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Abstract: Using the senses is essential to interact with objects in real-world environments. However,
not all the senses are available when interacting with virtual objects in virtual environments. This
paper presents a diamond methodology to fuse two technologies to represent the senses of sight and
touch when interacting with a virtual object. The sense of sight is represented through augmented
reality, and the sense of touch is represented through kinesthetic haptics. The diamond methodology
is centered on the user experience and comprises five general stages: Experience design, Sensory
representation, Development, Display, and Fusion. The first stage comes from the expected, proposed,
or needed user experience. Then, each technology takes its homologous activities from the second
to the fourth stage, diverging from each other along their development. Finally, the technologies
converge to the fifth and final stage for fusion in the user experience. The diamond methodology was
tested by generating a user’s dual sensation when interacting with the elasticity of a tension virtual
spring. The user can simultaneously perceive the visual and tactile change of the virtual spring during
the interaction, representing the object’s deformation. The experimental results demonstrated that an
interactive experience can be felt and seen in augmented reality following the diamond methodology.

Keywords: augmented reality; haptics; immersive technologies; technologies fusion

1. Introduction

The physiological mechanisms people use to interact with an environment, whether real or virtual,
are known as senses. Through touch, sight, smell, hearing, and taste, people perceive the world and
take action based on their feedback [1]. It is not easy to imagine exploring a new environment without
the information acquired by the senses. However, the scientific community has been working on
representing the world artificially and the interaction people have with it to explore and experience a
great variety of environments at hand. Therefore, when an individual needs to interact with a virtual
environment, the use of the senses is slightly different.

Nowadays, there are interactive and artificial environments that allow people to perform activities
like learning anatomy [2], simulating dental surgeries [3], training for assembly operations [4], and
experiencing object roughness modulation [5]. Historically, sight and hearing have experienced the
most significant advances regarding reliable virtual environments due to the belief that vision and
audition convey the most information about an environment [6]. Nevertheless, to have an experience
close to reality, people should feel immersed in any environment, and multiple kinds of feedback
should be integrated.

Sight and touch are a person’s primary information sources when interacting within an
environment. Humans perceive 80% of the information through the eyes [7]. Therefore, if people lose
hearing, taste, or smell, they could still prevent damage by sight. Imagining life without a sense of
touch is rare and hard in this scenario. Touch sensation is complex, allowing us to perceive our limbs’
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position (proprioception) and movements (kinesthesia). The sense of touch is present in all senses due
to the nerve endings in each organ related to them.

During the interaction with virtual objects, it is expected to react by trying to touch what is
seen because people have the intrinsic desire to touch. Hence, offering the sense of touch in virtual
environments could be helpful for the development of interactive experiences [8]. Furthermore,
touching (haptic feedback) virtual information can increase the experience’s realism and user
immersion [9].

The artificial representation of the sense of touch has become a challenge due to the
multidisciplinary approach needed. The field of haptics explores areas like robotics, experimental
psychology, biology, computer science, and systems and control [10]. Just like auditory feedback can be
described in terms of fidelity, haptic feedback can be described in terms of transparency. For example,
in a teleoperated robotic system, transparency can be defined as how the telepresence and the remote
environment can be created with haptic feedback [11].

People benefit from haptic and visual feedback when performing different activities to make
decisions, explore, or learn from an experience. The interaction might be compromised if the
information does not match the user expectancy, and the task might not have the expected benefits,
potentially causing confusion or frustration. Therefore, when visual and haptic feedback is introduced
to a user in a virtual experience, a design methodology is needed to ensure the information corresponds
to the real experience the user expects.

Previously, interesting research had tracked haptic gestures or haptic interactions to manipulate
virtual objects in AR [12,13]. Others had worked with visual feedback through Virtual Reality (VR)
or Augmented Reality (AR), and haptic feedback through haptic devices have been fused [14-18].
However, to the best of our knowledge, the results reported the applied fusion, but none of the works
have reported explicitly a methodology for fusing both technologies in general terms. Moreover, fusing
technologies with different specifications and characteristics is challenging. This paper presents a
methodology for fusing AR and kinesthetic haptic technologies.

This paper aims to propose the fusion of visual and haptic feedback. Therefore, we present a
user-experienced-centered method for fusing the technologies of AR and kinesthetic haptics. The
methodology aims to generate a haptic sensation in a user when interacting with a virtual object’s
physical property in an AR environment through a kinesthetic interface. The main contributions of the
work are summarized below:

* We propose a diamond form methodology with five stages to fuse AR and kinesthetic haptics
technologies.

¢ A homologous step in each stage of the methodology for developing visual and haptic sensation,
starting and ending on the user experience.

¢ We present a case study to see and feel the interaction with a tension virtual spring.

¢ We demonstrate that an interaction with a virtual object could be seen and felt simultaneously,
yet uncoupled.

The rest of the paper is organized as follows. Section 2 shows the background regarding AR and
haptics. The diamond methodology is presented in Section 3. In Section 4, the experimentation is
shown, applying the methodology to an interaction with a virtual spring experience. The experiments
and results are discussed in Section 5. Finally, the conclusions are presented in Section 6.

2. Background

In this section, the background of Augmented Reality and Haptics is presented. Each technology’s
main concepts and classifications are discussed to delimit the considerations taken for the methodology
proposed.
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2.1. Augmented Reality

AR is becoming an important tool in many science fields [19]. AR aims to supplement reality
rather than completely replace it. In an AR environment, virtual objects are superimposed into the real
world, allowing the user to simultaneously see the real world and computer-generated information.
Ideally, the user would feel like the real and virtual objects coexist in the same space because it is
registered in 3D (Three Dimensions) [20]. Virtual objects can be superimposed into real life through
optical or video techniques.

Optical techniques include see-through Head-Mounted Displays (HMD) with placed optical
combiners or fixed monitors with combiners. In the see-through HMD, the combiners are partially
reflective and placed in front of the user’s eyes. Virtual information bounces off combiners in the fixed
monitors, augmenting a monitor’s information. On the other hand, video techniques comprehend
either video see-through HMDs with a closed view in front of the user’s eyes or a monitor/screen
placed in front of the user. Video see-through devices display real-world video captured by one
or two head-mounted video cameras. Then, it combines the video with graphic information. The
monitor/screen view displays the video of a real scene captured by one or two static or mobile
video cameras with combined graphic information. The methodology proposed in this paper could
be applied to either optical or video AR techniques. However, the experimental application of the
methodology was tested using a monitor/screen to display the video of the real scene using a static
video camera with combined graphic information of the virtual object. Since AR must merge real
and virtual, it should allow user interaction in real-time. In AR environments, graphic information is
registered in 3D over the real world through tracking [21].

The work of Stankovic [22] described two main groups of tracking technologies. The first is
contact-based tracking, which includes mechanical tracker systems with kinematic structures and
mechanically attached sensors. The second is contactless tracking, like electromagnetic, acoustic, and
optical tracking. Other tracking technologies, like inertial tracking, are often combined with other
methods and technologies due to their high drift problem. The methodology proposed in this paper is
applied to an optical tracking technology called marker-based tracking. Marker-based tracking uses a
fiducial marker to overlay the graphic information into the real world. However, the methodology
comprises other tracking technologies as long as they allow to set the object in a common reference
frame.

2.2. Haptics

The word haptic comes from the Greek haptesthai that is interpreted as to touch or related to the sense
of touch. The sense of touch is essential for people to explore an environment. Lederman and Klatzky
[23] described exploratory procedures made by the hands to recognize an object: lateral motion,
pressure, static contact, unsupported holding, enclosure, contour, part motion test, and function testing
following to explore texture, hardness, temperature, weight, global shape/volume, global shape /
exact shape, moving parts, and specific functions. Humans explore through the sense of touch, mainly
with their hands but also through the skin. Haptic interfaces are developed to represent the sense of
touch artificially.

Haptic interfaces are feedback devices that generate sensation in the skin or muscles, including
a sense of touch, weight, and rigidity [24]. Commonly, Haptic interfaces are classified as cutaneous
and kinesthetic, whether the stimulus is to the skin or muscles, respectively. Also, haptic interfaces
can be related to active and passive exploration modes for each classification [25]. In this paper, the
methodology proposed considers a kinesthetic active haptic interaction since the user applies motion
and force consciously to a device, obtaining reaction motion and force as haptic feedback.

When someone touches an object in the real world, the person perceives contact forces depending
on the object’s physical properties and the contact location, orientation, and velocity [26]. A haptic
rendering is performed to estimate the interaction-related forces for a haptic interface to display a
realistic experience of virtual object interaction. The term “haptic rendering" was first presented by
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Salisbury [27] as “the process of computing and generating forces in response to user interactions
with virtual objects". The haptic rendering comprises various methods and techniques depending
on the user’s interaction with the virtual object. For example, certain interactions might require
the haptic rendering of a surface, texture, form, or rigidity. Also, each interaction can be haptically
rendered in different approaches like point-to-point based, point-to-plane based, plane-to-plane based,
or point-to-surface based contact.

3. Diamond methodology for Augmented Reality and Kinesthetic Haptics fusion in user
experiences

Due to the importance of visual and kinesthetic feedback in virtual experiences, we propose
a user-experience-centered method for fusing the immersive technologies of AR and haptics. The
diamond form represents the relation between each other’s development counterparts to generate
visual and haptic feedback simultaneously, although they could work uncoupled. Each technology
takes its path beginning from a common reference frame. Then, the technologies are developed
separately to represent sight and touch. Finally, the fusion occurs inside the user, during the experience
implemented in the last stage, through the common reference frame designed in the first stage.

The proposed diamond methodology comprises five stages, including i) Experience design, ii)
Sensory representation, iii) Development, iv) Display, and v) Fusion, in which the development of each
technology takes place. Figure 1 depicts the proposal, and each stage is explained in the following
subsections.

Augmented Kinesthetic
Reality Haptics

Experience
design

Sensory
Representation

Development rendering

Display
device

Display

Fusion

Figure 1. Design method diagram that fusions a kinesthetic haptic sensation of a physical property in
an AR environment

3.1. Stage 1, experience design

The proposal describes the interactive experience that should be displayed to the user. Next,
the object to interact with and the physical property that will be displayed must be selected. The
physical property of the object selected must be part of the dynamic behavior that the user interacts
with. Therefore, this stage includes the following:

1. Virtual object and physical property selection.

2. Identification of graphical and mathematical models to describe the dynamic behavior of the
virtual object.

3. Reference frame design for user experience.
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The methodology starts with a need for a user experience. The designers must identify the
virtual object they want to represent visually and its physical to be represented haptically. The visual
information will be displayed based on the 3D object’s characteristics. The haptic information will be
based on a physical property for the user to feel.

The graphical model is planned to change dynamically during the user experience. The designers
must define what characteristics will change and how. For example, if the object to represent is a
sponge, the user could interact with it through different exploratory procedures that would change its
form. The designers should decide how the user would experience the interaction and how the object
would visually change. The haptic feeling of the user must be described as a physical property. The
physical property should be force-related due to the nature of the kinesthetic haptic. Like the graphical
model, the feeling of interacting with a virtual object is planned to change dynamically during the
user experience. The user can choose from physical properties like the ones shown in Table 1.

Table 1. Example’s list of physical properties to feel

Brittleness Hardness Pressure
Ductility Magnetic field ~ Stiffness
Density Magnetic flux ~ Tension

Elasticity Mass Viscosity

Electric charge Momentum Weight
Electric field Plasticity

As seen from Table 1, most force-related physical properties are mechanical due to their close
relation with materials and forces. Once the virtual object and its physical properties are selected,
the designers must identify the graphical and mathematical models selection of the graphical and
haptic model to represent them. For the graphical model, it is important to determine the size and
shape of the object so as the tools to use, like Computer-Aided Design (CAD) software to design the
graphical model and a software framework to develop a graphical rendering of the AR scenes. As the
counterpart in haptics, the designers must work on identifying the mathematical model that describes
the selected physical property. That model will be the one to describe the interaction force that the
user will be feeling during the final user experience.

Finally, the designers must sketch the reference frame where the user will interact with the virtual
object. The reference frame must be designed and centered on the user experience. When users have
no idea of what to expect from the experience, they may lose interest, motivation, and other benefits
that could come with it. Some authors take time before tests to teach the user how to manipulate the
devices and how to perform an interaction to ensure the user experience is carried on successfully.
In this stage, the main reference position is defined considering the haptic interface mechanism and
the planned dynamic visual and haptic changes. All the experience variables must be considered and
depicted graphically and conceptually. The experience variables are all positions that the designers
plan to use as a reference for the user ‘s experience.

Figure 2 shows a reference frame for an interactive user experience where all the experience
variables are defined graphically. The experience variables are defined conceptually in Table 2. The
example is based on a lever mechanism, and the position is an angle. For practical purposes, the
angular position will be named position and referenced as x.
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Position —
Reference

. Position

Current
Position

Figure 2. Example of an reference frame

Table 2. Main variables of the reference frame

Experience Variable Description

State of the interfaces that indicates the location
of the lever throughout a trajectory.

Indicates the positioning of the virtual object in
the AR environment.

Position

Reference Position

Current Position Indicates the location at the current time.
Relative position of the lever indicates the
X distance between the reference position and the

current position.

Interaction force displayed by the haptic interface
F to the user, the two-sided arrow indicates that the
direction may be on either way.
Moment arm taken from the length of the lever.
T Torque exerted by the motor.

[

The design involves the planning of the experiment and the experience of interacting with the
physical property of the virtual object in an AR environment. Users must be aware of every step
of the interactive experience to interact more confidently. Users who try new technologies usually
do it with fear, mistrust, self-consciousness, or unsteadiness. This feeling is understandable due to
users’ uncertainties about how to use the latest technology. A detailed explanation of the experiment
interaction might attenuate this feeling.

The following set of questions can be a guide in which the answers aid the experience interaction
plan.

* Where should the user be positioned?

¢ What hand should the user use? Is it relevant to the experience?
* What should and should not the user grab?

e How should the user interact with the virtual object?

* Are there any constraints on how the user should perform the experiment?
¢ What will the user see?

¢ What visual information will be displayed?

* Where will the visual information be displayed?

* What will the user feel?

¢ What haptic information will be displayed?

* Where will the haptic information be displayed?

The user experience strongly depends on the purpose of the experiment. Other questions could
be made to focus on the user experience. Once those questions are answered, a detailed step-by-step
instruction list should be made. The instructions are recommended to have graphical information to
ease the understanding of the user.
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3.2. Stage 2, Sensory representation

During the second stage, the development of each technology takes its own homologous path.
AR technology carries on the sensory representation of sight by constructing the graphic model of the
virtual object based on the characteristics and positions determined on the reference frame stage. The
kinesthetic haptics technology represents the sense of touch as a force. Therefore, the mathematical
model of the physical property selected in the first stage is programmed in this stage.

3.2.1. Graphical model

The graphical model will be superposed in an AR scene to represent the virtual object with
physical properties. The model can be designed in CAD software to import it into the AR scene later
and change it dynamically. The user will see this graphical model as a virtual object.

At this point, the designers must know where will the virtual object be positioned, so it is
important that in this stage, they define how the graphical model will be superposed and tracked in
the AR scene. There are many technologies to position and track the visual information in an AR scene.

The easiest way to produce and place landmarks in the environment is with images designed for
this purpose, called fiducial markers [28]. It is recommended to start by superimposing, positioning,
and tracking the virtual object through fiducial markers.

Fiducial markers have known dimensions and features, allowing a method of pattern recognition
to identify them in the world’s coordinate system. Markers should be designed with features like
corners, shapes, and a unique pattern. QR codes have been widely implemented for this purpose.
Another consideration for the design of the markers is asymmetry. When the marker translates and
rotates, an asymmetrical design lets one keep track of the marker’s direction [28]. Finally, the marker
image must be associated with a 3D model. For example, if the marker is used for displaying a virtual
cat, the marker can be associated with the cat by writing the word cat in a corner or drawing an icon
of a cat at the center. If the designers decide to use markers to register the virtual object in the AR
environment, they should follow the previous advice to generate the corresponding markers of the
user experience they are developing.

3.2.2. Mathematical model

The mathematical model, usually called haptic rendering, estimates the haptic information to
be felt by the user during the experience. The haptic information considered in this methodology
is kinesthetic, with variables like position, velocity, acceleration, force, torque, etc. The following
description focuses on force as the kinesthetic haptic information.

The mathematical model describes the behavior of an object due to a specific physical property.
In the model, the designers may set the limit of the force interaction based on the mechanism to be
used as a haptic display if they are known.

Physical properties have an impact on the behavior of an object when it is manipulated. The
behavior is the response to a force interaction that can be described as a function or mathematical
model. The function F,,r should be determined in terms of the physical property and the variables of
position x, velocity x, or acceleration ¥ as shown in equation (1). The result of the function will be the
force reference of the control scheme. Most models relate the physical property to its behavior when
the user applies a force.

Fref :f(x/x/j‘:) 1

Determining the maximum magnitude of the interaction forces that the haptic interface can
display is imperative. The haptic interface is a mechanism with electrical and mechanical constraints.
Therefore, the interaction forces displayed by the device depend on those constraints. The motor
features obtained from the motor characterization and the power source can be used to determine the
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maximum magnitude of the torque exerted by the motor. The torque that the motor exerts determines
the interaction forces limit as shown in equation (2).

Tmax = IpsK; )

where Tj;4y is the maximum torque the motor can exert, Ipg is the maximum current in amperes that the
power source can deliver, and K; is the experimental torque constant of the DC motor. It is important
to ensure the motor driver and the motor support the same or more current than the power source
so the driver and motor do not overheat. The lower current support should be considered for this
estimation. A percentage of Tj;ux can be set as the real limit for safety purposes. This way, the power
source will not break down, or the circuit breaker will trip when the Ipg is reached.

Once the maximum torque reference T,y that the motor can exert is calculated, the parametric
limits of the physical property selected will be estimated. The limits are estimated by the Ty, and the
function f(x, %, ¥) that defined the torque reference in terms of the physical property and the variables
of position x, velocity ¥, and acceleration X. The limits are defined to establish the feasible magnitudes
of the chosen physical property that can be represented.

3.3. Stage 3, Development

In this stage, the development of each technology is carried out individually. This is the furthest
point between technologies; they started from a common reference frame and diverged to this stage.
The graphic rendering carries on the programming and configuration of the AR environment with an
outcome of an AR scene that the user will see displayed on a screen. The control scheme carries on
the programming of force control in which the outcome is the signal, allowing the haptic interface to
display the force corresponding to the user experience when interacting with the virtual object.

3.3.1. Graphic rendering

The graphic rendering is conducted on a graphics engine software. Most graphic engines support
different libraries and tools for tracking. The libraries allow monitoring of the objects’ position
simultaneously with graphical transformation. First, the virtual object is planned to change its
transformation regarding the user’s interaction during the experience. Second, depending on the
reference frame, the 3D virtual model should suffer a change in position, rotation, or scale. These two
considerations should be taken into account to program the visually dynamic change in the virtual
object during the experience.

The graphic engine does not need an additional physics library or tool since the kinesthetic haptic
generates the haptic information. In this case, the graphic engine processes the graphics, and no
other computational load is added. In AR environments, the computer vision problem of identifying
and reconstructing the environment can be eased by adding landmarks at key points. Therefore, in
the graphical model stage, we suggest using fiducial markers. The fiducial markers have two main
purposes. The first is to place the virtual object in the real world, achieved in the Sensory representation
stage. The second is to keep track of the haptic interface manipulation. The second purpose allows the
identification of a change in the current position so that the virtual object can be transformed in the
graphic rendering stage, programmed in this stage.

3.3.2. Control scheme

The control scheme allows getting a desired control signal given an input value by, for example,
compensating, adjusting, estimating, and/or filtering it. We recommend that the control outcome is
saturated by software to the maximum magnitude of the interaction forces that the haptic interface can
display. The T,,x Was estimated at the previous stage.

The control scheme should generate a control signal for the haptic device to display the force
corresponding to the user interaction during the experience. We recommend considering applying a
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sensorless force control due to the high cost, poor maneuverability, and fragility of force sensors. We
also recommend a force control with a force reference input. The force reference would be estimated
by the mathematical model of the haptic rendering and then sent as input of the control scheme. The
control scheme can be taken from traditional or modern control theories.

3.4. Stage 4, Display device

In the fourth stage, the methodology starts the convergence of the two technologies, yet they
are still uncoupled. This stage tests the display of visual and haptic information separately before
the fusion stage. The corresponding outcomes of the development stage are now displayed through
the corresponding device. The AR scene and the control signal are sent to a display device and a
kinesthetic haptic device, respectively.

3.4.1. Display device

The display of the virtual object is based on the reference frame designed in the first stage. The
purpose is to display the visual information to the user in an AR environment. The AR scene can run
on a Personal Computer (PC), tablet, or mobile device. In this stage, the positions of the visual feedback
and the virtual object’s graphical model are set over the real world through a display device like a
laptop, monitor, mobile device, tablet screen, etc. If the haptic interface is considered a desktop device,
it is recommended that the display device also be a desktop application with a computer monitor or
a laptop screen. However, other displays like HMD or mobile devices can also be considered. The
screen must be positioned in such a way that the user can easily reach the haptic device and see the
AR environment at the same time.

3.4.2. Kinesthetic haptic interface

A haptic interface is a device that makes a user feel like touching something. This methodology
focuses on kinesthetic haptic feedback, meaning that the haptic information displayed is force-related.
The device is an actuated mechanism. The designers must consider the mechanical constraints and,
if necessary, add mechanical limits to avoid injury or harm to the user during the experiment. The
type of device and the number of degrees of freedom can be chosen, although it is recommended to
consider them for the reference frame design. The interface can be designed or bought as long as the
user experience designers know how to introduce the control signal so that the device acts as desired.

3.5. Stage 5, Fusion

The lack of transparency when generating the feeling of touch for interactive activities leads
to a far-from-reality experience. In a virtual environment, verifying the realism and experience of
haptic interaction is necessary. When the haptic interaction is kinesthetic, the verification should
be in terms of kinesthetic variables like force and position. The diamond methodology to fuse AR
and kinesthetic haptics proposed in this paper is centered on the user experience. Still, the approach
towards the development of each technology is homologous and uncoupled until this final stage. By
uncoupled, it is meant that both technologies could work and be tested separately from each other.
However, there should be initially planned as a single fusion experience where the user can see and
feel the interaction with a virtual object. The AR does not need an additional physics engine for the
force/torque estimation since the kinesthetic haptics stages are in charge. Likewise, the haptic interface
can display forces related to the user experience planned, even if the AR scene is not yet loaded. The
importance of the AR module is to close the visual loop with the user, allowing to see what is felt.

Both technologies are fused in this stage and converge to a single user experience. Although their
development diverged during the second and third stages, the reference frame designed in the first
stage guides them with homologous activities and a common objective. Know that fusion occurs when
the markers are positioned over the kinesthetic haptic interface, coinciding with each technology’s
reference. The visual and haptic information should now be displayed at the same time. There might
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be a need for a camera setup to allow users to interact freely with the virtual object. The camera can
be fixed over the haptic interface if the haptic interface is a desktop device. If the haptic interface is
wearable, the camera setup can be either held by the user with one hand and the wearable on the other,
or it can still be fixed and determine a work area.

4. Methodology Experiment: The Virtual Spring

This section presents an example of implementing the proposed diamond methodology to see
and feel a tension virtual spring. Springs are typical objects employed in haptics experimentation due
to their flexibility to represent cloths, hair, walls, skin, organs, and sponges by changing the spring
coefficient or arranging different configurations with or without dampers and other mechanisms [29].

4.1. Stage 1

The application of the diamond started with the selection of the virtual object and the physical
property to represent the user experience. The virtual object selection came from the fact that
an interaction with a spring model can represent other experiences related to active exploratory
procedures, like applying pressure to explore the hardness of any object. For the tension spring case,
the physical property selected was elasticity. Later, the graphical and mathematical models were
identified as follows:

¢ Graphical model: tension spring with hooks, a free length of 4cm, a body length of 2cm, and an
outside diameter of 1cm. Solid Works®was selected as CAD design software.
* Mathematical model of elasticity: Hooke ‘s Law.

The reference frame was proposed after selecting and identifying the visual and haptic models.
The proposition was based on the positioning of the virtual object for user interaction. In Figure 3, the
tension spring is represented in the reference frame proposed. The interactive object that the user will
feel and see is also collocated to visualize the expected result in a diagram. The form of the haptic
interface can be considered if the mechanism is known from the beginning.

Position —
,,,,,,,,,,,,,,,,,,,,,,,,,, Reference
Virtual =/ = Position
Spring 5 ™

Current
Position

Figure 3. References for tension virtual spring experiments

The reference points of the experiment were identified in a picture of the experimental setup, as
shown in Figure 4, where the markers and virtual spring were overlapped to plan the tracking. One
marker was planned to be fixed, and the other to move with the haptic lever manipulation. Then, the
virtual object would be overlaid on the marker placed in the Position Reference of the fixed marker.
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Figure 4. Reference points and 3D object planned position

The following list details the user experience instruction plan to interact with a virtual spring.

1. The user sits in front of a desk where the haptic interface and a computer screen are positioned.

. The user employs the right hand to move the haptic interface.

3. The user grabs the haptic interface from the end effector. The user should not grab the haptic
interface from the base or joints.

4. Once the user grabs the end effector of the haptic interface, he/she can move it in two directions
(back and forward), parting from a specific starting point.

5. Make sure not to make rotational movements. Make sure to grab the end effector of the haptic
interface during every movement; do not release it when the haptic information is displayed
unless indicated.

6. The virtual spring will be displayed on the screen right between the two reference points from
real life.

7. The user should move the end effector to the starting point to start again.

8. The user will feel like stretching and releasing a virtual spring when moving between two

N

reference points. The user will experience a linear force profile of resistance to the stretching.
9. The force feedback will be generated from the device’s motor.

4.2. Stage 2

Stage 2 is about seeing and feeling a virtual spring. In stage 1, graphical and mathematical models
were identified as what the user will see and what the user will feel during the experience. In this
stage, those models are designed and programmed, respectively.

4.2.1. Graphical model

In this section, the graphical model of the proposal is designed. The reference points determined
in the previous stage are required to position the markers. The user manipulation of the haptic interface
position was planned to be tracked with the fiducial markers. Then, the virtual 3D object is placed
over the real environment. In the following stage, the virtual object will be programmed to transform
as the user manipulates the haptic interface position. Finally, the visual information is displayed to the
user through a display.

The graphical model designed was a tension spring with two hooks. The tension virtual spring
was designed in CAD software called Solid Works ®. Later, it was imported into the graphic engine
Unity 3D ®. Finally, a test marker was added to the main scene, and the spring CAD was attached, as
shown in Figure 5.
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Figure 5. tension virtual spring CAD

4.2.2. Mathematical model

The mathematical model represents the haptic rendering that estimates the haptic information
that should be displayed to the user on the haptic interface. In this case, the diamond methodology
considers kinesthetic haptic information, such as position, velocity, acceleration, force, torque, etc. The
mathematical model used for the virtual spring is Hooke’s Law. With Hooke’s Law, the force reference
can be rendered according to the user’s interaction with a virtual spring. A spring constant was chosen
to represent a real tension spring. The interaction force was estimated with Hooke’s Law depicted in
equation (3).

Fs = kgx 3)

where F; is the interaction force when pushing/pulling a spring, ks is a known spring constant, and
x is the spring extension when F; is applied at one end of the spring. The expected values of the
maximum torque and the maximum displacement of the experiment must be considered for estimating
the parametric limits of the spring constant. Since the torque reference will be the control variable for
the control scheme, it was calculated with the moment arm of the mechanism (length of the lever), and
the force reference as shown in equation (4).

Tref = rFrefSin(em) (4)

where r is the moment arm and 0, is the angle between the moment arm and the vector of the
interaction force at the application point, as shown in Figure 6. The force direction is represented by an
arrow that starts in the lever and goes to the spring, indicating the tension exerted by the spring when
the user extends it. For practical purposes, the angle 6,, will be 90 degrees living the torque reference
calculation as in equation (5)

Tref = rPref ®)

The force reference Fy is the force interaction that will be displayed to the user. The torque
reference T, is the torque that the motor will exert.

Fref

Figure 6. Force interaction and moment arm
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4.3. Stage 3

In stage 3, the development of both visual and tactile sensory representations is carried on. From
the first stage, the methodology diverged to the third. The output of the stage will start converging to
the final stage, where the fusion will occur. The AR and Haptics technologies are the furthest away at
the development stage, so they can be tested individually before the fusion. This section describes
how the graphic rendering and the control scheme were developed.

4.3.1. Graphic rendering

The graphic rendering was developed in Unity 3D® [30]. Unity 3D® is a powerful game
engine that allows graphics rendering, transformation models, lighting manipulation, and collision
detection. Unity 3D® was chosen due to its flexibility to manage a wide range of platforms, extensive
documentation, and many extensions and Software Development Kits (SDKs) developed for it.

A new project was created, and an AR camera object was added. Then, the markers database was
imported into the Vuforia extension. Finally, both markers were positioned on the origin of the AR
camera’s coordinate frame.

The virtual spring transformation was modified to appear extended when separating the two
markers. The spring extension [/ is estimated considering the distance between the markers d following
the linear model:

I=md+0b

where the parameters m and b modified the spring’s extension behavior and were obtained
experimentally to appear realistic.

4.3.2. Control scheme

The control scheme and calibration method for the control gains presented in [31] was
implemented within the development stage of the kinesthetic haptic technology; a detailed step-by-step
was described in that work. The control scheme, represented in Figure 7, describes the torque control
scheme based on a Disturbance Observer (DOB). The control scheme receives a torque reference as a
control input from the mathematical model. As part of the sensory representation stage, the velocity
of the DC motor is estimated to be later characterized, and the parameters are used to set the force
interaction limits. The control scheme sends the control signal to the haptic interface for the mechanism
to display the haptic information corresponding to the user interaction.

Torque T Control scheme

reference I

Position | * N x M E . | kp, Kyi Control
¢ ontro
¢T=oc1Fy ott?r : xperlrpenta O
Estimation Characterization Gains Control f| signal
action

Disturbance

Figure 7. Sensorless toque control scheme

The control saturates on the maximum torque expected when the torque reference exceeds that
value. The control also saturates in zero if the position reference is surpassed. When the user interacts
with the tension spring, the reference point is located right on the side of the tension spring in a
stationary state. Therefore, when the user moves the lever away from the reference point, the force
magnitude increases opposite to the user’s movement, pulling the hand of the user to the reference
point. For this experiment, the spring constant was calculated for displaying a maximum torque of
0.25Nm when the maximum tension of the spring x = 1rad % 0.2m = 0.2m is reached, resulting in a
Ks = —25N/m.
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Figure 8. Haptic information: user’s feeling of virtual spring. Simulation and experimental results, a)
Experimental position when moving the Haptic Lever manually, b) Simulation of changing position
at a constant velocity, ¢) Experimental results of the torque control response compared to the torque
reference, and d) Simulation of the torque response given a simulated change in position

The torque applied by the motor during the experiment is in the opposite direction to the hand
motion, rendering a dynamic force related to the user’s interaction. The torque reference changes
dynamically with the user’s motion control and is proportional to the estimated force, F;, as in equation

©6).

Tref = Fr (6)

where T, is the torque reference (control input) and r is the moment arm of the Haptic Lever, r = 0.2m.

Figure 8 shows the experimental and simulation results of the interaction with a tension virtual
spring. The tension virtual spring is stationary, as shown in Figure 3. The spring edge is in the 0
radians reference point. The experiment starts by pulling the spring from 0 to approximately 3 radians
(Figure 8a). The movement was made while maintaining a constant velocity to compare the behavior
with the simulation in Figure 8b. As can be observed in Figure 8c, the maximum torque was reached at
1 radian, so the torque rendering is saturated at 0.25Nm as a safety condition. A slight vibration in the
response was observed in the zoom area, but the amplitude was not perceptible. The linear behavior
of the torque rendering is similar to the simulation shown in Figure 8d.

4.4. Stage 4

In stage 4, the methodology starts converging to the fusion by displaying the visual and haptic
information that, although it is yet uncoupled, they start working under the same reference frame.

4.4.1. Display device

The visual information was displayed on a Laptop screen with a 1920x1080 resolution at 60
Frames Per Second (FPS). A database with all the needed markers for the display test must be added
to the tracking library to identify them correctly. Regarding two reference points, the two tracked
positions are computed and entered into a graphic engine. Figure 9 shows the visual information
generated.
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e HHE

Figure 9. Virtual spring scale transformation displayed

The extension was determined as the difference between a reference and the current position of
the haptic interface, as described in the graphic rendering. In this stage, there can be adjustments to
the estimated transformation.

4.4.2. Kinesthetic haptic device

The kinesthetic haptic device selected to display the haptic information was The Haptic Lever
designed in [31] in Figure 10; the haptic interface is represented, so as the signals related to the other
stages like the control signal and the reference frame. The main elements of The Haptic Lever are the
DC motor, which generates the haptic information according to the control signal that comes from the
control scheme, and the lever, which displays the haptic information directly to the user.

The reference frame is the information corresponding to the experiment or sensation that wants
to be displayed, designed in the first stage. The design must consider the mechanism of the haptic
interface. A one Degree-of-Freedom (DoF) kinesthetic haptic interface is considered for the study
case of the diamond methodology. However, other devices with more DoF could be used. The haptic
information represents the sensation the user feels. A two-way arrow was used to represent the
bilateral nature of the sense of touch. The Haptic interface displays haptic information corresponding
to the user’s interaction with the mechanism.

Disturbance
Encoder =—p» ﬁ
Position
ﬁ

Control signal

Motor <=

Reference
frame
Haptic
Information

Figure 10. Kinesthetic haptic interface: The Haptic Lever from [31]

4.5. Stage 5

A camera was rigidly placed on an aluminum base. As shown in Figure 11, the camera setup
considers the camera facing downward to the experimental area in such a way that the workspace of
the haptic interface can be captured. Next, the markers are placed on the reference points from the first
stage. The user manipulates the haptic interface position, and the motion is captured by one marker
tracking. Then, another marker is placed on a different reference point. An interaction might require
more than two markers.
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Figure 11. Camera setup for marker-based tracking

Altogether, the markers allow closing the interaction loop visually while the user feels like
stretching the virtual spring. Figure 12 shows in two frames how the user could see and feel as if
pulling a tension spring. The spring constant taken as a reference for the interactive experiment was

=2.5N/m.
S

Figure 12. Visual information fusion: user’s view of virtual spring

The fusion is the last stage of the diamond. Figure 13 shows the final experimental set for the
fusion of AR and haptics technologies. Since the haptic lever is a desktop device, the AR scene is
considered a desktop application. The visual information was displayed on a laptop screen. The visual
display was positioned in front of the users and behind the haptic lever so they could reach the haptic
device and see the AR environment simultaneously.
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Steady state Stretched spring

Figure 13. Final experimental set for visual close loop interaction

The position of the Haptic Lever is sent in two forms: i) as a marker position to the AR scene
to make the corresponding changes in the visualization of the virtual object and ii) as a disturbance
acquired by an encoder sent to the control scheme to adjust the haptic sensation corresponding to the
user interaction with the device.

5. Discussion

In this paper, we presented a diamond methodology with five stages to fuse the technologies of
Augmented Reality and kinesthetic Haptics. Each stage was described in terms of activities and steps
to make sure both technologies represent visually and haptically an interaction with an object. The
first and last stages are user experience-centered. The diamond form represents the divergence from
the first stage to the uncoupled development of the two technologies and the convergence from that
stage to the fusion of the technologies in one experience. Also, the inner stages of the diamond method
have homologous activities and steps to create the dual-user experience. We represented a tension
spring to demonstrate that an interactive experience within an AR environment with the feeling of
touch can be created using the diamond methodology. Springs are one of the most used mechanisms
to validate haptics since it is a basic mechanism that allows the representation of many other objects.
The fusion results were described in terms of the visual effect in AR and the touch feeling through the
Haptic Lever activation.

Concerning the AR environment, it can be observed that the 3D model generated allows the user
to see the spring behavior just as if it were deformed in real life. The results confirmed that AR is
useful for representing dynamic phenomena like deformation and motion during user interaction.
With the fiducial markers, the virtual object can be inserted and positioned realistically. Also, the
distance between markers can be estimated to simulate the expected deformation or motion of the
virtual object.

The haptic results demonstrated that the feeling of touch could be generated from the haptic
information estimated with the mathematical model in the mathematical model step of the sensory
representation stage. Therefore, the haptic information estimated can be displayed in a haptic interface
due to the control scheme. The control scheme allows control without the need for a force sensor, which
facilitates the start-up of the experience and provides transparency in the haptic feeling. Other control
schemes and sensors could also be implemented, but a sensorless control scheme is recommended due
to practicality and low cost. The feeling of stretching the virtual spring followed the behavior of a real
tension spring. The motor characterization is an important task that should be made carefully to let
the observer identify the torque exerted by the haptic interface.
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The visual and haptic information coincide by adequately setting the fiducial marker’s position
over the Haptic Lever as planned on the reference frame. We recommend fixing the markers to avoid
their movement because they mark the reference points of the experiment. If the markers are not
fixed to the haptic interface, the reference points and the virtual objects will appear in an unexpected
place and the transformation might represent erroneous deformation. We also noticed that a plain
background under the markers facilitates the markers’ identification. The diamond methodology
does not exclude mobile applications, but we recommend HMDs or desktop applications since the
experience requires hand manipulation to feel the interaction.

The methodology proposed is based on homologous classic AR and kinesthetic haptic approaches
developed and tested individually but displayed together. From the literature review, we notice that
the development of AR experiences that include haptics focuses on specific applications but never
proposes a general methodology to fuse those technologies regardless of the study case or specific
application. Although we considered a basic interaction, our proposal can be applied to many other
case studies of interactive AR-Haptics objects like buttons, wheels, skin, barriers, drills, balls, and
fruits.

6. Conclusions

This paper proposed and applied a user experience-centered methodology to fuse the immersive
technologies of AR and Haptics to create a visual and tactile experience. The user experience example
consisted of manipulating a tension virtual spring. The methodology has five stages in which the
designer identifies what to see and feel in the first, how to see and feel from the third to fourth, and
how to actually see and feel in the last.

The experimental results demonstrated that following the diamond methodology, an experience
to be seen and felt in an AR environment can be created. The experience tested was a tension virtual
spring due to its flexibility to represent many other objects. Furthermore, different experiences can be
described with constant, linear, and exponential force profiles as long as the parameters of the haptic
interface and markers are matched to the corresponding experience.

The proposal has the potential to be implemented in different training and learning scenarios of
academic, medical, industrial, and entertaining. The advantages of developing AR-Haptic experiences
can be explored in the areas mentioned and their implication for the user. Further work may consist of
evaluating the fusion of haptic and AR using different models like Attention, Relevance, Confidence,
and Satisfaction (ARCS), Technology Acceptance Model (TAM), Augmented Reality Immersion (ARI),
or System Usability Scale (SUS).

Author Contributions: Conceptualization, A.R.R., 0.0.V.V,, M.N. and EG.; methodology, A.R.R., 0.0.V.V. and
M.N. ;software, A.R.R.; validation, A.R.R. and EG.; investigation, A.R.R., 0.0.V.V,, M.N. and EG.; writing—original
draft preparation, AR.R., O.0.V.V,, M.N. and EG.; writing—review and editing, A.R.R. and O.0.V.V. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was financially supported with funds from CONACYT.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the corresponding
author.

Acknowledgments: The authors would like to thank the Universidad Auténoma de Ciudad Juarez (UAC]) for
the support and equipment.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Abbreviations
The following abbreviations are used in this manuscript:



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 February 2024 d0i:10.20944/preprints202402.1174.v1

19 of 22

AR Augmented Reality

HMD  Head Mounted Display

ARCS  Attention, Relevance, Confidence, and Satisfaction
TAM  Technology Acceptance Model
ARI Augmented Reality Immersion
SuUS System Usability Scale

CAD  Computer-Aided Design

DC Direct Current

DoF degree-of-freedom

DOB Disturbance Observer

PC Personal Computer
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