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Abstract As human beings, from an early age, learning and discovery are enabled
by senses: visually exploring the 3D world around, holding and touching objects or
listening to others and asking questions. In a traditional education environment, train-
ing setup or collaborative work, the majority of the interaction modalities and written
materials are still designed for a 2D visual space (e.g., books, course web pages, arti-
cles, videos, and images). With the rapid advances in technology, new interaction
modalities become widely available and have the potential to improve, and often
revolutionize the way we interact, learn and cooperate with each other. The chapter
explores new interaction paradigms and systems enabling the shift from a 2D visual
space to 3D user interfaces, as well as the addition of a new interaction modality, the
tactile or touch modality, through haptic user interfaces. The International Standards
Organization’s extended 3D (X3D) open standard provides a considerable opportu-
nity to design and implement innovative and revolutionary Web-based interfaces to
support and augment engineering courses and design activities. Haptics devices and
associated APIs are enabling a revolution in engineering interaction design and engi-
neering education. Several use-cases and exampleWeb3D applications are presented
to provide an overview of the existing trends. A concise presentation of the human
tactile system, followed by a survey on current haptics hardware accompanied by
several successful implementations for engineering education, highlights the near
future trends.

Keywords Web3D · Haptics · Engineering education · Engineering design ·
Simulation · Intelligent dialogue
1 Introduction

Haptic technology has evolved at a rapid pace over the last decade and various
consumer-based haptic devices have emerged on the market. Affordability of haptic
hardware was enabled mainly due to the proliferation of computer games and the

F. G. Hamza-Lup (B)
Computer Science, Georgia Southern University, Savannah, GA 31419, USA
e-mail: fhamzalup@georgiasouthern.edu

© Springer Nature Switzerland AG 2019
D. Schaefer et al. (eds.), Design Education Today,
https://doi.org/10.1007/978-3-030-17134-6_8

179

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-17134-6_8&domain=pdf
mailto:fhamzalup@georgiasouthern.edu
https://doi.org/10.1007/978-3-030-17134-6_8


180 F. G. Hamza-Lup

reduced cost of hardware components. As the surrounding world is highly tactile
and three-dimensional (3D), many tasks routinely accomplished are tactile in nature
and familiar from a 3D perspective. With the arrival of XR (Cross Reality—encom-
passing Augmented Reality, Mixed Reality, and Virtual Reality), the time has come
for the tactile and the 3D visual modalities to naturally become part of the current
and near future user interfaces. From applications for complex device manipulation
(e.g., nano-manipulation, robotics), to training modules in a distance learning or
technology-enhanced course, these technologies are redefining how users of all ages
engage with others, collaborate and learn.

The chapter is organized as follows: in Sect. 2 an overview of the X3D ISO
standard and architecture is provided, followed by several examples of Web-based
applications designed to support learning and collaborative activities in various engi-
neering and engineering design fields: frommechanical engineering to urban design.
The same section explores the potential of Web3D in energy-efficiency assessment
vis-à-vis building architecture and design.

Section 3 explains the haptic paradigm and provides a succinct explanation of the
human tactile system. Next, the section explores state-of-art developments in haptic
hardware systems and haptic rendering software. We explore applications of the
visual-haptic paradigm designed to improve education and understanding of various
abstract concepts fundamental to engineering disciplines. In conclusion, near future
trends in 3D visual-haptic interfaces application in engineering design activities and
intelligent dialogue, are explored as a trend that will accelerate in the foreseeable
near future.

2 Web3D in Engineering Education

The web has become an enormous repository of data and the number of users has
grown significantly over the past few decades, yet most of the web visual con-
tent mainly consists of 2D representations, static images, and dynamic multimedia.
Presently, 3D display technology is in the beginning phase in numerous sectors (e.g.,
military simulation, medical, photography, gaming, education, and entertainment)
and is expected to grow to over $112 Billion by 2020 with a projected compound
annual growth rate of over 26% (Allied 2018). As 3D display devices are becom-
ing available at a rapidly increasing pace, 3D content and development systems are
lagging behind since most user interfaces have been designed with the flat screen
paradigm in mind. Specifically, Web-based 3D content development and manage-
ment have the potential to significantly improve not only the design of various appli-
cations but also thewayusers interactwith each other online.Novel 3Duser interfaces
that enhance social interaction and promote learning and cooperation in a variety of
engineering and design tasks can revolutionize knowledge sharing.
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2.1 Web 3D Standards—Architecture Overview

Extended 3D (X3D) is an International Standards Organization (ISO) standard that
provides a considerable opportunity to design and implement innovative user inter-
faces on theWeb in order to support and augment engineering knowledge sharing and
collaborative design activities. X3D is being developed by the Web3D Consortium
(originally the VRML Consortium) as a mature and refined standard, improving on
numerous issues from the past (e.g., XML compliance). It uses a scene graph con-
struct to define the current scene, and allows interconnections with the Scene Access
Interface (SAI) and other language bindings for advanced system functionality, as
illustrated in Fig. 1.

The X3D standard uses XML encoding and is backward compatible with VRML.
It provides a means to encrypt and compress the entire scene graph and all associated
data. The scene graph contains all the components of the scene (i.e., nodes and their
associated fields). The scene graph is parsed by a software component that usually
runs in the browser (as a plug-in). The Scene Authoring Interface (SAI) provides
extended functionality through a variety of scripting and programming languages
(e.g., ECMAScript, Java, C/C++) as illustrated in Fig. 2.

Fig. 1 X3D file encodings and programming language bindings (Brutzman and Daly 2007)
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Fig. 2 The X3D scene graph and the scene authoring interface (Brutzman and Daly 2007)

Thepossibility to add extended functionality to the 3Dcontent allowsdevelopment
of complex behavior and functionality in the X3D web interface, opening a large set
of possibilities for interaction design and development. Complex n-Tier Web-based
systems with extended middle-tier and database functionality may be deployed.

2.2 Interactive Engineering and Web3D

Many engineering programs throughout the nation face challenges in terms of stu-
dent retention and success (Alter and Walser 2007; Brus et al. 2004; Steenkamp
et al. 2017). As technology is changing the industry and jobs’ landscapes more
adult learners are seeking engineering education, many through an online/distance
program (Rosen 2009). With the proliferation of computer-aided and web-based
educational technologies in the classroom, the potential for Virtual Learning Envi-
ronments (VLEs) (Annetta et al. 2010) is growing fast. Such tools may reinforce
concepts from lectured material, provide exposure to practical issues associated with
experiments and present visual, realistic applications of theoretical concepts. In addi-
tion, interactive simulations and virtual 3D environments can play a significant role
in facilitating learning through engagement, immediate feedback and in creating
real-world scenarios.
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An example, Virtual Interactive Engineering on the Web (VIEW) (Goeser et al.
2011), provides a set of 3D web-based laboratories and modules designed for sev-
eral engineering domains: materials engineering—Tensile Testing Laboratory and
mechanical dissection—Small motors examination.

TensileTestingLaboratory (Hamza-Lup et al. 2009), is anX3Dmodule designed
to introduce engineering students to the testing techniques required to evaluate cer-
tain mechanical properties of materials such as the elastic modulus, yield strength,
ductility, and toughness. Tensile testing also emphasizes the importance of the load-
strain and stress-strain curves in the evaluation of important mechanical properties
of materials. New cutting-edge technologies in metals and metal alloys, composites,
smart materials, and biomaterials, require a keen understanding and knowledge of
material properties, and their testing is essential to engineering education. The sim-
ulator allows the user to choose a sample material slice and run it through the tensile
test. During the stretching procedure, the simulator shows the load versus strain val-
ues and allows the user to inspect the fracture line in 3D by zooming on the slice as
illustrated in Fig. 3—bottom image.

Fig. 3 Tensile testing simulation (device and load vs. strain plot—top image, 3D review of material
fracture line—bottom image)
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Mechanical dissection (Goeser et al. 2009) is an engineering activity that can
satisfy a student’s curiosity of how and why the components of given devices can
convey specific motions to achieve the desired result. Mechanical dissection has the
potential to increase student retention in engineering (Smith et al. 2017). Hence,
several university engineering programs have developed mechanical dissection lab-
oratories. However, such laboratories are not always feasible due to the lack of space,
personnel, associated time and costs requirements. These issues can be addressed
using aWeb3D simulation, for example, the decomposition of an electric toothbrush
system (as illustrated in Fig. 4), which only requires the use of an existing computer.
Such 3D simulations may be used as complementary materials in “Introduction to
Engineering” courses and may be accessed from any location, including the student
home computer or handheld device.

Manufacturing engineering is another aspect worth exploring in conjunction with
3D, from CAD X3D viewers (Fraunhofer 2018) enabling access to the part structure
in a tree or accordion view as illustrated in Fig. 5, to 3D complex object decompo-
sition.

Additionally, metadata and annotations associated with each part can be explored
for a better understanding of the parts before 3D Printing, CNC Machining, Injec-
tion Molding or Stereolithography. Furthermore, X3D projects extend to biomedical
engineering through 3D printing and rapid prototyping of anatomically correct 3D
models to help surgeons fully understand the state of an organ in a preoperative state
(Bramlet 2018).

2.3 Architecture and Engineering—Urban Design

Structure and Form Analysis System (SAFAS) (Polys et al. 2013, 2015; Jones et al.
2014; Setareh et al. 2015) is an interactive 3Ddesign tool and curriculum for architects
learning structural engineering. Developed as a pedagogical tool for undergraduate
architecture education, the project aims to develop and evaluate the use of simulation
tools in architecture design education. The systems provide the ability to view a
variety of design possibilities, allowing users virtual work-through different types of
design problems and solutions.

Users canobserve and compare the similarities anddifferences of the deformations
and stresses of the structural members across diverse design conditions. The system
improves the user’s understanding of the relationships between structure and form
and provides the ability to transfer these skills to future design problems (Polys et al.
2018).

3D sensor data representation and Web3D visualization can facilitate designing
the cities of the future, and engineering a sustainable, resilient world. Aerial pho-
togrammetry, in particular, is an efficient method to collect high-resolution, texture
information that is appropriate for 3D modeling and visualization of large city land-
scapes. Unmanned Aerial Vehicles (UAV) photogrammetry systems consist of air-
borne drones, airborne Global Navigation Satellite Systems and Inertial Navigation
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Fig. 4 Mechanical dissection of the electric toothbrush assembly

Fig. 5 CAD viewer (Fraunhofer 2018)
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Fig. 6 Space frame structure in SAFAS (Polys et al. 2015)

Systems, and other components, which can provide aerial images as well as, posi-
tion and orientation data (Colomina and Molina 2014). UAVs offer advantages such
as flexibility, ease of operation, convenience, reliability, and low costs (Eisenbeiss
2009; Udin and Ahmad 2012) (Fig. 6).

X3Denables development tools that process and represent the collected data in 3D,
enhancing the urban design and engineering projects ranging from automatic 3D city
modeling (Bitmanagement 2017) to urbanplanning (Kocadag andHamza-Lup2013).
Designing advanced 3D visual tours for travelers is also possible (Bitmanagement
2018), allowing route planning as illustrated in Fig. 7.

2.4 Assessing Energy Efficiency in Design

Designing energy-efficient buildings as well as retrofitting existing buildings to sat-
isfy energy-efficiency standards requires the cooperative effort of architects, engi-
neers, policy makers, and investors. While sustainable methods of construction have
made tremendous progress in the last decade, using 0-carbon passive heating tech-
nologies (Voss and Musall 2012), thermally deficient western methods of construc-
tion hardly tap into the huge potential of applying energy-efficiency technology. Civil
and Environmental engineers can nowadays take advantage of a wide range of big
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Fig. 7 3D urban planning—3D city model of Savannah (Kocadag and Hamza-Lup 2013)

data processing tools and simulations that represents data collected from a myriad
of smart sensors.

3D sensor data representation can be facilitated byWeb3D visualization to enable
better designs, by providing means to assess thermal comfort. Thermal comfort is
a feeling of personal satisfaction within the thermal environment and depends on
many factors (like age, gender etc.). It is an important factor for health and well-
being as well as productivity since, a lack of thermal comfort, causes stress among
building occupants. While a warmer environment can make people feel tired, a too
cold environment may bring distraction and restlessness.

Conventional models of thermal representations are in use by construction profes-
sionals and HVAC (Heating, Ventilation, and Air Conditioning) engineers for many
years and they rely on proprietary thermal analysis software products like Solid-
Works, Ansys Advantage, Ansys CFX and many others that support CAD-based
models integration. However, most of the simulation systems are proprietary and too
complex to be applied in conjunction with real-time data.

A web-based thermal maps simulation (Hamza-Lup and Maghiar 2016) may be
employed during the early planning phase to determine the order of magnitude of
impacts related to design alternatives (as illustrated in Fig. 8).

The type of early design impact analysis may represent one of the key saving
aspects during pre-construction, construction and operation phases while promot-
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Fig. 8 Thermal X3D
modeling of a commercial
building (Hamza-Lup and
Maghiar 2016)

ing the sustainable design of the respective residential or commercial building. The
proposed representation and modeling technique can also be distributed to the con-
tractors and owners in order to improve the communication intent of the design as the
interface is Web-based. 3D building data can be extracted from CAD architectural
plans in recent buildings, and employing existing 3D scanning methods for older
buildings (Hullo et al. 2015).

2.5 Near Future Developments

Spatial visualization skills are fundamental to a variety of disciplines but are particu-
larly important for STEMdisciplines (Uttal andCohen 2012). From studying isomers
(compounds with identical molecular compositions, but different spatial configu-
rations) in chemistry, to engineering and architecture, enabling complex concepts
understanding (Duffy 2017), these skills rely on the capacity to mentally manipulate
3D spatial forms.Research proved that spatial skills respond positively to training and
educational intervention (Wright et al. 2008), hence providing users with advanced
3DWeb-based interfaces and simulations can improve not only their mental models
but also their efficiency through online/remote collaboration.

As 3D content has the potential of becoming widespread, and display technology
allows the implementation and visualization of complex Cross Reality (XR) projects,
the near future will blur the boundaries of reality and virtuality allowing the design of
real spaceswith virtual objects embedded usingAugmentedReality (AR) techniques,
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as well as the design of virtual spaces with real objects scanned in place using
mobile 3Dscanning systems (Lansard2018) or advanced automatedphotogrammetry
applications (Bourke 2012).

Mobile 3D scanning technology (Sense 2018) and X3D will facilitate reverse-
engineering and 3Ddata generation improvingmany aspects of engineering, from3D
post-manufacturing inspection processes and manufacturing speed-up to the deploy-
ment of advanced learning tools for understanding engineering processes and sys-
tems.

Current efforts to provideX3Dwith native support inHTML5 browsers are under-
way through the X3DOM project (X3DOM 2018) and other initiatives like the Cob-
web browser and Titania X3D editor (Titania 2018). The very near future will allow a
direct design with 3D components from designated libraries of 3D objects. Projects
like Blend4Web, provide a free and open-source framework for creating and dis-
playing interactive 3D computer graphics in web browsers (Blend 2018) while new
initiatives exist and connect 3D with HTML5. A notable effort, WebGL (2018) pro-
vides a cross-platform for a low-level 3D graphics API based on OpenGL ES and is
open to ECMAScript via the HTML5 Canvas element.

3 Haptic Interfaces in Engineering Education

Haptic systems connect the human tactile system with computers and enable the
introduction of revolutionary user interfaces in a variety of fields that involve inter-
action with forces. Together with the 3D visual modality, the tactile communication
channel allows development of revolutionary user interfaces with the potential to
transform the way we interact with computer-based systems.

3.1 What is Haptics?

Haptic is rooted in theGreekword “haptesthai”,meaning “touch”. Theword “haptic”
was introduced in the English language in the late nineteenth century as a medical
synonym for “tactile” and later it had developed a psychological sense, describing
visually impaired individuals whose perception depended primarily on touch rather
than sight. Recently the word “haptic” has been used to denote computer-based
applications and systems that allow tactile interaction with virtual objects both rigid
and deformable (i.e., plastic and elastically deformable objects).

Touch is one of our five senses that has been little explored by technology in
the past 50 years, compared with the visual and auditory sense—if we consider the
evolution of technology for the visual system (e.g., television and visual media from
monochrome to color, from low resolution to HDTV) and the auditory system (e.g.,
radio-based systems, and themyriad of sound based systems e.g., sound synthesizers,
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amplifiers etc.). Nevertheless, the past decade has seen the considerable interest and
a significant evolution from the technology standpoint vis-à-vis tactile systems.

Exploring the tactile sense, one can observe that it is significantly different than
all the other senses; it is the only sense that allows full body reception through the
skin—input (all the other senses and associated sensors are clustered on the head:
mouth, nose, ears, eyes) and several output channels through the movement of the
body/limbs. A basic categorization of the human tactile systems is:

• Kinesthetic (Force) feedback. Represents feedback perceived by sensory organs in
themuscles and ligaments that are sensitive to forces acting on themusculoskeletal
system. Sensory organs called proprioceptors are stretch sensors, embedded in the
ligaments and muscles that allow perception of the position of different parts of
the body. The proprioceptors are essential sensors for maintaining balance and
coordination and are necessary for effective interaction with the environment.
Loss or impairment of proprioception has a negative impact on human motor
coordination and balance (Proske and Gandevia 2012).

• Cutaneous (tactile, vibrotactile and thermal) feedback. Such feedback is perceived
by sensory organs in the skin and depends on specialized sensors in the skin:
thermoreceptors for heat and cold, nociceptors for pain, and mechanoreceptors
for pressure. The mechanoreceptors areMeissner corpuscles, Pacinian corpuscles,
Merkel’s disks, and Ruffini endings, with their main features succinctly described
in Table 1 (McGlone and Reilly 2010; Johnson 2001).

The high density of cutaneous sensors i.e., as many as 2500/cm2 on the palms of
the hand (Afifi andBergman 2005) allows perception of small forces (below 0.1N) as
light touch, while the musculoskeletal system typically does not get excited by these
small forces, enabling perception of much higher forces (e.g., the human handgrip
force ranges from 300–400 N depending on gender, age and other factors (Massy-
Westropp et al. 2011)).

Kinesthetic (Force) feedback is important in the perception of gross shape, weight,
impact forces and it is critical for locomotion—walking, running, etc. While tactile
feedback is essential for all touch-based activities (i.e., assessing object surface prop-
erties like roughness and temperature), the force feedback is usually dominant for
the majority of the human activities.

3.2 Haptic Interfaces: The Hardware

Haptics interfaces provide users with cutaneous feedback and/or kinesthetic/force
feedback during interaction with computer-generated virtual elements or remote
objects manipulation (robotic telemanipulation).

Haptic interfaces come in a wide variety of types and shapes from vibrotactile
systems to complex robotic arms that track the position and orientation of the user’s
arms. The tracking information is used to compute collisions between the user’s
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Table 1 Mechanoreceptors and associated features

Feature Meissner
corpuscles

Pacinian
corpuscles

Merkel’s disks Ruffini endings

Location Superficial
dermis

Dermis and
subcutaneous

Basal epidermis Dermis and
subcutaneous

Mean receptive
area (mm2)

13 101 11 59

Spatial resolution Poor Very poor Good Fair

Sensory units
(%)

43 13 25 19

Response
frequency range
(Hz)

10–200 70–1,000 0.4–100 04–100

Min. threshold
frequency (Hz)

40 200–250 50 50

Sensitive to
temperature

No Yes Yes At >100 Hz

Spatial
summation

Yes No No Unknown

Temporal
summation

Yes No No Yes

Physical
parameter sensed

Skin curvature,
velocity, local
shape, flutter,
slip

Vibration, slip,
acceleration

Skin curvature,
local shape,
pressure

Skin stretch,
local force

controlled pointer(s) representation in the virtual space and other virtual objects,
allowing the user to “virtually” touch and feel such objects (as illustrated in Fig. 9).

Due to their application and complexity, haptic interfaces can be categorized on
several dimensions. Vibrotactile haptic interfaces are usually simulating cutaneous
force actions,while force feedback systems use servomotors to restrict the user’s hand
and/or fingers. Unipoint interaction, as well as Multipoint interaction, is possible,
albeit multipoint interaction haptic interfaces are significantly more costly and com-
plex than unipoint systems. Another categorization can be based on the mechanics
of interactions:

• Linkage-based consist mainly of mechanical linkages e.g., 3D Systems: Phantom
Omni and Desktop products; Force Dimension: Delta, Omega and Sigma7. An
armature-based device like Mirage F3D-35 offers high powered 6 DOF and 3
force DOF capabilities (Dimension 2018; 3DSystems 2018).

• Tension-based systems consist of wires and pulleys, having the advantage of less
weight e.g., SPIDAR-8, Mantis (Akahane et al. 2013).

• Magnetic, a more recent interface is based on magnetic forces and has the advan-
tage of no weight hence no inertia e.g., Maglev200 (Maglev 2018).
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Fig. 9 Haptic interface-tactile feedback on pointer collisions with virtual objects

• Acoustic or vibration based, conveying forces through vibrations or acousticwaves
(Takasaki et al. 2000).

Haptic interfaces have specific characteristics, the most important being enumer-
ated in Table 2.

Resistive devices use brakes to restrict a user’s motion, while Active devices use
motors to restrict a user’smotion and activelymove their body around.Active devices

Table 2 Haptic interfaces
characteristics (Hamza-Lup
et al. 2019)

Haptic characteristic Ideal quantity

Degrees of freedom High

Workspace High

Input position resolution High

Output position resolution High

Continuous force High

Maximum force High

Maximum stiffness High

System latency Low

Haptic update rate High

Inertia Low

Dexterity High

Isotropy High
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can simulate a wider range of interactions, but they generally need to be more pow-
erful than passive devices and are more difficult to control.

Bimanual haptic interaction is also possible and opens up the possibility of a wide
rangeof natural actions employing coordination between the hands.Bimanual haptics
refers to haptic interaction through both hands of the same person. In many tasks,
we find in common to use both hands one being the dominant hand while the other
is the non-dominant one. Guiard’s Kinematic Chain (Guiard 1987) approximates
the dominant hand and non-dominant hand with two motors assembled in series.
The bimanual operation is vital in many engineering tasks that require precision
manipulation (Hinckley et al. 1997), as well as for designing two-handed interaction
interfaces (Cutler et al. 1997). Several force feedback systems can be adapted for
bimanual haptic interaction and user’s hands asymmetry must be considered in the
design (Talvas et al. 2014).

3.3 Haptic Rendering—The Software

Haptic rendering is a software enabled process that allows the display of computer-
controlled forces on the user to make him/her experience the actual feel of virtual
objects and/or forces. If a parallel is drawn between graphics rendering and haptic
rendering, the haptic rendering would be the equivalent of graphics rendering but
from a tactile/force feedback perspective.

TheAPIs for haptic rendering follow an architecture similar to the one presented in
Fig. 10. It is easy to observe the central role that haptic and visual devices play in the
multisensorial application development. Moreover, there is a need for other devices
as well, that assures audio rendering for example, and may respond to other specific
application needs. Each API is responsible for the implementation of the interfaces
with those devices and for their synchronization with the visual component. Meta-
languages, such as XML or X3D are used to describe the scene graph structure.
Frequently, the C++ and the Python language is used for enriching the scene graph
structure specified by a meta-language, adding functionality by scripting modules.

To exemplify, Open Haptics (OpenHaptics 2018) is a commercial set of libraries
that enables software developers to add haptics and 3D navigation to a broad range of
applications. Other platforms like Simulation Open-Framework Architecture (SOFA
2018), an open-source simulation framework, are dedicated to the development of
algorithms for deformation.ComputerHaptics andActive Interfaces (CHAI3D2018)
is an open-source designed to facilitate the development of 3Dmodeling applications
augmented with haptic rendering. It supports several commercial haptic interfaces
such as Servo2Go and Sensoray 626 I/O board, IEEE1394 interface. CHAI3D pro-
vides an easy solution to interface any haptic device with a specific computer-based
application.

A comparative study of APIs and frameworks for haptic application development
(Popovici et al. 2012) selects the H3D API (H3D 2018) as the winner on several
dimensions. H3D is dedicated to haptic modeling that combines the OpenGL and
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Fig. 10 Conceptual architecture of a multisensorial haptic platform

X3D standards together with haptic rendering in a single scene graph that mixes hap-
tic and graphics components. H3D is independent of the haptic devicemulti-platform
that allows audio and 3D stereoscopic device integration. H3D is conceived to sup-
port rapid prototyping. Combining X3D, C++ and the Python scripting language,
H3D improves the speed of execution, when performance is critical, as well as the
high speed of development, when rapid prototyping is required.

3.4 Force Simulation in Engineering Design and Education

In the framework of Engineering, force feedback can be exceptionally useful in a
variety of simulation and training systems, as well as in practical systems implemen-
tation. Engineering educators are constantly challengedwith developing the student’s
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ability to connect theory with reality. Students typically enter and leave college level
physics courses with faulty mental models (Halloun 1985) and such mental models
are later used as building blocks for more advanced Engineering concepts. Mental
models are employed by engineering students to generate explanations (Fazio et al.
2013) and they play a significant role in cooperation and coordination of team activ-
ities in complex environments and contexts (Casakin and Badke-Schaub 2015). The
addition of multiple senses can reduce the distance between the concept that a stu-
dent has formed about a certain phenomenon of the physical world, and the reality,
enabling the correct understanding of fundamental concepts.

3.4.1 Hydraulics and Engineering

An important principle of hydraulics taught in high schools is the Pascal’s law, or
Pascal’s principle, which states that for all points at the same absolute height in a
connected body of an incompressible fluid at rest, the fluid pressure is the same, even
if additional pressure is applied on the fluid at some place. Moreover, the concept of
pressure and its dependency on force magnitude and surface area is fundamental for
any engineer that works with hydraulic systems. A project deployed in this sense,
Haptek16 (Hamza-Lup and Adams 2008), uses force feedback systems to enable
students to experiment and gain a deeper understanding of the laws of hydraulics.
As depicted in Fig. 11 the user employs a haptic device to apply a force on the left
cylinder and consequently feels a force proportional with the pressure in the system.

Fig. 11 The user applies pressure on the left cylinder and feels the force feedback generated by
that pressure



196 F. G. Hamza-Lup

Fig. 12 Student using the haptic friction simulator: room view (left) and screen snapshot (right)

3.4.2 Static and Kinetic Friction in Mechanical Engineering

Static friction is defined by the inequality Fs ≤ µs * N, where Fs is the force of
static friction, µs is the coefficient of static friction, and N is the normal force. The
maximum value of the static friction Fsmax is equal to µs * N. The fact that the static
frictional force is described by inequality is the ultimate source of difficulty for many
students. Since all forces they have seen before are described by equalities, they tend
to set Fs= Fsmax. Depending on the problem, students may not be able to realize their
mistake (e.g., when an object is pushed with a force greater than Fsmax). If the force
applied to an object is less than Fsmax, the use of the incorrect equality Fs = Fsmax

yields the nonphysical result that an object will move in the opposite direction of
the force being applied. Such dynamic components, required for the understanding
of kinetic and static friction coefficients, cannot be illustrated in a textbook. Visual-
Haptic simulators have been proposed to alleviate this problem (Hamza-Lup and
Baird 2012), employing simple force feedback systems as illustrated in Fig. 12.

The user can control parameters such as the block’s mass, the coefficients of
friction, and the slope of the plane, allowing him/her to “see and feel” the effects
each parameter has on the forces. The magnitude of the force vectors is displayed
dynamically in 3D illustrating how these forces vary in response to configuration
changes. The interaction can be recorded in a sequence of screenshots or small
movies and used later to complement course material or laboratory sessions.

Simulators for understanding concepts like torque and a lever arm and their role
in rotational equilibrium have been proposed (Neri et al. 2018). The simulator also
explores the dynamics of pulley systems using a haptic Double Atwood machine and
rolling reels to show how linear acceleration of a reel center of mass will increase
when the radius value of the inner pulley increases for a given downward force.

The complexity of aerodynamic forces in aerospace engineering has also spawned
haptic simulators to facilitate understanding abstract concepts by allowing users to
change the speed and angle of attack on an airplane wing and feeling the effects of
the forces generated in the wings (Lopes and Vaz de Carvalho 2010).



Designing Knowledge Sharing Interfaces … 197

Fig. 13 A game-like scenario—user “grabs” a charged particle and moves it through an electro-
magnetic field, feeling the electromagnetic forces acting on it

3.4.3 Electromagnetism and Electrical Engineering

An accurate understanding of the electromagnetism paradigms is fundamental and
establishes important knowledge building blocks for understanding a variety of sys-
tems and phenomena (electric engines, current propagation, etc.). Electromagnetic
force usually exhibits electromagnetic fields, such as electric fields and magnetic
fields, and is a fundamental interaction in nature. An example is a Lorentz force
affecting a charged particle as it passes through electric and magnetic fields. In addi-
tion to their geometric three-dimensionality, one of the confusing parts of electricity
and magnetism involves the implementation of the numerous “right-hand rules” that
determine the direction of forces or fields. A visual-haptic interface to practically
experience and feel the Lorentz force on a charged particle moving in electric and
magnetic fields while observing the directions of the field vectors is desired. A game-
like scenario can give the user the impression of physically grabbing a small charged
particle and moving it across an electromagnetic field of varying polarity at different
speeds. The graphical user interfaces accompanied by the haptic feedback provide
cues to the direction, orientation and magnitude of different force vectors, conveying
the participant a better understanding of the forces involved in the process.

Such interfaces convey a better understanding of the magnitude and direction of
the forces involved. As a particle is moved through regions of space containing elec-
tric and magnetic fields of varying strengths and directions, the tactile feedback from
the device helps strengthen the ideas of velocity-dependent forces and demonstrate
the fact that a uniformmagnetic field does not change the speed of a charged particle,
but only its direction (as illustrated in Fig. 13).

Experimental results with such interfaces show improved scores for the partici-
pants and provide an optimistic base for the development of haptic user interfaces
for abstract concept exploration and understanding.
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4 Conclusion

There are many 3D design and modeling software platforms on the market today.
From Computer Aided Design (CAD) software (e.g., SolidWorks, Catia, AutoCAD)
widely used in mechanical engineering, automotive/aerospace engineering and man-
ufacturing, to 3DModeling tools (e.g., Maya 3D, Blender, Autodesk 3D StudioMax,
Cinema 4D) that explore the artistic side of the design. Web3D and the associated
standards (e.g., X3D, WebGL) facilitate deployment of 3D content in a web-based
environment, enabling extensive interaction and collaboration among the engineers
and designers involved in product design and development.

Generation Z the “digital natives” will be very influential in dictating changes in
systems’ design in the years to come and intelligent, multimodal interfaces are the
next demand. Such user interfaces will allow knowledge sharing through intelligent
dialogue (Hamza-Lup andGoldbach 2019) onmultiple communication channels and
several dimensions, some augmented by intelligent software agents.

Designing an exceptional user interface in the context of today technology requires
the understanding of novel technology capabilities. We experience the world around
us in 3D, we feel the objects that we touch and more importantly, we interact with
each other exchanging ideas and knowledge. XR and haptic technologies are blurring
the boundaries of reality and virtuality, allowing virtual objects to blend into reality
and real objects to merge with virtuality. Such capabilities are calling on new design
challenges and opportunities for everything that surrounds us. From simple user
interfaces designed for education and training to complex user interfaces designed
for aircraft control, the challenge resides in the understanding of the human sensory
system in conjunction with the capabilities of the near future multisensory computer-
based systems. Future designers must acquire a comprehensive understanding of
human and device capabilities, and they have to keep an open mind and boldly
explore revolutionary interaction techniques that have never been explored before.
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