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Abstract: Three-dimensional user interfaces that are con-
trolled by the user’s bare hands are mostly based on purely
gesture-based interaction techniques. However, these inter-
faces are often slow and error prone. Especially in the field
of immersive 3D modelling, gestures are unsuitable because
they complicate and delay the modelling process. To address
these problems, we present a new gesture-free 3D modelling
technique called “3D touch-and-drag”, which allows users
to select vertices by approaching them and to terminate
operations by moving the 3D cursor (e.g. the forefinger)
away from the constraint geometry (e.g. a straight line or a
plane). Our proposed technique makes it possible to transfer
the existing 3D modelling concepts (“3D widgets”) to virtual
environments, as shown by an experimental 3D modelling
tool. The gesture-free bare-hand interaction also improves
the possibility of tactile feedback during 3D manipulation.
We compared different modelling techniques for control-
ling the 3D widgets. We found that controller-based tech-
niques are significantly faster than finger-tracking-based
techniques. The 3D touch-and-drag technique is about as
fast as gesture-based interactions. Mouse interaction in a
two-dimensional GUI is only slightly faster than the 3D
modelling techniques. Since our proposed technique has
proven to be at least equivalent to gesture-based interac-
tion techniques in terms of accuracy and efficiency, its fur-
ther development using more accurate tracking techniques
seems promising to exploit the advantages of hands-free
and gesture-free interaction for immersive 3D modelling.
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1 Introduction

Most computer systems have graphical user interfaces
(GUIs) that include windows, icons, menus and pointers;
therefore, common off-the-shelf geometric modelling sys-
tems rely on mouse and keyboard interactions. When 2D
GUI-based systems are used for 3D modelling tasks, the
problem of manipulating 3D objects with a two-degree-of-
freedom (DOF) input device, such as a mouse or a graphics
tablet, is usually solved by mapping the 2D movements of the
input devices onto working planes in the 3D modelling envi-
ronment. Such desktop-based computer-aided design (CAD)
systems are the most widely used tools for creating and
manipulating 3D objects. Difficulties in interacting with such
systems are often caused by the complexity and inappropri-
ate design of the user interfaces, rather than the 3D manipu-
lation of objects [1]. Within CAD systems, 3D objects are often
manipulated not directly, but via 3D widgets — artificial
graphical elements that can be easily grasped and moved
with the interaction devices [2-5]. This type of interaction
has been shown to have many advantages: positioning tasks
can be performed with high accuracy, and users do not tire
quickly because they can rest their hands on a table.

Typical immersive 3D modelling systems include
sketching [6] and sculpting applications [7]. They usually
employ 3D controllers, such as styluses, brushes, or standard
VR controllers with six DOF as input devices. The movement
of the input devices are typically mapped one-to-one to
operations in the digital geometry. Controlling such 6 DOF
input devices is an initial challenge for most users, but their
performance (in terms of modelling accuracy) improves
after a short period of training [8]. Immersive modelling
interfaces typically allow users to move freely and view 3D
objects from different perspectives in relation to their own
bodies. In [9], by comparing the two-dimensional (2D) and
3D sketches of 24 interior designers, the authors showed
that the designers moved faster, sketched for significantly
longer and had more detail in the 3D condition, suggesting
that the immersive 3D modelling systems supported
creative thinking and design [10, 11].

However, users are often not very comfortable with
unrestricted freehand interaction in 3D spaces because the
(passive) haptic support that is available for drawing on a
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table, modelling clay or many other everyday tasks is usu-
ally not available in immersive environments. In physical
interaction scenarios, physical constraints are often applied
and the number of DOF reduced to reduce interaction com-
plexity. Stuerzlinger and Wingrave, among others, suggest
that this should also be done in immersive environments
[12]. Other limitations of accurate interactions in immersive
3D environments are that the accuracy of input devices is
typically low, users are less able to estimate distances in the
z-direction, and working freehand for long periods of time
can be tiring, leading to “gorilla arm syndrome” [13].

The techniques used in current geometric modelling
systems rely heavily on 2D input; therefore it is diffi-
cult to transfer modelling techniques into immersive mod-
elling environments which employ 3d interaction tech-
niques. Although considerable work has been done in
the development of modelling interfaces that combine 2D
and 3D interaction techniques [14-16], there are no mod-
elling systems that offer the same or similar functionality
for both 2D GUI-based and immersive interfaces. In this
paper, we call such 3D modelling systems “hybrid modelling
systems”.

A major emerging trend is the use of finger tracking to
avoid the use of 3D controllers. With a few exceptions (e.g.
[17]), such user interfaces require the execution of gestures
(e.g. pinch or grab) to select or manipulate objects. How-
ever, the use of gestures intensifies the accuracy concerns
because it is difficult for users to maintain the target posi-
tion when performing a gesture [18]. Furthermore, gestures
used to issue commands can be considered semaphoric (i.e.
communicative) gestures (as opposed to manipulative ges-
tures) [19]; these gestures need to be learned in advance
by users; they require a lot of attention and interrupt the
creative action-reflection design processes [20]. Therefore,
we argue that it would be advantageous to avoid gestures
during modelling interactions.

The use of fingers for interaction also allows the devel-
opment of user interfaces based on (passive) haptic feed-
back, which can allow the user to feel constraint geome-
tries such as planes. Passive haptic feedback can improve
performance [21, 22] and enhance realism [23]. However,
in gesture-based interfaces, it is difficult to implement and
make the user feel these constraints on the fingertips,
because when the hand is closed (in pinch and grasp ges-
tures), the fingers cannot remain in the desired position
on a passive haptic display, but have to move towards
each other. We argue that this is another reason to avoid
gestures.

DE GRUYTER

This paper introduces the new modelling technique
“3D touch-and-drag” (3Dtad) for immersive environments,
which allows users to interact with their fingers but avoids
gestures to increase accuracy. This interaction technique
uses constraints to facilitate interactions and fits into the
concept of hybrid geometric modelling systems.

In the following sections, we give an overview of related
work, describe the 3Dtad interaction technique [24, 25] in
detail, and present studies which compare it to controller-
based and gesture-based interaction techniques.

2 Related work

2.1 Immersive 3D modelling and constraints

In one of the first interactive geometric modelling systems,
the user wore a head-mounted display and interacted using
a 3D input device (a “wand”) that moved control points
on free-form surfaces [26]. Subsequently, Butterworth et al.
developed a fully immersive 3D modelling tool (“3 dm”) [27]
in which the user could interact with objects using a 6-
DOF mouse. The system had polygonal modelling compo-
nents and supported extrusions; it also provided 3D menus
for selecting modelling operations. Butterworth et al. saw
weaknesses in the lack of constraints in their system. To
overcome these weaknesses, they introduced snap-to-grid
and snap-to-plane modes.

The idea of using constraints to simplify interactions
and increase accuracy in immersive 3D modelling has since
found its way into a variety of modelling systems: Bowman
et al. developed an immersive modelling system specifically
for the design of animal habitats [28]. Part of the system was
input using a pen and tablet. The physical surface of the
device constrained the input so that the user only had to con-
trol two DOF. Zhong and Miller-Wittig [29] limited the DOF
in their immersive solid modelling system through a con-
straint solving mechanism. Using a 3D input device, users
could then control only one or two DOFs, depending on
the context. Piekarski and Thomas developed an augmented
reality geometric modelling system [30] in which 2D cur-
sor positions were projected onto distant work planes that
constrained the modelling operations. Shen et al. developed
an augmented reality modelling system [31] in which the
position of a tracked marker was mapped onto the surface of
3D scene objects during modelling (“grid-and-snap mode”).
Keefe et al. implemented single and bi-manual interac-
tion techniques using force feedback devices to constrain
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freehand drawing movements. They found empirical evi-
dence for the improvement in accuracy compared to unre-
stricted drawing [32]. Wacker et al. showed that physical
guides can improve the accuracy of 3D sketching in aug-
mented reality without reducing performance [33].

2.2 Bare-hand human-computer interaction

Initially, direct hand manipulation of 3D objects required
the use of data gloves. Nishino et al. presented an early
gesture-based 3D modelling system using superquadrics,
which allowed users to deform shapes (e.g. by tapering or
bending). The users wore CyberGloves on both hands [34].
Matsumiya et al. developed an immersive system for mod-
elling implicit surfaces using the metaphor of clay work [35].
Fingertip positions and hand gestures were tracked using a
data glove. Kim et al. first developed a bare-hand tracking
system so that users could perform various modelling oper-
ations with hand gestures (e.g. pinching) [36]. For example,
a clef could be freely sketched in 3D space.

Other researchers have described modelling systems in
which users interact with their bare hands. For example,
Dave etal. used Microsoft Kinect to select and control
manipulation tasks in a non-immersive CAD environment
[37]. Jang et al. developed an immersive sculpting inter-
face based on finger tracking using a Leap Motion sen-
sor device [38, 39]. Vinayaj et al. developed a gestureless
gesture-free bare-hand modelling system using the “virtual
pottery metaphor” with a Leap Motion device [17]. Weichel
et al. presented a mixed reality system for designing objects
for fabrication that provided multiple gestures, such as
creating, manipulating and cutting objects using a Kinect
[40]. The system developed by Schkolne etal. enabled
users to model large but coarse and less accurate models
in a short time using their bare hands [41]. Zhang et al.
developed an immersive mid-air sketching system for tree
modelling [42].

3D mid-air hand interaction, often with the use of ges-
tures, is a common technique for the control of immersive
systems [43]. A study of bare-hand interactions outside the
context of 3D modelling has shown that uninstrumented
pointing in mid-air is less efficient than pointing with a
2D mouse [44]. Speeds and accuracies for docking tasks for
unconstrained, bare-handed interactions in mid-air were
comparable to those for a constrained device [45]. Users
seemed to favour grasping gestures over pinching gestures
[46]. Object reconstruction is more accurate when users cre-
ate 3D lines using control points than when they draw these
lines freely in 3D space; however, using control points is also
slow [47]. Ricca et al. found that the presence of the user’s
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hand representation is not necessary when performing a
tool-based motor skill task in a VR trainer [48].

2.3 Hybrid modelling systems

Certain systems combine the advantages of 2D user inter-
faces (such as precision) and immersive user interfaces in
hybrid cross-device scenarios (e.g. [49]). However, to the
best of our knowledge, there are no modelling systems that
work in a similar way for immersive environments and
2D GUIs.

Such hybrid modelling systems should allow users to
transfer experience with modelling techniques from the
2D variant of a modelling tool to an immersive modelling
environment. Commercial modelling tools are usually not
open source, making it difficult for developers to create
hybrid modelling systems. A rare example is the immersive
version of SketchUp developed by Mine et al. [50], in which
manipulation operations requiring low accuracy were per-
formed using a 3D input device, and accurate positioning
was achieved using a touchscreen.

This chapter has introduced a number of immersive 3D
modelling systems, some of which use hands-free interac-
tion. However, there is still no system that allows hands-
free constraint-based 3D modelling without the use of ges-
tures. The contribution of this paper is to present an inter-
action technique called “3D touch and drag” that meets
these requirements. It is presented in the next chapter,
together with an explanation of the advantages of gesture-
less interaction.

3 Modelling technique “3D
touch-and-drag”

Three-dimensional modelling systems often require the
selection of vertices or control points to start the manipula-
tion operations. In 2D environments (e.g. desktop CAD sys-
tems), this selection can be performed by clicking a mouse
button when the mouse cursor hovers over a vertex. In
order to ease the selection, visual feedback is provided,
usually in the form of a mark around the touched point
over which the mouse cursor hovers. Without this feed-
back, users would have to focus much more when choosing
vertices.

Current immersive modelling systems also expect users
to explicitly perform selection actions, e.g. for selecting ver-
tices, either by clicking on a controller button or, as in bare-
hand interaction scenarios, by performing a gesture, such as
pinch or air-tap gestures [51]. When gestures are employed,
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itis not enough to just start them, but also to complete them
by performing a reverse movement (e.g. opening the hand
or finishing the touch of two fingers), which involves addi-
tional movements that can shift the interaction location.

In 3D environments, vertices could also be selected
solely by touching them with a 3D cursor. However, once
selected, a technique would be needed to release the vertex
again. This is where our approach comes into play: the
moment a vertex is touched, a (invisible) plane is generated
with the vertex in the centre on which it can be freely
dragged. However, if the user moves his finger a defined
distance above or below this surface, this is interpreted as
a de-selection and the vertex remains in its last position on
the plane.

The four phases of this interaction technique, which we
call “3D touch-and-drag” (3Dtad), can be seen in Figure 1;
it shows the scaling of a teapot in two dimensions. In the
beginning, the distances to all selectable vertices are cal-
culated (Figure 1(a)). If the distance to a vertex falls below
a certain threshold, this vertex is selected and the plane is
activated (Figure 1(b)). Aslong as the 3D cursor is not too far
away from the plane, the vertex is moved according to the
cursor position projected onto the plane (Figure 1(c)). In this
example, the cursor movement causes the teapot to scale.
The operation ends when the distance of the 3D cursor to the
plane exceeds the threshold (Figure 1(d)). In certain cases
the constraint geometry could be a straight line instead of
a plane. The respective constraint geometry depends on the
application and must be defined by the developers of the
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3D modeling tool. For example, when modeling solids of
revolution, a plane spanned by the axis of symmetry and
the selected point can be used (Figure 3).

The basic algorithm is described in Figure 2. The two
states “State 1” and “State 2” correspond to the classification
given by Buxton [52]. In addition to what is described above,
not only vertices but also edges, or control points can be
moved. Those elements are called object parts. In special
cases, the object parts can also refer to whole meshes. In
principle, multiple object parts can be selected. The manip-
ulations of one object are then applied to all of them.

This interaction techniques tries to reduce complexity
by constraining the possible movements to one (in case of a
line) or two (in case of a plane) spatial degrees of freedom.
The 3D manipulations can be performed in a manner analo-
gous to manipulations in GUI-based systems, e.g. by using
3D widgets. This is supposed to allow transfer of existing
knowledge to immersive environments, reducing the learn-
ing effort. By visualising the manipulation plane, we aim to
let the user “feel” the constraints.

The most important advantage of 3Dtad is that selection
gestures can be avoided. As described above, the recog-
nition of gestures is error-prone and performing gesture
(and their counterpart movements) involves much hand
and finger movements which can lead to unexpected shifts
of the interaction center. Furthermore, the applicable ges-
tures are usually not communicated by the interface to the
user and require a certain level of experience. With 3Dtad
technique we tried to reduce those disadvantages and thus

* ‘ Move in constraint plane
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Move in constraint plane
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cursor

\'"
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Figure 1: Constraint-based bare-hand immersive 3D modelling: 3Dtad with a plane as the constraint geometry.
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State 1:

while no object parts have been selected
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if distance between 3D cursor and object part falls below threshold value

{
select object part
define constraint geometry which includes object part
begin modelling operation
clear list
goto State 2
}

State 2:

while an object part is selected

if the distance between 3D cursor and constraint geometry stays below threshold

{
add 3D cursor position to list
project 3D cursor onto constraint geometry

update modelling operation based on the projected 3D cursor

}
else
{
search pos in list where user starts to end operation
project this pos onto constraint geometry
finish modelling operation at projected pos
deselect object part
goto State 1
}

Figure 2: 3Dtad algorithm. The commands in bold describe the determination of the end position. For more information, see Section 4.2.6.

expect it to increase performance and accuracy in mod-
elling related selection actions compared to gesture based
interactions.

Clearly, a complete modelling tool requires mode-
switching interfaces [53] (e.g. menus) and a travel technique
(camera control). A full investigation of 3Dtad would also
have to include such interactions, but this is outside the
scope of this paper.

4 Evaluation

Our evaluation of the 3Dtad technique was motivated by

the following research questions:

— What are the main factors influencing gestureless 3D
polygonal modelling?

- Does the 3Dtad technique offer more advantages than
gesture-based 3D modelling approaches?

We evaluated our modelling technique in three steps:
1. Develop a first prototype of the 3Dtad input system and

integrating it into an existing experimental 3D mod-

elling system with a 2D GUI (i.e. proof of concept).

2. Conduct a user study based on a simplified applica-

tion case (e.g. moving a sphere along a line) to identify
the essential parameters and investigate the significant
influencing factors.

3. Conduct a user study to explore the benefits of 3Dtad

technique compared to gesture-based interactions using
a more realistic use case (scaling an object in 3D
space).

4.1 Step 1: integration of 3D touch-and-drag
into Artist3D

To evaluate the new technique, we first integrated it into
an experimental polygonal modelling system called Artist3D
[54]. In this system, all modelling operations are restricted
to planes or lines. The modelling operations and planes are
implicitly selected when the user selects an edge or vertex.
For example, the solids of revolution can be designed by
starting with a cone. The user can insert a ring by touch-
ing a vertical edge and adjust the height and radius of the
ring by moving the vertex with the cursor. In this case the
movement is restricted to a modelling plane spanned by the
vertical axis of the object and the vertex (Figure 3).
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Figure 3: Constraint-based bare-hand immersive 3D modelling: 3Dtad in Artist3D. (a) The forefinger approaches the edge; (b) the ring is inserted,

because the distance between the forefinger and the edge falls below the threshold value; (c) the radius and height of the ring change while the finger
remains in the plane defined by the symmetric axis and the point; (d) the operation ends because the distance from the finger to the plane exceeds the
threshold value.

In Artist3D, modelling operations are normally per-
formed using the standard 2D touch and drag technique
with a mouse or touch screen. In the 3Dtad technique, as
described in the previous section, modelling operations are
started by approaching a vertex and finished by leaving the
modelling plane or line. We successfully implemented an
immersive version of this interaction technique in Artist3D
using a Leap Motion device and a head-mounted display.
While we found that the modelling operations worked
well, the menus need to be revised and a navigation inter-
face needs to be integrated in the next version of the
system.

4.2 Step 2: user study for “moving a sphere
along a line”

In principle, the 3Dtad technique works with any kind of
constraint. For our first study we chose the simplest type of
constraint, a straight line. The task was to move a sphere
along this line.

4.2.1 Participants

Fourteen volunteers took part in the study. The partici-
pants were all men between the ages of 20 and 39. One
participant was left-handed, eleven were right-handed and
two were ambidextrous. Thirteen had experience with com-
puter games and eight had experience with head-mounted
displays. Participants were asked to complete a training
phase in each session before performing a task 20 times with
different start and end positions (Figure 4).

4.2.2 Setup

The test scenes were presented via a head-mounted display
(HTC VIVE [55]). Participants had to select a sphere at the
start position and move it to the target position, where they
had to release it. For visual orientation, we displayed a room
with simple textured walls and pillars (see Figure 4).

In our analysis of related work, we found that most
studies that did not develop their own finger tracking device
used either a Microsoft Kinect system or a Leap Motion
finger tracking system. The Leap Motion system has rel-
atively high accuracy, at least when it is firmly attached
to a table [56]. We therefore included it in our setup. As
controller-based interactions in immersive environments
are currently the most widely used, we also included this
technique as areference. Therefore, we designed the follow-
ing conditions employing three devices:

- Hand tracking with a stationary Microsoft Kinect v2

(“Kinect”)

—  Forefinger tracking with a Leap Motion device attached
to the head-mounted display (“Leap Motion”)
— DPosition tracking with a wireless VIVE controller

(“Controller”)

4.2.3 Tasks

In the three conditions, subjects were asked to move the
sphere using 3Dtad, a pinch gesture (“pinch”), or a button
click (“button”). The distances, positions, sizes and thresh-
olds were adjusted before the test. The diameter of the
sphere was 10 cm, and the distance between the centre of
the sphere and the cursor had to be less than 3.5 cm to start
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Figure 4: User test: Move a ball along a line. The user’s initial views with hands and controller shown. (a) Kinect; (b) VIVE controller; (c) Leap Motion.
(d-f) Three examples of tasks.

the operation. However, a maximum distance of 4 cm was
allowed between the centre of the sphere and the cursor
when performing the pinch gesture. When the target posi-
tion (60 cm away) was reached, the task could be completed
either by ending the gesture or by moving the cursor away
from the line to a distance of at least 5 cm (“3Dtad”).

We used the pinch gesture detection from the Leap
Motion SDK V2 for Unity. A pinch gesture would be detected
if the distance between the forefinger and the thumb (“Leap
Motion”) was less than 3 cm. When using Microsoft Kinect,
the distance between the “thumb” and “hand” points in the
skeleton was used, with a threshold of 9 cm. When using
the controller, a button was used to control the operation.
Because of the speed-accuracy trade-off [57], participants
were asked to focus on execution time (“Fast”) for the first
ten trials, and on accuracy (“Accuracy”) for the last ten trials.

As dependent variables, we measured the movement
times (MTs) in the first ten trials and the deviations from
the target position (error) at the end of the interaction in
the second ten trials.

We tried enabling (“Visible”) and disabling the display
of the fingers, skeleton, or controller in the 3Dtad sessions,
because although displaying the fingers or controllers could
increase the sense of presence [58], it could also occlude the
sphere, potentially hindering accurate interactions. In all
variants, we displayed the cursor as a sphere.

At the end of the study, all subjects gave their subjective
ratings of the different devices. We used a five-question
questionnaire adapted from [59]. In addition, participants
indicated whether they found the display of hands or con-
troller models helpful.

Task difficulty can depend on both the direction of
movement [60] and the difference between the start and end
points in the user’s line of sight [61]; therefore we decided to
vary the trajectories. The following set of ten tasks was used
in all sessions (coordinates are given in metres):

1. From the left (—0.3, 0, 0) to the right (0.3, 0, 0)

2. From the right to the left

3. From the top left (—0.26,0.15,0) to the bottom right
(0.26,—0.15, 0)

4. From the bottom left (—0.26, —0.15, 0) to the top right
(0.26, 0.15, 0)

5. From the bottom right to the top left
From the top right to the bottom left
From the front left (—0.26, 0, —0.15) to the back right
(0.26,0,0.15)

8. From the back left (—0.26,0,0.15) to the front right
(0.26,0,—0.15)

9. From the back right to the front left

10. From the front right to the back left

The origin of the coordinate frame was 30 cm below the
user’s eyes at a distance of 30 cm. To exclude the influence of
handedness, the participants had the choice of using either
their left hand or right hand for each trial.

The controller trials were designed to allow us to funda-
mentally investigate 3Dtad for accuracy and efficiency. The
3Dtad technique with both controller and finger tracking
was used to analyse the differences caused by tracking. The
Leap Motion trials allowed us to compare gesture-based
interactions with gesture-free interactions.
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We randomised the order of the three devices used:
Kinect, Leap Motion and controller. Users performed both
3Dtad and pinch sessions.

4.2.4 Execution

All participants were asked to perform the tasks in dif-
ferent scenarios at least 120 times. Although each trial
took only a few seconds, many participants experienced
fatigue due to “gorilla arm syndrome”. When this occurred,
we excused them from performing the Kinect scenario,
which meant that only seven participants performed in this
scenario.

The HTC VIVE, Leap Motion and Kinect devices all sent
and received infrared light to and from space. We therefore
assumed that the systems could interfere with each other
and planned to exclude failed trials, which would mainly be
caused by tracking errors.

We needed a minimum level of accuracy to complete
the operation successfully. The projection of the moving
sphere on the line at the end of the trial had to be within
3 cm of the target position. Therefore, failed trials occurred
when the users did not finish the operations at the target
or when the tracking failed during the operation. Initially,
we detected failed trials automatically. Later, we verified the
results by visually inspecting the recorded motion data.

Table 1: Failed trials.
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Table 1 shows the differences in tracking quality
between the three devices used in our research. The track-
ing quality of the Kinect scenario was so poor that we
excluded the Kinect trials from further evaluation.

At the end of a 3Dtad trial, the user moved the 3D
cursor away from the constraint geometry and thus away
from the target (hereafter “final phase”). From the begin-
ning of the final phase, the direction of movement should
be almost perpendicular to the direction of the line. We
used a threshold of 45° to identify the start of the final
phase.

In any case, the cursor position was projected onto the
line.

4.2.5 Results and discussion: efficiency

For the efficiency analysis, we used the trials in which the
users focused on fast execution. We recorded 650 successful
trials from our fourteen subjects (Table 2).

For the analysis, we recorded the 3D coordinates, the
execution times (Table 2) and the accuracies at the position
where the final phase started (Figure 1(c)).

We assumed that it would be more difficult for users
to complete the task if the start and end points had differ-
ent z-values. Therefore, we first examined the MTs of the
trajectories using the example of our reference scenario

Device Mode Visible Failed trials with focus on execution time Failed trials with focus on accuracy
Controller Button Yes 3/130 2% 2/130 2%
3Dtad Yes 32/130 25 % 17/130 13 %
3Dtad No 23/130 18 % 23/130 18 %
Kinect Pinch Yes 24/70 34% 24/70 34%
3Dtad Yes 37/70 53 % 22/66 33%
3Dtad No 28/60 47 % 25/60 42 %
Leap Motion Pinch Yes 29/140 21% 18/140 13%
3Dtad Yes 39/140 28 % 43/140 31%
3Dtad No 24/130 18 % 26/130 20 %
Table 2: Results: n is the number of successful trials; MT is the average movement time in seconds; and SD is the standard deviation.
Device Mode Visible n With final phase Without final phase
MT SD MT SD
Controller Click Yes 127 - - 1.20 0.54
3Dtad Yes 98 1.56 0.62 1.27 0.58
No 107 1.45 0.40 118 0.34
Leap Motion Pinch Yes m - - 1.56 0.57
3Dtad Yes 101 177 0.80 1.41 0.60
No 106 174 0.52 1.42 0.43
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(“Controller”, “Button click”, and “Fast”). However, a two-
way ANOVA did not show any significant effect of the tra-
jectories on the MTs in this situation (p = 0.43).

In the questionnaire eleven out of thirteen partici-
pants reported that displaying the controller was helpful,
and thirteen out of fourteen participants said the same
about displaying hands in the Leap Motion scenario. In
contrast, we found that MTs were significantly shorter when
the hands (MT = 1.67s, SD =0.44s vs. MT =1.83s, SD =
0.81s; t(73) = —2.02, p < 0.047) or the controller models
(MT = 1.415s,SD = 0.39 svs. MT = 1.515,SD = 0.56 s; t(84) =
—2.12, p < 0.038) were not displayed (see Table 2).! There-
fore, it is useful to examine the tracking on the basis of
the trials in which the controller or the hands were not
displayed. This was only the case for the 3Dtad trials.
As expected, interactions with the controller were signifi-
cantly faster (MT = 1.43 s, SD = 0.34 s) than those with the
Leap Motion device (MT = 1.73 s,SD = 0.52 s); t(91) = —6.73,
p <1077).

It was possible to compare all the input techniques
on the basis of the trials in which the controller and the
hands were displayed. All tasks in our experiment were
dragging tasks. When the user selects using a pinch gesture
or button press, the dragging task corresponds to a pointing
task for both selecting and terminating the interaction [62].
The 3Dtad interaction requires the user not to exceed a
certain distance from the line. This is closer to a steering
task. In this respect, 3Dtad could lead to longer MTs [63].
Therefore, we compared the MTs of our reference scenario
(controller with button clicks) with those of 3Dtad, excluding
the final phase. We found that the average MTs of the refer-
ence scenario were significantly shorter than the average
MTs with 3Dtad (“Visible”, MT = 1.18 s, SD = 1.09 s vs. MT =
1.28 s, SD = 1.13 s; t(94) = —2.07, p < 0.042) in our setting.

The main question was how the MTs of the 3Dtad with
finger tracking behaved in comparison with gesture-based
interactions. As mentioned above, the MTs of 3Dtad were
divided into the movement phase of the sphere on the line
and the final phase. Only one MT was calculated for the
gesture-based variant, although ending the gesture would
certainly take some time. We found that the median MTs
were shorter for 3Dtad without the final phase (MT = 1.47 s,
SD = 0.66 s) than for gesture-based trials (MT = 1.49 s,SD =
0.52s), but these values were not statistically significant
t(77) = 0.32; p = 0.75).

1 In this and all other significance tests, we used two-tailed paired
t-tests (@ = 0.05) with missing data handled by listwise deletion. There-
fore, the MTs in the significance test differed slightly from those of all
users in Table 2.
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We observed that subjects had difficulty selecting
the sphere with the pinch gesture. However, we were
unable to measure this phenomenon hecause the MTs
were only recorded from the beginning of successful
selections.

4.2.6 Results and discussion: accuracy

For the accuracy analysis, we used only those trials in which
the users focused on accuracy. We recorded 671 successful
trials from our fourteen subjects (Table 3). Again, we exam-
ined our results in the case of 3Dtad at the beginning and at
the end of the final phase.

Consistent with the efficiency results, the errors in the
Leap Motion scenario were significantly lower when the
hands were not displayed (ERR = 1.06 cm, SD = 0.74 cm vs.
ERR = 1.37 cm, SD = 0.88 cm; £(79) = —2.43, p < 0.018).

We found that the error at the beginning of the final
phase was significantly lower (3Dtad, “invisible”; ERR =
0.77 cm, SD = 0.58 cm) than at the end of the phase with
the controller (ERR = 1.06 cm, SD = 0.68 cm; t(106) = —3.5,
p < 0.0007). Therefore, from now on, we will only consider
the accuracy at the beginning of the final phase. This has
already been implemented in Figure 2.

We assumed that 3Dtad would be more accurate
than a pinch gesture in the finger tracking scenario.
However, we did not find a significant effect on accu-
racy (ERR =119 cm, SD = 1.19 cm vs. ERR = 1.04 cm, SD =
0.76 cm; t(184) = 1.07, p = 0.83). To analyse this effect in
more detail, we would probably need better tracking accu-
racy than the Leap Motion device currently offered in our
scenario.

4.2.7 Conclusions from study 1

We found that interactions with the Vive Controller are sig-
nificantly faster than the interactions with the Leap Motion
device, probably because of stable tracking. Users welcomed
the display of hand or controller models, although this
degrades the accuracy and efficiency of the operations. Con-
trary to our expectations, we did not find any significant
differences in accuracy between 3Dtad and pinch-gesture-
based interactions. The differences in MTs could not be con-
clusively assessed because we did not obtain the selection
times.

4.3 Step 3:scaling task

Our second user test was to examine the MTs, including
selection times. In the previous study, users preferred the
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Table 3: Error: average distances at the end of the movement in centimeters; SD is the standard deviation.

Device Mode Visible n With final phase Without final phase
Error SD Error SD
Controller Click Yes 128 - - 0.75 0.60
3Dtad Yes 13 1.08 0.77 0.73 0.62
No 107 1.06 0.68 0.77 0.58
Leap Motion Pinch Yes 122 - - 1.02 0.76
3Dtad Yes 97 1.36 0.80 114 113
No 104 1.15 0.82 0.94 0.95

display of the hand and controller models. Therefore, we
chose this variant even though it had a negative effect on
the MTs. To obtain the selection times, we designed a scaling
task consisting of several steps. This task was inspired by
the 3D widgets in Artist3D for resizing boxes and scaling
objects.

4.3.1 Participants

Fifteen volunteers (five women and ten men aged between
19 and 55) took part in this study; seven participants had
experience of virtual reality and nine had experience of 3D
manipulation.

4.3.2 Setup and tasks

Users scaled two dimensions of an object three times, with
interactions restricted to three orthogonal planes (Figure 5).
The widget had an initial size of 40 X 30 X 30 cm. It was
placed at a height of 1.3 m. Users were recommended an
optimal location, marked by a green cylinder on the floor.
From this position, users could see the widget diagonally
from the top left and reach all interaction points directly
without having to move.

To complete the task, users had to move a point in a
plane three times at a time. Again, they used either their
fingers or a VIVE controller (Figure 6). Finger tracking was

Figure 5: Scaling a teapot in three steps. Each sub-task is represented by a yellow arrow. The only manipulatable elements were the tree grey

orthogonal planes at the corners of the cube widget.
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Figure 6: Scaling task (user’s view). (a) Using Leap Motion; (b) using a controller.

implemented using a Leap Motion device and the Unity Leap
Motion Core Assets version 4.

The interaction techniques used were 3Dtad, button
click or pinch gesture. In all trials, users recorded their
start and stop times by touching a large sphere (10 cm in
diameter) hovering over the widget.

The 3D cursor was represented by a 4 cm diame-
ter sphere, and the spheres to be selected (“interaction
spheres”) were 5cm in diameter. The 3D cursor and the
interaction sphere had to intersect at the beginning and at
the end of an interaction, which corresponded to a required
distance between the sphere centres of 4.5 cm. The position
of the 3D cursor was projected perpendicular to the plane
during the interaction and visualised by another interaction
sphere. For the 3Dtad trials, this sphere and the 3D cursor
had to intersect at all times. If this was no longer the case,
the interaction was considered terminated. During scaling,
the user had to maintain a distance of 4.5 cm and exceed
this distance to exit the interaction. Pinch gestures were
terminated again by moving the thumb and index finger
3 cm apart.

We measured the start time when selections were made
to begin the scaling task and the end time. The selection
times were thus included in the times between the scal-
ing operations “approach” and “transition”. The duration
of the completion of the respective gesture or final phase
was included in the scaling subtask. The mental preparation
times were not investigated further, as we assumed that they
were likely to be the same in all scenarios.

The trajectories of the seven subtasks can be found in
Table 4.

4.3.3 Execution

We asked users to concentrate on completing the task as
quickly as possible. We only wanted to study error-free
interactions. Because this task required users to rotate their
hand to reach points, it was to be expected that the tracking

Table 4: Scaling task: trajectories of subtasks; d is the distance in meters.

No. Subtask From To d
1 Approach (0,1.7,0) (0.2,1.36, —0.16) 0.39
2 Scales x, y (0.2,1.36, —0.16) (0.5, 1.6, —0.16) 0.38
3 Transition (0.5, 1.6, —0.16) (—0.2,1.6, 0.15) 0.77
4 Scales x, z (—0.2,1.6, 0.15) (—0.2,1.36,0) 0.28
5 Transition (—0.2,1.36,0) (0.5,1.36, 0) 0.7
6 Scales x, z (0.5,1.36, 0) (0.2,1.36, 0.5) 0.58
7 Finish (0.2,1.36, 0.5) (0,1.7,0) 0.64

quality of the Leap Motion device would be affected by
visual occlusion. Due to the necessary execution of several
subtasks in a row, we expected increasing error rates.

Therefore, in this study, we asked users to perform a
best possible trial. They had to do at least ten trials, but
they could keep going until they felt they had the best possi-
ble trial. We recorded all the trials and only the trial with
the shortest total duration was included. Because of this
approach, we also excluded an explicit training phase.

As we are interested in developing a hybrid modelling
system in the medium term, we decided to include a non-
immersive 2D variant in the test, in which the user had to
perform the tasks using a mouse. The 3D scene was dis-
played in full screen (Figure 5). The mouse positions were
raycasted onto the three interaction planes.

Normally, users move the mouse only a few centime-
tres when performing the drag-and-drop operations. For
comparability, we decided to set the mouse speed to a low
level (2 out of 11 in the Windows 10 settings menu). As a
result, the mouse paths on the table were only about three
times smaller than the interaction paths in the virtual world
(Table 5, column “In 3D” vs. column “On table”).

All subjects completed questionnaires (NASA-TLX [64])
at the end of the study. We randomised the order of the four
runs with the Leap Motion and Vive controllers. The mouse
runs were performed last for convenience.
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Table 5: Distances in centimetres in the scaling task. The results of the
follow-up test are shown in the two right columns.

Test Step 3 Follow-up test

On table On table 50 dpi On iPad Pro

Subtask In3D Onscreen

1 39 8.5 17 16 8.1
2 38 6.3 13 1" 6.0
3 77 14.0 31 25 131
4 28 6.5 13 13 6.2
5 70 8.9 20 15 8.4
6 58 8.1 19 15 7.7
7 64 5.6 12 M 53
Total 374 57.9 125 106 54.8

4.3.4 Results and discussion

The MTs are shown in Table 6. Although we only evaluated
the best trials of the users, we still found many unnecessary
actions such as pinching gestures or clicks that did not lead
to the selection of a vertex or the termination of interactions
outside the target area. Again, users had problems perform-
ing the pinch gesture.

Asin the first study, interaction with the Vive controller
(3Dtad; MT = 7.07s, SD = 2.46 s) was significantly faster
than finger tracking with Leap Motion (3Dtad; MT = 10.52 s,
SD = 5.14's; t(14) = —3.34, p < 0.005).

However, our main focus was on the comparison
between the two finger-tracking methods. The ges-
ture-based approach (MT =9.76s, SD =3.38s) was on
average slightly faster than the 3Dtad method (MT = 10.52 s,
SD =5.145s), but the differences were not significant
(t(14) = —0.74, p > 0.46).

As we only took into account users’ best attempts, indi-
vidual users’ errors affected the results. For this reason, we
have concentrated on the medians in the following.

The duration of the start of the pinch gesture was
included in the approach/transition movement; therefore,
we examined the MTs of the subtasks (Table 7).

Table 6: Results: MT is the average MTs in seconds, and SD is the
standard deviation. AUA is the average number of detected unnecessary
actions.

Controller Leap Motion 2D

Button 3Dtad Pinch 3Dtad Mouse

MT 6.91 7.07 9.75 10.52 13.02
SD 3.23 2.46 3.47 5.14 3.79
AUA 0.2 0.6 1.6 0.6 0.4
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Table 7: Median MTs in seconds for subtasks.
Subtask Controller Leap Motion 2D mouse

Button 3Dtad Pinch 3Dtad

1 1.32 134 1.95 174 2.84
2 0.35 0.35 0.39 0.59 0.45
3 1.49 1.50 2.57 1.99 2.70
4 0.39 0.35 0.54 0.75 0.68
5 1.66 1.66 2.29 2.01 2.85
6 0.29 0.43 0.45 0.78 0.66
7 0.77 0.84 0.95 0.91 1.07
Total 6.28 6.45 9.14 8.78 11.24

Table 7 also shows that the median MTs of the subtasks
with the finger tracking 1, 3, and 5 were substantially larger
in the pinch sessions, whereas the MTs of subtasks 2,4, and 6
were larger in the 3Dtad sessions. The extra effort required
to perform the pinch gesture and to finish 3Dtad seems to be
about the same. This aspect is illustrated by the visualisation
of the temporal processes using a “virtual” test user, which
summarizes the median MTs of the subtasks (Figure 7).

A surprising result was that in our test setup, using
the 2D mouse resulted in significantly longer MTs (MT =
13.02s, SD = 3.79 s) than using the Vive Controller with
3Dtad in the immersive variant (MT = 6.07 s, SD = 2.46's;
t(14) = —8.3, p < 10E — 6). Users described the mouse sce-
nario as “unrealistic”, “unfamiliar”, “more difficult due to
the low mouse speed”, and “more exhausting”. The subjec-
tively greater effort and higher frustration when using the

—a— 2D mouse

- «- Leap Motion pinch
—=— Leap Motion 3Dtad
——— Controller 3Dtad

Controller click

—
o

-k

Time in seconds
ot

strt sl el s2 e2 s3 e3 end

Figure 7: Subtasks of a virtual median test user, si and ei refer to the
start and the end of a scaling sub-task. The courses for “Controller
3Dtad” and “Controller click” are very close to each other and are difficult
to distinguish.
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Figure 8: NASA task load index: immersive 3D interaction versus
mouse-based interactions.

mouse can also be traced from the user-filled NASA-TLX
questionnaires (Figure 8). Therefore, we decided to run a
follow-up test using a mouse having different sensitivities.

4.3.5 Follow-up test

We used a gaming mouse (Speedlink Prime Z-DW) whose
software allowed us to explicitly set the resolution. We

T.Jung et al.: Constraint-based bare-hand 3D modelling = 137

Table 8: Median MTs in seconds for subtasks in the follow-up test.

Test Step 3 Follow-up test (dpi) iPad Pro
Subt. Button Mouse 50 200 800 1600

1 1.32 284 268 176 135 1.60 1.18
2 0.35 045 049 043 033 0.40 0.18
3 1.49 2.70 271 162 130 1.44 1.20
4 0.39 0.68 045 034 042 0.42 0.32
5 1.66 2.85 270 160 1.50 137 1.25
6 0.29 0.66 042 032 0.28 0.33 0.08
7 0.77 1.07 114 0.66 0.58 0.53 0.50
Total 6.28 11.24 1059 673 576 6.09 4.7

chose resolutions that were as close as possible to the
user’s optimal settings (200 dpi, 800 dpi, 1600 dpi), as well
as a variant that would lead to similar long mouse move-
ments on the table as in the previous test (see Table 5).
We also tested a touch-based interaction on an iPad Pro
(Figure 9).

Six subjects (four men and two women, aged between
12 and 55) participated in this study. All subjects performed
the tests in the same order (50 dpi, 200 dpi, 800 dpi, 1600 dpi,
iPad Pro). We expected the latter tests to produce better
results due to learning effects. Our aim was to get the best
possible results for 2D interaction.

The 50 dpi setting gave similar results to the mouse
used in the previous study. The best MTs were achieved
with a sensitivity of 800 dpi. However, interactions with the
mouse were then only about 10 % faster than those with
the controller (“button”). The mouse paths were only about
one centimetre per subtask. The MTs on the iPad Pro were
slightly shorter, but also reached at least 75 % of the immer-
sive Vive controller variant (Table 8).

Figure 9: Experimental setup for scaling a teapot with a mouse and an iPad Pro.
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5 Conclusions

We discussed the possibilities of developing hybrid 3D mod-
elling tools (immersive/GUI) based on 3D widgets. We pre-
sented a new modelling technique called “3D touch-and-
drag”, which allowed users to start a modelling opera-
tion by approaching a vertex. The operation was com-
pleted by removing the 3D cursor from the modelling plane
or line (constraint geometry). We found that this tech-
nique could be easily integrated into an existing exper-
imental 3D modelling system (Artist3D) in an immersive
scenario.

In our first study, we found that using a controller
resulted in significantly lower MTs than finger tracking. This
could be due to the low reliability and accuracy of the Leap
Motion device, which in our case was attached to a head-
mounted display. We assumed that 3D interactions using the
3Dtad might be more accurate than using pinch gestures, but
we did not find a significant effect on accuracy. We found
that 3Dtad was about as efficient as using pinch gestures
in our test scenarios. However, all of our test subjects were
new to this type of interaction and should be considered
novices. Pinch gestures were probably easier to understand
as a concept than 3Dtad. In this respect, we are planning fur-
ther experiments to investigate learning effects over longer
periods of time. It may be that expert users can benefit more
from the advantages of 3Dtad.

In our second study, we surprisingly found that inter-
action in the virtual environment was more efficient than
in the 2D mouse and screen environment. A follow-up test
showed that with optimal mouse settings, interaction times
were slightly lower than in the immersive variant. However,
the MTs depended on the length of the isomorphic trajecto-
ries, so reducing the box size in our user tests could improve
the performance of the immersive version. Nevertheless,
the results of this follow-up test are put into perspective by
the fact that only 6 people participated in this test, compared
to 15 participants in Study 2.

From the results of our studies we derive the findings
that 3Dtad cannot outperform controller-based interaction
both in accuracy and efficiency of modelling interactions.
Furthermore no significant differences in these categories
become visible when compared to gesture-based interac-
tion. This is probably not an exceptional success, but it
shows that 3Dtad can at least be used as an alternative
to gesture-based modelling techniques, for example where
gesture-based interaction is not appropriate. We are there-
fore optimistic that we will be able to offer future users an
immersive user interface that uses constraints more effi-
ciently than the classic 2D GUIL
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Furthermore, as the 3Dtad technique allows controller-
free 3D manipulation of objects without gestures, it allows
haptic feedback to be integrated into 3D manipulation,
which is likely to increase efficiency and accuracy. In
the future, we plan to investigate the potential efficiency
gains from passive or active haptic feedback. For example,
encounter-type haptic displays [65] could be used to hapti-
cally represent the constraint geometry.

The weight of the tool tends to have a negative effect on
MTs [57]; therefore, we expect uninstrumented finger track-
ing to be more efficient in principle than using a controller.
This would need to be investigated with alternative finger
tracking systems in future tests.
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