition, the Discrete Fr�echet Distance
between the two end effectors increased for rightward tar-
gets, when the right hand should follow the haptic input
from the left hand which is the one leading rightward
movements (as shown by the plots on penetration depth in
Figs. 8 and 11 for reach and return phases respectively). In
the condition in which feedback is “purely haptic”, the
right/dominant hand performs with a reduced spatial coor-
dination (higher Discrete Fr�echet Distance values), while in
the Haptic+Visual condition (where visual feedback of
object penetration is provided) the two hands exhibit higher
spatial coordination (lower Discrete Fr�echet Distance val-
ues) and a high spatial symmetry across the whole work-
space and for different targets. The results of the present
study suggest that manual asymmetry and role assignment
are flexibly and functionally guided by the type of activity,
and the demands of the task.

After observing people performing manual tasks in dif-
ferent conditions, Guiard [37] proposed three high-order
principles governing the asymmetry of human dynami-
cally coupled movements. First, the non-dominant hand
provides the frame upon which the dominant hand inserts
the contents of motion. For example, when an individual
sews a button unto a shirt, the non-dominant hand holds
onto the garment in a fixed position, while the dominant
hand manipulates the needle and thread. The second prin-
ciple is the spatiotemporal scale of motion, that is, the non-
dominant hand produces motions on a more coarse-
grained scale in time and space, whereas motions of the
dominant hand are quicker and more precise. Lastly, the
contribution of the left hand precedes that of the right
hand. This is because the non-dominant hand first has to
stabilize the object before the dominant hand can start to
manipulate it. Even when we grasp bimanually a single
object and opposing identical forces are applied, the brain
allocates different functional roles to the hands: one hand
stabilizes the object to provide the frame of reference to the
other acting hand [38]. The present study builds upon this
work and demonstrates that these principles extend to
bimanual control of robotic haptic devices.

4.2.2 Temporal Coordination Depends on Trial Initial

Conditions

Although temporal coordination was similar during the
Haptic and Haptic+Visual conditions, there were observ-
able differences between the reach and return phase of the
task. Results showed that during the reach phase the left/
non-dominant hand led the movement for rightward targets
(t4 and t5, while the right hand/dominant led the movement
for leftward targets (t1 and t2).

We may have expected a similar situation for the return
phase of the movement, from the target towards the starting
position, but surprisingly the Dynamical Symmetry Index
showed a negative bias, indicating a movement lead by the
non-dominant/left hand. It is likely that this finding is due
to the difference between the initial conditions between the
reach and return phases. During the reach phase, the virtual
object was picked up from the resting floor, which ensured
intrinsic stability at the start of the phase. In contrast, the
virtual object was in a state of precarious stability at the start
of the return phase, subject to gravity, which was compen-
sated by the friction force generated by the penetration
depth and the human generated torque on the haptic devi-
ces. Thus, it is postulated that the non-dominant/left hand,
usually more devoted to processing haptic interaction, acted
to stabilize the bimanual action (prior to movement of the
dominant/right hand) in order to compensate for the initial
conditions of the return phase.

Our hypothesis is in line with research indicating that the
non-dominant limb is more adept at achieving and main-
taining a steady state position and preserving manipulation
stability [39]. The outcomes are congruent with the work of
Guiard [37] and Johansson et al. [38] reporting that the later-
alization of dominant and non-dominant limbs is beneficial
for bimanual tasks. Further support is provided by the aver-
age values of the penetration depth as a function of time. As
can be seen in Fig. 11, the left/non-dominant hand tempo-
rally anticipates the penetration of the virtual object during
the return phase, which was present in the majority of the
targets. In contrast, during the reach phase, the left and
right hands had actions that were temporally distinguish-
able, with the left hand penetrating with an anticipatory
movement during the rightward reach phase, and vice
versa for leftward targets.

This study provides new evidence about the role of
visual and haptic information on simulated dynamically
coupled bimanual manipulation. However, there are sev-
eral limitations to the current study which may inform
future directions in this line of research. First, we limited
data collection to right-hand dominant individuals. There
is now a large corpus of research demonstrating that the
organization of motor cortical representations [40], [41]
and corpus callosum morphology[42], [43] differs between
left- and right-handers. For example, a recent study [44]
examined the contributions of vision and haptics to hand
preference for grasping in left- and right-hand dominant
individuals. Results indicated that while left-handers
exhibited a consistent left-hand grasp preference regard-
less of condition, right-hand dominant individuals were
less likely to use the right hand to grasp the object when
vision was occluded, but more likely to use the right hand
when haptics were constrained. On the basis of these
results, the authors argued that hand preference during
grasping actions is influenced by haptic and visual infor-
mation as well as hand dominance. These novel findings
highlight the need for future research to examine potential
differences in manual lateralization and role assignment in
the processing of visual and haptic feedback in between
left- and right-handers, as these might provide illuminat-
ing insights into motor system organization.
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5 CONCLUSION

The present study demonstrated that the role of the haptic
and visual feedback is primarily driven by the lateralization
of the dominant and non-dominant hands during a dynami-
cally coupled bimanual task. Results also indicated that
manipulating an object with limited compliance in the
absence of haptic feedback leads to a degradation in task
performance. The results of the current experiment have
implications to a number of teleoperated applications and
surgical robotics, where at present the haptic feedback
implementation is still an open topic.
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