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Abstract. In this paper, a 3D bimanual gestural interface using data gloves is
presented. We build upon past contributions on gestural interfaces and bimanual
interactions to create an efficient and intuitive gestural interface that can be used
in a wide variety of immersive virtual environments. Based on real world biman-
ual interactions, the proposed interface uses the hands in an asymmetric style,
with the left hand providing the mode of interaction and the right hand acting on
a finer level of detail. To validate the efficiency of this interface design, a compar-
ative study between the proposed two-handed interface and a one-handed variant
was conducted on a group of right-handed users. The results of the experiment
support the bimanual interface as more efficient than the unimanual one. It is ex-
pected that this interface and the conclusions drawn from the experiments will be
useful as a guide for efficient design of future bimanual gestural interfaces.

1 Introduction

Gestural interfaces have attracted considerable attention in virtual reality (VR), since
hands are used naturally by humans to interact with their environment. Bimanual in-
terfaces, either gestural or not, have also received a significant amount of attention in
recent years. It is now acknowledged that with carefully designed interactions, two
hands can perform better than one on a given task [1,2,3].

This paper presents the design of a bimanual gestural interface for immersive vir-
tual environments (IVEs). Gestures are chosen over physical props because the number
of configurations and interactions possible with human hands are much greater. Many
gestures convey meaning through culture and shared experience, and gestural interfaces
can benefit from this [4]. Our goal is to exploit currently available technology for devel-
oping a two-handed gestural interface for IVEs. This paper provides the details as well
as results of experiments that were conducted on the gestural interface, the preliminary
version of which is described in [5].

The proposed interface was designed for IMAGE (shown in Figure 1), an application
exploiting simulation and scientific visualization for improving user performance in
understanding complex situations [6,7]. For the needs of this paper, IMAGE objects
should be thought of as 3D objects which the user needs to manipulate and move around
in the IVE.

In the proposed interface, hand gestures are captured by data gloves, rather than
computer vision, for increased efficiency and reliability, but future work could study
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Fig. 1. The proposed bimanual gestural interface in action

bare-hand gestural interfaces. This interface uses static gestures, i.e. static hand config-
urations or hand postures (e.g. clenched fist), not to be confused with dynamic gestures
(e.g. waving hand).

To validate the efficiency of the presented interface, a comparative study was run on
a group of users which were requested to perform a series of tasks using two variants
of the interface; a one-handed variant, using only the dominant hand, and a two-handed
variant. As a means of simplifying the task of designing and evaluating the interface,
it is assumed that users are right-handed - similarly to the previous work surveyed in
the next section. The time taken by users for performing the tasks in both variants was
recorded. The results confirmed that the two-handed variant increased the performance
and stability, thus supporting our bimanual interface design.

2 Previous Work

A major contribution in the domain of bimanual interactions is the work by Guiard [8].
By studying examples of real-world human bimanual interactions (e.g. writing on a
sheet of paper), Guiard observed that work is split between the two hands in a structured
way. He established three principles that describe asymmetric bimanual interactions and
created a model that is known as the ”kinematic chain model” for bimanual interactions.

The three principles established by Guiard are: 1) the right hand operates in a spatial
frame of reference that is relative to the left hand, 2) the left and right hands operate on
different spatial and temporal scales of motion and 3) the left hand usually precedes the
right hand in action. Hinckley et al. have developed a bimanual interface for 3D visual-
ization that uses Guiard’s right-to-left reference principle with great efficiency [1]. Veit
later validated these theories in a 3D environment [3].

Bimanual interfaces have also been shown on multiple occasions to be more efficient
than their one-handed counterpart [9,3]. However, there are also cases where they end
up decreasing performance due to poor interaction techniques and metaphors [10,11],
so one must exercise caution in the design of two-handed interfaces and interaction
metaphors.
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On the topic of gestures, Nielsen et al. extensively covered the design and selec-
tion of gestures for an interface, providing ergonomical insight as to what type of ges-
tures should be used in gestural interfaces [12]. In their bare-hands 3D user interface,
Schlatmann et al. used the distance between hands for the selection and manipulation
of objects [13]. Cabral et al. designed a vision-based gestural interface for 3D VR envi-
ronments by segmenting a user’s space into discrete zones (e.g., top-left, bottom-right,
etc.) then mapped onto actions [14].

3 Gestural Interface Design

In this section and the following, we describe the proposed interface design, starting
here with the manner in which hand gestures are used to control the environment. In this
design, users perform static hand gestures to interact with the environment. It is based
on Guiard’s kinematic chain model, not in the way that objects are manipulated, but
rather by the way interactions are initiated and completed by the hands. The following
guidelines were used in the design of the interface:

– Guiard’s principles for bimanual interactions are adopted.
– The right hand executes the interactions demanding the best precision.
– The number of gestures to be used is kept to a minimum, since there is a learning

curve imposed on users for remembering the gesture set.
– Whenever possible, actions should be mapped to gestures that are semantically

related. It is also important to give users proper instructions (cues as to why a given
gesture was chosen) and training.

– The hand gestures used in the interface reuse some ergonomic guidelines found
in [12], e.g. avoiding outer positions and relaxing muscles as much as possible.

– The beginning of interactions is associated with muscle tension and the end with
the release of the tension (as proposed in [15]).

The left hand plays the role of a mode switcher and most of the direct manipulations
are executed by the right hand. Hand gestures are executed by the left hand to select
interaction modes, while the right hand performs the interaction itself, e.g. pointing,
moving or scaling the desired object. The gesture set to be used in the environment is
presented in Table 1.

Table 1. Hand gestures used in the environment

Clenched-fist
Thumb-up (or

down)

Index
pointing,
thumb-up

Index
pointing,

thumb-down

Index and
middle

pointing,
thumb-up

Pinch (Index,
middle and

thumb)
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The fact that the left hand defines the mode of action means it will always act before
the right hand, thus respecting Guiard’s precedence principle. The left hand also acts on
different spatial and temporal scales than the right hand (typically, once at the beginning
and at the end of every interaction), following Guiard’s second principle. The principle
of right-to-left spatial reference should only be met if there were an interaction that is
complex enough to justify its need, which is not the case yet for IMAGE. However,
in a way, the right hand depends on the left hand to define its mode of operation so it
could be claimed that the right-to-left reference principle is also met, although this is
still open for discussion because it is not a spatial reference per se.

A support vector machine (SVM) is responsible for gesture recognition. SVMs pro-
vide a performance which is similar (both in execution time and accuracy [16]) to that
of neural networks and do not require a network topology to be determined. The SVM
can recognize a user’s gestures from a pre-established set of gestures with which it was
trained beforehand with good accuracy and precision for sets composed of around 10
gestures.

4 3D Interactions

The actions available to a user have been divided into three categories: 1) selection
and designation of objects, 2) generic manipulations, which group all interactions for
moving and positioning objects, and 3) system control, which represents all actions
related to menus and to how the environment behaves. These interactions and their
corresponding gestures are presented in Table 2.

Table 2. Interactions and corresponding hand gestures. Refer to Table 1 for illustrations of the
gestures

Action Left hand Right hand
Selection Designation and

selection
Index pointing, thumb
up

-

Generic
manipulations

Move Index pointing, thumb
folded

-

Rotate Clenched fist -
Resize Index and middle

pointing, thumb up
-

System Control Circular menus and
numerical value
modification

As needed, accept:
Thumb up, cancel:
Thumb down

Browsing: Pinch (thumb,
index and middle)

4.1 Designation and Selection

Designation is active - users need to maintain a gesture with their left hand for designa-
tion to be activated in the environment. As shown in Figure 2, designation is achieved by
casting a ray with the user’s right hand (the ray is displayed only once designation is ac-
tivated), the first intersected object is then set as designated - the object is circumscribed
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by a blue bounding box. Once designation ends (by switching to a different gesture),
if an object was designated it then becomes selected. The use of an active designation
should help the user focus on the data and information in front of him and not be dis-
tracted by the visual ray. As a visual feedback to the user, a selected object’s bounding
box is displayed in green. Once an object is selected, the user can then perform any of
the other available actions on that specific object, with no need for reselection between
interactions.

Fig. 2. Designation of an object with the
left hand doing a gesture and the right hand
pointing

Fig. 3. Circular menu used for system con-
trol. Left: user making his selection in the
menu. Right: confirmation of a selection.

4.2 Generic Manipulations

Generic manipulations are relevant to positionning and orienting objects. As for desig-
nation and selection, these interactions are initiated by the left hand by performing the
corresponding hand gesture, while the right hand controls the interaction:

– Moving an object: A selected object is moved using a metaphor that attaches it to a
ray cast from the user’s right hand. The distance from the hand to the object remains
constant throughout the whole interaction and the object’s orientation is adjusted
so the object always faces the user.

– Rotating an object: For users to adjust all 3 degrees of freedom in rotation of a
given object, an isomorphic rotation interaction was added which maps the user’s
right hand relative rotations (from the beginning of the interaction) on the selected
object without scaling.

– Resizing an object: Objects can be resized using the right hand’s distance to the
object once the interaction is initiated. Bringing the hand closer to the body enlarges
the object, while moving it towards the object makes it smaller.

4.3 System Control

System control is achieved through two different elements in the environment : control
and circular menus (Figure 3).
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Control menus are sets of icons representing actions - these icons can either be se-
lected or dragged onto targets. A control menu is typically used for the creation of
objects, while deletion of objects is achieved through a movement of the object above
the head of a user, as if he wanted to throw it away behind him.

Circular menus are hierarchical menus that can be attached to objects for additional
configuration capabilities. These menus expand once selected and the right hand’s ori-
entation can then be used to select a menu option. The user confirms or cancels a selec-
tion with his left hand by pointing his thumb up or down respectively. To limit fatigue,
the thumb-down gesture must not point all the way down, only half-way (users are made
aware of this). Symbolic input of numerical values is also provided with a behavior sim-
ilar to that of circular menus, i.e., by rotating the right hand and accepting or cancelling
with the left hand.

5 Experiments

In order to validate the presented design, the bimanual interface was compared to a
unimanual variant similar in behaviour except that the single hand had to specify the
mode of interaction and to control interactions at the same time (this corresponds to
merging the last two columns of Table 2). For example, the one-handed selection of an
object would imply making the ’index-pointing’ gesture with the right hand, pointing
the object with that same hand, and release the gesture while pointing the object. The
experiments were conducted on a setup consisting of a wall screen with a stereoscopic
projector and a pair of wired CyberGloves with Polhemus trackers for each hand.

The experiments consisted of a series of simple 3D manipulation tasks that reflect
two purposes: first, they represent a normal use case of our application (strictly in terms
of object selections and movements required), and second, they include enough repeti-
tion to assert whether or not a variant is better than the other. More precisely, the series
of tasks consisted of 29 selections of objects (including one of a very small object),
10 movements, 7 drags (movement onto another object), 5 rotations, and one input of
numerical value. One task was purposely harder than the others, calling for better pre-
cision - the selection of a very small object. The object was about 15 millimetres wide,
and given the users distance to the screen (1 metre) the object was slightly less than one
degree in width. An important point to reproduce these experiments is that the users
must be compared with themselves, i.e. they must execute the experiments with both
variants of the interface.

The users were given a training period before the actual experiment so they could
become familiar with the various gestures and with the behaviour of the interface. Each
user was timed while performing the task series twice, once using each variant of the
interface. Since there is a learning curve for mastering the interface and the hand ges-
tures, half of the users began with the unimanual interface to finish with the bimanual
one, and the other half did the opposite. This crossover design limited the bias induced
by the users’ increasing expertise as they spent time using the interface.

Experiments lasted about one hour for each subject, with the calibration of Cyber-
Gloves (5 mins), a first training period (20 mins), followed by the evaluation of the first
condition (10 mins), then followed by another shorter training period (10 mins) and the
evaluation of the last condition (8 mins).
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All participants were supervised during the experiments and notes were taken on any
singularities that occurred during testing.

Two hypotheses were formulated for these experiments :

– H1: The bimanual variant should provide faster completion times than the uniman-
ual one.

– H2: The bimanual variant should provide better precision of interaction and per-
form better than the one-handed variant for more difficult tasks.

This experiment aims to validate the presented bimanual gestural interface design as
being efficient and reusable, while also providing additional information and insight for
future work on the design of gestural interfaces. It should be noted that there are very
few works comparing one-handed and two-handed gestural interfaces in the literature,
so this is also a contribution of the paper.

Finally, all participants had good experience using computers, although not neces-
sarily with 3D interactions or VR. A total of 14 participants completed the testing ses-
sions, 7 starting with the unimanual variant and 7 with the other, providing a total of 28
datasets.

6 Results and Discussion

The collected data was split into four groups according to two factors; the first one being
the starting variant, one-handed first or two-handed first and the second factor being the
current number of hands used (either one or two).

The analysis starts by looking at the total experiment completion times for all users.
Table 3 shows average completion times for every condition. The marginal means sug-
gest that the number of hands had an effect on the performance of users while the
starting variant did not.

The data also suggest that users improved progressively over time; i.e. that there was
learning still taking place after training. A 2× 2 split-plot design was used to account
for any differential carryover effect (it might be that users starting with the one-handed
variant learned differently from users who started with the two-handed variant). The
within-subjects factor is the number of hands and the between-subjects factor is the
starting variant. This means that users are compared first with themselves inside their
group (with the same starting variant), and then with the other group (with the other
starting variant). To assert ANOVAs required assumption of variance homogeneity, we
ran a Levenes test on the data, with a positive outcome (p = 0.95).

Table 3. Experiment completion time mean values for each subgroup in minutes

One-handed Two-handed Marginal mean

One-handed first 10.76 ± 1.11 6.58 ± 1.29 8.67
Two-handed first 8.24 ± 1.74 8.85 ± 1.42 8.54

Marginal mean 9.50 7.72 8.61
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Table 4 contains the ANOVA table produced, where an α level of 0.05 is used to
assert statistical significance. Furthermore, a Student’s t-test was performed on the first
sub-group of each starting variant, ignoring the second set of measures per subject (i.e.,
only the data used to produce the first column of Table 3). This analysis is insensitive to
any possible differential carryover effect. The null hypothesis is again rejected (t = 2.60,
d f = 11.36, p = 0.02).

Table 4. ANOVA table for whole experiment completion times (split-plot design, with starting
variant as the between factor and the current number of hands as the within factor)

Source df error F p Significant?

Number of hands, NH
(within-group)

1 152,654 17.291 0.0004 Yes

Starting variant, SV
(between-groups)

1 137 0.016 0.9020 No

Interaction of NH × SV 1 65,826 7.456 0.0122 Yes

6.1 Sub-tasks Analysis

Two additional analyses were run on different sub-tasks to check if the outcome would
be different than for the full experiment. Firstly, a single task (the dropping of one object
onto another) was singled out from the experiment and analyzed. Secondly, a sub-group
of tasks (four selections, movements and rotations) was taken out from the experiment,
including task switching times, and was also analyzed.

For the single task, running the same ANOVA as before (mixed within-subjects and
between-subjects) and looking at values returned for the number of hands suggested that
there was again a difference, although it was not statistically significant with a p-value
of 0.12.

The mixed within-subjects and between-subjects ANOVA ran on the group of tasks
revealed that the two-handed variant became again significantly faster than the one-
handed variant with a p-value of 0.040.

6.2 Precision Task

Not all participants were able to execute the hard task. It should be observed that 11
participants using the two-handed variant of the interface managed to select the small
object, while only 3 succeeded with the one-handed interface. Although this does not
reveal how more precise the bimanual interface is, it does validate H2 qualitatively.

6.3 Discussion

Looking back at Table 4, the data support the bimanual variant as significantly faster
than one (H1 true). The interaction of the starting variant factor and number of hands
factor proved to be statistically significant, responding to the hypothesis that there was
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still learning taking place, although learning had a weaker impact than the number of
hands. The starting variant was not found to provide a meaningful performance vari-
ance.

Both hypotheses were supported by the data, thus confirming our proposed gestural
interface design as efficient. As an added benefit, the experiments also provide evidence
that bimanual gestural interfaces operate significantly faster than their unimanual coun-
terpart, and while this is not an entirely surprising result, it had never been tested before
- at least to our knowledge. As a reminder, both interfaces were of equivalent strength,
meaning that they had the same interactions available, used the same gestures and had
the same expressive power.

While testing H1, it was also found that some tasks did not provide significantly
different completion times for both variants of the interface while others did. The fact
that the bimanual interface performed better on longer, more complex tasks, led us to
formulate the hypothesis that the two hands in the proposed interface allow a user to
think about his actions and chain interactions faster than the one-handed interface does.
Such a hypothesis could be tested in future work by measuring switching times between
interactions for one-handed and two-handed gestural interfaces.

The result from the selection of the small object support H2, hinting to the fact that
the bimanual variant of the interface was more precise or allowed for greater stability.
One potential reason for this is that the hand pointing and manipulating the objects does
not have to switch gestures during the manipulation, allowing for increased steadiness.
It was also stated informally by users during the experiments that the bimanual interface
was less tiresome, possibly due to the fact that the workload was split between the
hands.

7 Conclusion

In this paper, the design of a 3D gestural bimanual interface was presented. The goal
was to create an efficient gestural interface to be used in IVEs by building upon past
contributions on gestural interfaces and bimanual interactions. The interface uses the
hands asymmetrically, assigning the mode switching to the left hand and the role of
manipulation to the right hand.

A comparative study was run between the proposed interface and a one-handed vari-
ant on a group of right-handed users, who executed a series of tasks both unimanually
and bimanually after a short training period. To accommodate for any bias or learning
still taking place during testing, a crossover design was used with half of the users start-
ing the experiment with the one-handed variant and the other half of the users starting
with the two-handed variant. In the design of the experiments, the two hypotheses were
tested on the IMAGE environment and were proven to be true.

The problem of bimanual gestural interactions was addressed on some specific points
and there is room for further research, especially for collaborative work between the
fields of VR, computer engineering and cognitive psychology. The conceived interface
is an example of a state of the art 3D bimanual gestural interface design. It is hoped
that it will help other researchers in the construction of future interfaces by providing a
sound starting point as well as insight on bimanual gestural interfaces.
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