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ABSTRACT

Encountered-Type Haptic Displays (ETHDs) represent a field of
haptic displays with the premise of not using any type of actuator
directly in contact with the user skin, thus providing an alternative
integration of haptic displays in virtual environments. In this paper,
we present novel interaction techniques (ITs) dedicated to ETHDs.
The techniques aim at addressing the issues commonly presented
for these devices such as limited contact areas, lags and unexpected
collisions with the user. First, our paper proposes a design frame-
work based on several parameters defining the interactive process
between user and ETHD (input, movement control, displacement
and contact). Five techniques based on different ramifications of
the design space framework were conceived, respectively named:
Swipe, Drag, Clutch, Bubble and Follow. Then, a use-case scenario
was designed to depict the usage of these techniques on the task of
touching and coloring a wide, flat surface. Finally, a user study based
on the coloring task was conducted to assess the performance and
user experience for each IT. Results were in favor of Drag and Clutch
techniques which are based on manual surface displacement, abso-
lute position selection and intermittent contact interaction. Taken
together our results and design methodology pave the way to the
design of future ITs for ETHDs in virtual environments.

Index Terms: Encountered-Type Haptic Displays—Interaction
Techniques—Haptic Rendering— Human-Machine Interaction;

1 INTRODUCTION

Virtual Reality (VR) can be enriched by haptic technologies to in-
tegrate the sense of touch in virtual environments (VEs). Having
tactile feedback when interacting with virtual environments leads
to a stronger immersion and the possibility of having more sophisti-
cated interactions between user and system [7]. Among the various
haptic technologies, Encountered-Type Haptic Displays (ETHDs)
provide an opportunity for exploiting the potential of a more natural
integration between haptic displays and VEs. ETHDs represent a
field of haptic displays with the premise of not using any type of
actuator directly in contact with the user skin, therefore only provid-
ing stimulation when it is needed [26,31]. To achieve this type of
feedback, ETHDs rely on a tracking system that permits to know the
user’s location and thus positioning themselves to “encounter” the
user at any required point during the interaction. When interacting
with VEs, Head-Mounted Displays (HMDs) are generally used in
ETHD systems to hide the haptic device and to contextualize the
task to be carried out by the user [36].

ETHDs aim to reduce the constraints of wearable haptic displays
by physically separating users from the haptic device and by pro-
viding contact only when the user desires to [26,31]. ETHDs can
either rely on end-effectors that contain the haptic information to be
perceived [4,29,36] or by acting as proxies [3]. This permits a hand-
free interaction similar to reality. Nevertheless, ETHDs’ dependency
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on external actuators that are not in constant contact with the user
brings aspects to be considered in order to provide convincing haptic
feedback. For instance, the dexterity of ETHDs for repositioning
themselves with the appropriate speed, accuracy and safety measures
should be taken into account [19,33]. The task of displacing the
robot over different positions to render a large volume of haptic
feedback often leads researchers to constrain the contact area and
thus limiting the haptic feedback to a small area [34]. The elapsed
time for calculating an ideal encounter position can produce lag and
compromises both users’ immersion and surface perception. Addi-
tionally, this lag often leads to unexpected user-device collisions or
leads the user to touch the void instead of encountering the surface
to be touched.

In this paper, we propose to introduce novel interaction tech-
niques (ITs) dedicated to ETHDs to address current field issues. We
designed a set of five ITs under a proposed design space framework.
The novelty of our approach relies on the conceptualization and
inclusion of a design space that comprehends different possibilities
to conceive ITs for ETHDs. In addition, the designed ITs represent
a novel approach in the interaction process in the aforementioned
haptic displays. The global setup of our ETHD system is shown in
Fig. 1. The techniques were mainly designed to enable the user to
interact with virtual, flat, and wide surfaces using one finger. We
chose to illustrate our techniques through a use-case scenario with a
shape coloring task. This task was chosen since it requires to interact
with a large surface where contact information is crucial under a
large surface exploration. We chose to assess the ITs performance
through a user study with a similar shape coloring task. To evalu-
ate the techniques, both quantitative measurements and subjective
questionnaires were used in order to identify the features that could
be taken into account for designing an optimal interaction technique
dedicated to ETHDs.
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Figure 1: Global setup of our system. The grounded ETHD system
(bottom-left) renders a large flat surface by positioning a physical prop
(bottom-center) under the user’s finger using different ITs. The task
proposed in our use-case scenario consists in shape coloring in a VE
(top-center). The user tracking system comprises the HTC Vive Base
Stations (top-left), the Vive tracker and controller (middle-center) and
the Vive HMD (top-left).



The contributions of the paper are the following:

* A design space for interaction techniques dedicated to ETHDs.

* A set of 5 interaction techniques designed for optimizing the
haptic rendering capacity of ETHDs in a scenario involving
the exploration of a wide and flat surface.

* A use-case scenario to contextualize the application of the
conceived techniques for haptic exploration in the task of shape
coloring.

A user study for assessing the performance of the proposed
interaction techniques, both with quantitative and subjective
measurements.

The paper is structured as follows: related work in ETHD interaction
strategies is presented in Section 2. The proposed ITs are introduced
and explained in Section 3. The use-case scenario for contextual-
izing our approach is showcased in Section 4. Section 5 presents
the user study carried out to evaluate the formerly introduced tech-
niques. Results and insights from the user study are discussed in
Section 6. Finally, general remarks and conclusions are commented
in in Section 7.

2 RELATED WORK

ETHDs depend on either passive or active end-effectors as the main
tool for rendering haptic feedback. The end-effector can be used on
its entirety for having a complete object-surface representation in
the VE or a partial surface representation that will depend on more
sophisticated interaction strategies for rendering a surface larger than
the end-effector. This section introduces the two main interaction
strategies that have been considered by researchers to cope with
constraints coming from both actuators and haptic end-effectors.
The first paragraph covers the strategies considered for ETHDs that
possess an end-effector with shape properties that coincide through
several features with their virtual counterparts. These strategies
mainly aim to have an accurate object-surface representation in both
virtual and real environments. We will refer to static contact area for
this category since the contact area does not have any motion during
the user interaction. The second paragraph discusses related work
on ETHD interaction strategies where the end-effector has a limited
size compared to the virtual shape to be touched in the VE. To deal
with this limited size, these strategies generally employ visuo-haptic
illusions or users’ attention redirection. We will refer to moveable
contact area for this category.

2.1 Static Contact Area

Providing a static contact area for interaction implies to have a de-
fined surface to touch per object in a VE assisted by an ETHD.
Research has considered the possibility of providing a complete-
object representation using end-effectors with the exactly similar
shape properties than the objects to be touched in the VE. Having
a complete object-surface representation signifies that the contact
area represents the entirety of the object to be touched. This permits
the users to perform more complex haptic exploratory procedures
since the haptic display acts as the provider of the entire object to
be touched. The advantage of this type of representations is that it
is possible to provide a complete object-surface mapping. Yet, the
constraints of the actual size of the end-effector can become cum-
bersome [1,6, 15, 18,34,35]. Unmanned air vehicles have also been
used in the field by profiting from the drone’s properties to use the
device as a proxy permitting haptic exploratory procedures related
to enclosure and contour following. In the work of Abtahi et. al. [3],
the contact area in the task of shoe-box displacing was inferred due
to the volume mapping between the physical configuration of a net
covering the drone and the shape of the virtual box.

Nevertheless, when the end-effector can only cover a part of the
surface to be touched, the system strongly relies on visual metaphors
that suggest the area that can actually be touched. In the work of
Araujo et. al. [4], virtual shoes are used as the visual metaphor for

indicating the user where to touch as a mean to perceive the shoe
texture. In this case, the widest area to touch is the toe cap and thus
the device’s end-effector is placed there for providing the haptic
feedback. In the work of Kim et. al. [19], a virtual door is centered
in front of the user. The users were asked to push the door. This
door-pushing metaphor permitted the users to push the door directly
located in front of them without explicitly signaling the contact area.

Some ETHD systems have also considered to display the contact
area in the VE. These depictions range from highlighting either
the whole volume that can be touched [8, 10] or by highlighting
a contact area represented in a virtual surface [3,29]. Users can
choose the patch location depending on the system capabilities of
positioning [3,20,21,29].

2.2 Moveable Contact Area

Several ETHDs address the challenge of rendering surfaces larger
than the physical device being held by this type of haptic displays. In
order to explore a surface larger than the end-effector, the community
has been looking forward to displace the contact area. An adequate
integration between interaction strategy and end-effector’s physical
properties permits to recreate different surfaces that can go beyond
what is physically represented on the device [4, 8, 13, 24,27, 33].
Previous works have relied on strategies such as visuo-haptic illusion,
user redirection and active surface displacement.

Visuo-haptic illusions have been used in ETHDs systems as a
mean to give the sensation of touching large surfaces. The work of
Abtahi & Follmer [2] explores this type of illusions providing haptic
feedback with a pin-based ETHD. The authors managed to increase
the resolution of their system by adjusting the scale of the elements
to be touched both in the real (the rendered shape by the pin display)
and in the virtual environments. This work additionally redirected
the users’ contact with the shape display to increase and optimize
the rendering space. User redirection has been considered for more
complex ETHD systems such as integrating an omni-directional
treadmill to redirect the user’s location to a reachable area for the
display [33]. The work of Whitmire et. al. [34] profits from a virtual
poker table to be touched as the metaphor and the integration of
a spinning surface below the user’s finger for rendering different
textures when users explore the virtual surface.

In order to provide natural haptic feedback for most of the el-
ements of a VE, ETHDs using a moveable contact area represent
a promising technological alternative for haptic display. They al-
low a more natural integration of haptic technologies within VEs.
They also propose the possibility to explore a larger surface area by
moving adequately during the interaction. However, ETHDs using
a moveable contact area have also some technological limitations
that can break the contact information due to latency during reposi-
tioning. Therefore, in this paper, we focus on the design of ITs that
address these limitations and allow the interaction with a flat and
wide surface area.

3 INTERACTION TECHNIQUES DESIGN

This paper proposes a design space to explore and study different
ITs for ETHDs. A set of 5 techniques were conceived based on
several possibilities depicted in the design space. The first subsection
discusses the design space as well as the features considered to
cope with ETHDs’ limitations. The second subsection explains the
conceived techniques and their features. Fig. 3 provides a visual
description for all the proposed techniques.

3.1 Design Space

To provide the sensation of touching a wide and flat surface area, we
studied how to design ITs for ETHDs that could integrate the process
of rendering a tangible surface without affecting users’ immersion
in the VE. We propose an IT design space based on previous work
done in the domains of ETHDs and Human-Computer Interaction
(HCI). The techniques presented in this paper are based on Bowman



et. al. [7] theory of 3D object manipulation in VEs. Based on the
aforementioned theory, we took into account the properties related
to the interaction process between user and ETHDs. These factors
comprise: input, movement control, displacement and contact as
illustrated in Fig. 2.

The design space and its different levels were chosen according
to the chronological order of each feature during the interaction pro-
cess. This design space is divided first by the two input possibilities:
motion or controller input. This design space level is justified under
the reason that input represents the basic feature of the ETHD inter-
action process since it determines how the user is going to instruct
the system to displace the end-effector to a new position. Movement
control is considered on the next level since it involves the task
execution. Then, displacement represents the latter part of the task
planning since it relates to how the next system’s position is going
to be reached. On the last level, we considered the contact feature.
Normally, ETHDs require to have an intermittent contact with the
surface to be touched [29]. In this work we decided to explore the
efficiency of this approach but also considered the alternative of
being always in contact with end-effector of the device.

A set of five techniques presented in this paper were designed
to illustrate different branches of the design space. The diagram
presented in Fig. 2 describes the design space organization and the
positioning of each interaction technique. In this design space, the
branch of automatic action triggered by controller input (right part
of the diagram) is discarded since no user input can be used in this
case. The properties of the four different levels are described below.

3.1.1  Input

This feature represents the input given to the system as a mean to
activate the IT or any of its phases. This feature was considered as
part of the ITs design space since it represents a fundamental part of
the process. The two different branches of this feature are:
* Controller input. The system is controlled with the help of an
external device.
* Gesture input. The system is controlled by gestures performed
by the users’ hands.

3.1.2 Movement Control

This feature represents whether the movement is automatic after the

command or if it needs manual input to go to the next position for

rendering the contact area. The two different branches of this feature

are:

* Manual. The user actively chooses the next position and gives
the command for the system to move to a determined position.

* Automatic. The system is in charge of automatically displacing
the contact area based on the given input.

3.1.3 Displacement

This feature represents whether the end-effector can directly be
displaced to a selected position or if it can only reach a desired
position through gradual movements. The two different branches of
this feature are:
o Stepped. The contact area is displaced over gradual steps
towards a direction specified by the user.
* Absolute. The user chooses the next position of the contact
area: Then, the system displaces physically the end-effector to
the previously specified location.

3.1.4 Contact

In this feature, the user contact is considered as a variable. It allows
to evaluate whether a continuous or intermittent contact could be
beneficial for both directing the new area of an ETHD and large
surface perception. The two different branches of this feature are:
* In-Contact. The user is in constant contact with the surface
while displacing the contact area.
* Out-of-Contact. The user is in intermittent contact with the
surface while displacing the contact area.

3.2 Interaction Techniques

The interaction techniques presented in this work represent different
approaches to current grounded ETHD system capabilities. The
techniques address some of the current technological limitations
through different approaches. Fig. 3 illustrates the behaviors of the
different techniques.

3.2.1 Swipe

The Swipe technique takes into account the gesture of swiping the
contact area for displacing it. This technique was conceived for
providing an interaction similar to the gesture used on touch screens
for scrolling through a user interface bigger than the screen. The
features of the swiping gesture such as out-of-contact control as
well as a fixed and stepped displacement are considered as variables
of the design space. The swipe direction is taken into account for
displacing the contact area over a predefined distance of 15 cm in
our system (1.5 times the diameter of the contact area). The users
can reach the desired position through a series of swipe gestures.
This technique was designed for bringing up the familiarity of the
gesture on ETHD end-effectors with the gesture on touch screens.
The technique profits also from the similar properties of intermittent
contact when interacting with touch screens or with ETHD systems.

3.2.2 Clutch

The Clutch technique represents the possibility of using a controller
as an input method for controlling the system actions. When users
can control the ETHD end-effector displacement, they can also
acknowledge that the contact area rendering and robot displacement
could be managed similarly to many other types of technological
devices. The elapsed time and precision of the task fully relies on the
user. This technique allows users to initiate the robot’s movement in
a desired direction to continue their haptic exploration by pressing a
controller’s trigger. While the trigger is pressed, the user can select
the next position of the ETHD system with his hand interacting with
the contact area. Releasing the trigger will select and fix the new
position. This technique allows the user to know the position of the
new contact area and also provides feedback of the elapsed time
for the new surface to be loaded. The Clutch technique relies on
having an intermittent contact with the surface, thus only allowing
contact when the surface is loaded. This technique was conceived
considering the clutching procedure for 3D manipulation presented
in the work by Bowman et. al [7] and translated to haptic devices
in the work of Dominjon et. al. [12]. In our ETHD system, the
procedure is mainly divided on pressing and releasing the trigger of
the Vive controller. When pressing the controller, users need to raise
their finger up and outside the contact area. This gesture activates
the projection of the auxiliary contact area, which indicates the next
position of the system. Users move their finger to displace this
auxiliary area to the next position that they want to touch. Once they
make their choice, users release the Vive controller trigger and wait
for the area to be rendered. A visual feedback is displayed showing
how the first area turns red and disappears while the selected area
turns green and appears. After the animation, users can touch the
contact area.

3.2.3 Drag

The Drag technique consists of displacing the contact area by fol-
lowing the user’s finger position. The user triggers the technique by
elevating the finger over the surface and selects the desired position
by lowering it down. This technique provides feedback of the time
taken by the surface to be rendered (see the color modifications in
Fig. 3) and also permits the user to know the exact location where
the contact area will be next. This technique was inspired from the
HCI domain with the drag metaphor that is used for selecting an
object and then dragging it into another position [7]. The procedure
consists of a series of steps: first, users need to raise their finger up
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Figure 2: The ETHD Interaction Technique Design Space. This proposed design space is organized with four levels that describe the interactive
process between the user and an ETHD system. The first level (input) refers to the input channel mainly used to control the actions of the system.
The second level (movement control) describes whether the end-effector's movement is automatic or it needs to be manually triggered. The
following level (displacement) refers to whether users can displace the end-effector to a new position using an absolute displacement or they can
just move the device through a step series. The last level (contact) describes if users are in constant contact with the end-effector or not.

and outside the contact area. Then, the performed gesture activates
the projection of the auxiliary contact area, which indicates the next
position of the system. Users then move their finger to displace this
auxiliary area to the next position that they want to touch. Once
they make their choice, users lower down their finger to activate the
area selection. A visual feedback is displayed showing how the first
area turns red and disappears while the selected area turns green and
appears. After the animation, users can finally touch the contact area.
This technique is similar to the Clutch but it differs on the input
method. For selecting the next contact area, users have to lower
their finger enough to trigger the command of the robot. Then, the
robot moves the end-effector below the finger yet high enough for
not touching the physical system while this one is moving. Both
Drag and Clutch techniques provide visual feedback corresponding
to the time taken for the robot to go from one position to another.
This feedback helps users to understand the time need to go all over
a long distance between two positions.

3.2.4 Bubble

The Bubble technique was inspired by the work of Dominjon et.
al. [11]. It consists in displacing a "bubble” around the contact area.
The contact area is constantly displaced below the user’s finger. This
technique was designed to take into consideration a constant contact
with the end-effector through the surface haptic exploration. To
control the motion of the contact area, users need to displace their
finger to touch the border of the contact area (or bubble) in order to
trigger the movement. The movement is executed in the direction
established by the vector starting from the contact area center to
the contact point. For deactivating the movement, users need to
release their finger and to not touch the border zone. When the users
are inside the bubble, they can freely move their fingers without
modifying the position of the contact area.

3.2.5 Follow

The Follow technique provides constant feedback about the contact
area position while it is displacing underneath the user. This tech-
nique is close with state-of-the-art methods since the robot tries to
reach the user’s finger position in real time. The main difference be-
tween this technique and state-of-the-art ones is that there is a visual
feedback indicating a displacement of the contact area towards the
target position. To control the motion of the contact area, users first
need to raise their finger up and outside the contact area to activate
the technique. While the users’ finger is in mid air, the contact area
follows the finger’s position with respect to the coloring area. The
robotic system follows the user through a stepped movement series.
The technique is deactivated when the user decides to touch again
the virtual contact area.

3.2.6 Justification

Different branches of our proposed designed space were explored
through the creation of ITs dedicated to address ETHDs’ limitations
in terms of contact area, lag and unexpected collisions. The lim-
ited contact area issue was addressed by relying on the different
iterations of our IT design space as well as two types of surface con-
tact: In-contact and out-of-contact. The in-contact branch feature
was included to verify if constant contact with a moveable surface
renders a sensation of touching a large surface. The out-of-contact
feature considers the alternative to be in intermittent contact with the
tangible surface as in common ETHD’s. The lag issue was addressed
by considering two different parameters on the displacement feature
in the design space. The stepped displacement branch considers a
fast, short movement that happens after the input is received from
the user. The absolute displacement feature branch considers a large
range movement which indicates the time taken by the robot to arrive
from one position to another. Therefore we intended to explore a
fast and short movement versus a slower and larger one but with
visual progress feedback. The issue of unexpected collisions with
users was addressed by visually representing the contact area and
adding a color code indicating when the robot was in movement (see
Figure 3). Additionally, a visual cue was included to indicate users
when an area could not be reached by our system.

4 Use-CASE

A use-case was designed for testing the different interaction tech-
niques on a scenario involving the exploration of a wide and flat
surface. The considered scenario depicts a desktop surface located
in a virtual room (see Fig. 4). The task consists in coloring figures
over a canvas. The coloring task involves the exploratory procedures
proposed by Lederman & Klatzky [23] of lateral motion (coloring
and being in constant contact with the surface) and pressure (trig-
gering interaction techniques such as Bubble and Swipe). Users
can explore the surface with each of the interaction techniques. The
surface to be colored displayed three shapes: a circle, a triangle and
a square arranged on a canvas. The shape properties, size and their
location in the canvas represented different levels of difficulty to
carry the task.

Our proposed ETHD is based on a Universal Robots URS robotic
arm. This robot received constantly trajectory-based linear move-
ment instructions using as parameters the users’ fingers position in
the VE and the robot’s current position. Participants can touch the
prop with the tip of their dominant hand’s index finger. Participants
can use their non-dominant hand for holding the Vive controller
required for some interaction techniques.

The system uses a HTC Vive HMD tracker and controller for
controlling the 3D interaction. The Vive tracker was attached to a
hand strap with and integrated support used to constrain the index
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Figure 3: Interaction Techniques. This figure illustrates the different ITs designed by following different branches of our design space. The Swipe
technique consists on performing a swipe gesture for displacing the contact area. The Clutch technique uses the Vive controller to trigger the
contact area selection and displacement. The Drag technique permits the user to select and displace the area to be touched. The Bubble
technique relies on touching the border of the contact area to displace it over a fixed distance. The Follow technique automatically follows the user
finger while the latter is hovering on air. For more details please refer to the techniques description in subsection 3.2.




Figure 4: The VE depicting the use-case scenario. The environment
was designed to give context to task of coloring/painting.

finger movement to favor the virtual representation of the finger and
its positioning in the VE. The environment was created using Unity.
Robot’s communication with Unity is achieved through TCP port
communication and parsing commands to the URS programming
language and interface. The virtual simulation was run on a computer
with an Intel Core 17-7820HQ processor with an NVIDIA Quadro
P3000 graphics processor.

5 USER STUDY

A user study was conducted to assess the performance and user expe-
rience for each interaction technique in the task of shape coloring in
a virtual surface. Participants responses were used to have a deeper
insight of users perception for each technique in terms of precision,
usability and efficiency.

5.1 Experimental Setup

We designed an experimental prop which consists on a round flat
surface attached to the URS end-effector (see Fig. 1). The 3D printed
surface has a radius of 8.25 cm. This radius size was motivated by
adding an additional space to be touched outside the virtual contact
area which radius was 5 cm. This extra space was also considered for
not disclosing the limited size of the prop’s surface while performing
the gestures for each interaction technique. The experimental setup
is shown in Fig. 1. Both prop and experimental setup were used for
the use-case scenario previously described in Section 4.

5.2 Procedure

Participants were instructed about how to use each interaction tech-
nique without disclosing its concept name. Once participants con-
firmed that they understood each technique, they proceeded to begin
the experiment. For each condition, participants were required to
complete a training task in order to get familiarized with each tech-
nique. Participants were asked to wear an isolating headphone set
displaying white noise when participating in the experiment as a
mean to not perceive sounds produced by the robot while displacing
the end-effector. They could also control the volume in a range
where they could not hear the robot noise without being annoyed
nor distracted by the white noise. The participants were asked to
paint the three shapes using their index finger. They were allowed
to displace the contact surface by using the tested interaction tech-
nique. Their objective was to be as accurate as possible during their
painting task.

5.3 Experimental Design

‘We considered the five ITs presented in Section 3. Each of these
techniques were used as conditions for the virtual painting task. The
order of these conditions was sorted using the Latin Squares method.

The experiment consisted of 5 blocks with 1 training trial and
3 experimental trials. Giving a total of 20 trials. Each trial had a

maximum duration of 4 minutes. Participants were aware of the
elapsed time during each trial by watching an integrated chronometer
in the main UL The 5 blocks were presented using the Latin Squares
method.

5.4 Collected Data and Population

The collected data for this study concerned both results of the paint-
ing task performance and user experience (UX). The elapsed time
for each trial was registered along with the paintings generated for
each trial. The paintings were analyzed to count the quantity of paint-
ing inside (S;) for every shape (j) (See Equation 1). Additionally,
the overall quantity of spilled painting outside the shapes’ borders
(S.). These factors were considered to calculate an error ratio (See
Equation 2).

Se
Si+Se

Si:isij (1) and (2)
Jj

Thereafter, we will use this ratio and express it as a percentage
(named Painting Error Percentage). After the experiment, partici-
pants were asked to fill a user experience questionnaire (UEQ). This
questionnaire integrated questions from [17] and [30], focusing on
usability factors by asking the participants whether they considered
the ITs as controllable, captivating, innovative, pleasant, motivating,
easy to learn, and fast. The answer format for these questions was
presented on a Likert scale. We gathered a total of 20 participants (6
female, 14 male), ages 22 to 33 (M = 26.45, SD = 3.236).

5.5 Results

The paintings produced by each participant were analyzed to assess
the total amount of surface covered for all the shapes and the total
amount of spilled paint outside the borders (See Fig. 5 for an illus-
tration of three paintings with different levels of performance). The
performance is summarized in Table 1.

Bad Performance
PEP: 35.7%
Swipe Technique

Good Performance
PEP: 0.4%
Follow Technique

Average Performance
PEP:5.6%
Bubble Technique

Figure 5: The resulting participants’ paintings. The paintings were
analyzed to count the number of pixels colored inside the shapes as
well the outside ones to determine the performance for each tech-
nique. A good performance painting is shown on the left. An average
performance is shown the middle while a bad performance is shown
on the right.

To study the time needed by the participants to perform the task,
we used a linear mixed model on the collected data with respect
to the ITs. The participants were considered as a random effect
in the model. Our analysis of variance showed a significant effect
on the ITs (F(4,262) = 6.37, p < 0.001). We performed a post-
hoc analysis on the ITs using Tukey tests. Bonferroni correction
was used for all post-hoc analysis. The post-hoc analysis revealed
significant differences between the Swipe technique and: the Bubble
technique (p < 0.001), the Clutch technique (p < 0.001) and the
Follow technique (p = 0.02). We found also significant differences
between the Drag technique and both Clutch (p = 0.005) and Bubble
techniques (p = 0.009).



IT Time PEP ESCP ISCP

Swipe 126 (38.4) 7.4% (4.8%) 2.1% (1.6%) 99.1% (1.1%)
Clutch 102 (30.4) 4.5% (4%)  1.2% (1.2%) 99.4% (0.7%)
Drag 118 (39.1) 4.7% (3.7%) 13% (1%)  99% (1.2%)
Bubble 103 (33.2) 6.8% (4.2%) 1.9% (1.3%) 99.3 (0.8%)
Follow 113 (39.5) 4.9% (3.6%) 1.3% (1.1%) 99.4 (0.7%)

Table 1: Performance results for elapsed time and painting quality.
The results (mean and standard deviation) are: average time (in
seconds), painting error percentage (PEP), exterior shape coloring
percentage (ESCP) and interior shape coloring percentage (ISCP).
The PEP refers to a ratio considering both ESCP and ISCP defined
previously in Equation 2.

Concerning the analysis of the PEP, we used a linear mixed model
on the collected data with respect to the ITs. The participants were
considered as a random effect in the model. Our analysis of vari-
ance showed a significant effect on the ITs (F(4,262) = 16.51,
p < 0.001). The post-hoc analysis using Tukey tests revealed sig-
nificant differences between the Swipe technique and: the Drag
technique (p < 0.001), the Clutch technique (p < 0.001) and the
Follow technique (p < 0.001). We also found significant differ-
ences between the Bubble technique and: the Swipe technique and:
the Drag technique (p < 0.001), the Clutch technique (p < 0.001)
and the Follow technique (p < 0.001). Results on the subjective
questionnaire are summarized in Fig. 6.

Il Controllable [ Captivating
innovative [IMPleasant
[EMotivating [[Easy to learn
lFast

Swipe Clutch Drag Bubble Follow

Figure 6: User experience questionnaire results. The average scores
for several features evaluated in the subjective questionnaire. The
results are depicted on a scale ranging from -3 to 3.

To study the answers to the subjective questionnaire, we used
linear mixed models on the collected data for each of the 7 crite-
ria, with respect to the ITs. The participants were considered as a
random effect in the model. Our analysis of variance showed a signif-
icant effect on the ITs for 5 criteria: Controllable (F(4,76) =7.62,
p < 0.001), Captivating (F(4,95) = 15.28, p < 0.001), Motivar-
ing (F(4,76) = 5.96, p < 0.001), Easy to learn (F(4,76) = 6.043,
p < 0.001), and Fast (F(4,76) = 5.96, p < 0.001). No significant
effect was found for the Innovative criterion (p = 0.17) and the
Pleasant one (p = 0.32). However, several participants qualified the
Drag as an innovative technique. In their own words: “Favourite
technique due to the time guidance for the activation of the zone”,
”The one I loved the most! Most innovative one and very quick with
good control”, ”Great one, pretty convenient and one-handed”.

Concerning the Controllable criterion, post-hoc analysis revealed
a significant difference between the Clutch technique and: the Bub-
ble technique (p < 0.001), the Follow technique (p = 0.006) and the
Swipe technique (p = 0.003). There was also a significant effect be-
tween the Drag technique and: the Bubble technique (< 0.001), the

Follow technique (p = 0.004) and the Swipe technique (p = 0.002).
Participants qualified the Clutch technique as the most controllable,
yet the most conventional. In their own words: “Easy to control, but
need an extra hand”, ”Nice, simple, the trigger gives you control,
you decide WHEN you want to move the circle”, “Intuitive but
perhaps “old-fashioned” in this type of VR environment”.

Concerning the Captivating criterion, post-hoc analysis revealed
a significant difference between the Bubble technique and: the Drag
technique (p < 0.001), the Clutch technique (p = 0.002) and the
Follow technique (p = 0.03). A significant effect was also found
between the Swipe technique and: the Drag technique (p < 0.001)
and the Clutch technique (p = 0.03). Finally, a significant effect
was found between the Drag technique and: the Follow technique
(p < 0.001) and the Clutch technique (p < 0.001). Participants rated
both Drag and Follow as the most captivating techniques.

Concerning the Motivating criterion, post-hoc analysis revealed
a significant difference between the Swipe technique and all other
ITs: Bubble (p < 0.002), Clutch (p < 0.001), Drag (p = 0.007) and
Follow (p < 0.001). The Swipe technique received comments from
the users concerning their frustration of not being able to control or
to extend the distance with a stronger gesture. In their own words "1
really don’t like it. It was frustrating not being able to control how
large is the swipe movement”.

Concerning the Easy to learn criterion, post-hoc analysis revealed
a significant difference between the Drag Technique and: the Bubble
technique (p < 0.001), the Clutch technique (p = 0.03) and the Fol-
low technique (p < 0.001). There was also a significant difference
between the Swipe technique and: the Bubble technique (p = 0.002)
and the Follow technique (p = 0.01). According to participants’
comments, the Clutch technique was noted as the easiest technique
to learn. In their own words: “’Fast progression with this one, perhaps
for people with VR experience”, ”Using a controller for changing
painting mode to moving mode was as easy as the method C (Drag)”.
Concerning the Swipe technique, participants commented that its
concept was easy to understand but that it took them some time to
master it.

Concerning the Fast criterion, post-hoc analysis revealed a sig-
nificant difference between the Bubble technique and: the Drag
technique (p = 0.01), the Follow technique (p = 0.01) and the
Swipe technique (p < 0.001). There was also a significant differ-
ence between the Swipe technique and the other techniques: Clutch
(p <0.001), Drag (p = 0.03) and Follow (p = 0.03). Both Bubble
and Swipe techniques implemented the stepped displacement. Par-
ticipants commented that they appreciated the techniques format, but
they made emphasis on the time that it took them to reach a desired
position. In their own words: ”(Bubble) Good control, but a little bit
slow”. In the case of the Bubble technique, these comments contrast
with the fact that this technique achieved the second shortest average
trial time.

Concerning other factors such as presence in the VE, we infor-
mally received feedback from the users arguing that the Clutch and
Drag techniques were the ones providing a more realistic experi-
ence to touching a flat, wide surface. In their own words: I think
it (Drag) offers the best compromise in terms of immersion and
performance, since it feels very precise”. And ”(Clutch) Using the
controller blocks one hand and kind of breaks immersion”.

6 DiscussioN

Our paper studies a design space where several ITs can be conceived
by combining diverse parameters aiming to address the common
issues that ETHDs present, namely, lag, limited, contact area and
unexpected collisions. For instance, the displacement feature in the
design space addresses lag and contact area limited size by consid-
ering providing a stepped but immediate end-effector displacement
and thus rendering in a fast manner a new area to touch. The in-
tegrated visual feedback indicates the system’s current position to



avoid unexpected collisions and to inform users about the size and
location of the contact area.

The techniques studied in this paper are an exploration of several
branches of the design space. The possible combinations provided by
the design space are too many to be properly evaluated in one study.
Thus, we decided to implement techniques that could represent at
least one the features proposed in the design space. Future work
could explore new techniques conceived under our design space to
study their performance in different scenarios and tasks. Under this
framework, we already designed a set of 5 techniques: Swipe, Clutch,
Drag, Bubble, Follow. To further study the performance of these
techniques, a use-case scenario was designed to contextualize a task
that required rendering a large contact area and a constant interaction
between user and surface. The chosen task was to color shapes with
the index finger since it is adapted to the system’s configuration
and to an interaction that requires large surface exploration and
constant contact with the surface. A user study was conducted with
the purpose of assessing the coloring task performance and user
experience. This was done as mean to understand the efficiency and
usability of our techniques on a context adapted to ETHDs as well
as a mean to test different possibilities of our design space.

Primarily due to safety reasons, users need to be aware that they
are interacting with a grounded robotic system. Therefore, we pro-
posed ITs with a dedicated visual feedback. Providing feedback that
indicates when to touch the surface and the process of translating the
end-effector to another location is useful for users to cope with the
system limitations. Thus, comments from users pointed out that vi-
sual feedback was appreciated as it helped them to understand when
they could be able to touch the contact area. The feedback corre-
sponding to contact area loading has already been considered in the
work of Abtahi et. al. [3] and Posselt et. al [29]. The feedback cor-
responding to location selection that involves absolute end-effector
displacement such as in Clutch, Drag and Follow techniques has also
been considered in the work of [29] where users were able to select
the texture to be touched so the robot could afterwards move to a
position where the texture could be located. Results from the user
study suggest that absolute end-effector displacement performs bet-
ter than an immediate short stepped displacement. These techniques
additionally had the lowest scores concerning painting error.

The integration of gesture commands to displace the contact area
of an ETHD has been considered in previous work [6, 15]. Incor-
porating gesture-based interaction techniques requires considering
the differences between the gestures and the hand-movements that
will occur during the interaction. Results from this study suggest
higher performance when gestures are mostly different from color-
ing the task such as the ones used on Drag or Clutch techniques.
On the opposite side, the similarity between the swipe and coloring
gestures confused users at the moment of learning how to control
the interaction technique on the experimental task. The integration
of a controlling device for ETHD interaction could be taken into
account when training the user to learn to control the system. The
inclusion of the controller does not have to interfere with the haptic
perception but only to work as a tool for selection. Comments from
users suggested that the controller helped them to separate the task of
selecting the contact area and touching the surface. Users qualified
Drag as the most innovative technique since it does not involve a con-
troller and overall it was the second best rated technique. Remarks
from participants over Drag suggested the opportunity of changing
the gesture of lowering down the finger for selecting the contact
area to a more precise gesture. Results from this study suggest that
the Drag technique (which shares almost every feature with Clutch
except the usage of a controller) can be considered as a technique to
be integrated in the future. The arguments in favor of this technique
mostly rely on the usage of natural gestures to point and select the
contact area. Results in time performance indicate the Drag and
Follow techniques had the greater amount of time elapsed by the

users. This might be due that this techniques required pointing to-
wards the desired contact area [28,32] and Fitts’ Law [7, 14, 16,25]
as shown in the research of Bruder et al. [9] and Chun et al [22]. In
addition, the presented shapes had also different levels of complexity
in the coloring task. For instance, the triangle had narrow angles that
complicated the task but the initial position was always close to this
shape. The circle on the other hand was the easiest to color since
there were no corners and it coincided with the brush shape yet it
was the furthest shape from the starting point. The square provided a
balance between difficulty, size and distance to the user. The work of
Arora et al. [5] suggests to take into consideration the complexity of
the shape to be colored in the task. Efforts focused on 2D interaction
for ETHDs also looked for increasing the contact area through active
surface rendering such as physical end-effector rotation [27,34] and
pin-array based surface rendering [15]. Other methods have been
considered such as user virtual redirection [33]. While the Drag and
Clutch techniques had a good performance in the user study, we
recognize that their features can be challenged in other scenarios.
The proposed set of techniques could be further studied concerning
their performance in conditions where the geometry to be explored
possess more complex properties. For instance, the Bubble tech-
nique could not be suited for curved surface exploration. Through
the use of our design space, future work could consist in designing
new ITs and testing them in other scenarios. Combining ETHDs
and VEs can lead to optimize the amount of tangible surface needed
to provide a convincing sensation of touch in a virtual simulation.
Results from this study suggest that an adequate IT that profits from
the ETHD features can not only provide the sensation of touching a
large object but it also optimize task performance and UX. Besides
task performance and UX, others factors are worth to be explored in
future work. Namely, overall ETHD efficiency in providing haptic
feedback in VR, ETHDs performance against other types of hap-
tic displays such as wearable ones, and user presence in a system
combining both ETHDs and VEs.

7 CONCLUSION

ETHDs can render haptic feedback without constraining users to
wear an actuator. Nevertheless, ETHD systems need to overcome
issues concerning primarily large contact area rendering, lag and un-
expected collisions with users. To address these issues, we proposed
in this paper a design space considering features that can be explored
to conceive ITs for ETHDs. These features are: input, movement
control, displacement and contact. Using our design space, we ex-
plored several feature combinations conceiving a set of 5 techniques:
Swipe, Clutch, Drag, Bubble and Follow.

A use-case scenario was created in order to contextualize the
application of these techniques. The task of surface coloring over a
digital canvas was chosen as it involves a large and constant surface
exploration. To assess the techniques performance, a user-study
was conducted to evaluate the accuracy and elapsed time taken
for a shape coloring task. In addition, we qualified the UX per-
ceived by users as a mean to identify the features that were better
evaluated by users. Results point out that the Clutch and Drag tech-
niques had a good performance in matters of low PEP and UX. The
features shared by these techniques are the absolute displacement,
out-of-contact triggering and user-controlled motion. Participants
commented that the visual feedback displayed with these techniques
helped them to better understand the surface rendering process.

Taken together, our results and design space framework could
help to the design of novel ITs adapted to a wider range of possible
tasks. The features considered for the design space can be increased
or adapted to enrich the UX with the purpose of coping with the
devices’ limitations. Future work will be focused on designing and
evaluating ITs for more complex volume exploration as well as
various scenarios.
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