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ABSTRACT

Over the past decade, B-spline modeling has become the standard mathematical
model for representing freeform or organic objects in CAD/CAM systems. Using a B-
spline surface to represent the virtual model in a haptic concept design module helps
to streamline the exchange of the information with existing CAD/CAM systems. B-
spline surfaces also help increase visual realism because these represent continuous
surface. At the same time, physically based virtual deformable models provide a sense
of realism to the user. However, the algorithms used for interaction with the virtual
model should be efficient to maintain acceptable level of virtual realism and perceive
the simulation as continuous with no time lag. This paper presents a B-spline surface
based concept design framework, which can be used to generate various concepts,
evaluate these concepts, and provide user training. The proposed framework assumes
that all deformable models are represented as B-spline surfaces. The tools used to
interact with the deformable models can be implicit surface, tessellated surface, B-
spline surface, or point-based. The technique exploits blending matrices for the B-
spline surface that are independent of the control point positions and, hence, can be
pre-calculated prior to haptic interaction. Once determined, the pre-calculated
blending matrices are used to generate discrete points on the B-spline surface. Mass
spring system is used to incorporate material properties to the virtual objects.
Practical illustrations of the concept design framework are presented for modeling and
evaluation of concepts and provide training to the intended user segment.
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1 INTRODUCTION

A VR-based concept design system can provide industrial designers with more familiar interactive
capabilities for creating and representing their design intent easily, flexibly and efficiently on
computers [33]. Compared to conventional CAD systems, a VR-based CAD system allows more tools
for the designers to perform various design activities. Several studies have indicated that virtual
reality is a very intuitive, creative and cost effective method of performing product concept design[8,
27, 32]. Clearly the seamless integration of 3D graphics and haptic devices with existing CAD/CAM
software will enable virtual reality to better assist industrial designers and engineers with their
creative endeavors. Product designers and engineers require concept design and graphical
visualization tools that enable them to quickly modify the shape, style, and functionality of a product
concept. The primary role of VR technology in creative product design is to provide the designer with
the ability to intuitively create and manipulate the shape of complex freeform CAD models during
concept generation.

In addition to realistic three dimensional graphics, a virtual reality environment for product
concept design must support visual object collision detection, physics-based modeling, and haptic
manipulation. At the same time, the user may like to merge two or more models to create complex and
interesting design concepts. The collision detection sub-system provides detailed information about
when and how multiple virtual objects make contact and interact within the VR space. The physics-
based sub-system uses the information provided by the collision detection algorithm to determine the
reactive forces to be fed back to the user and degree of deformation of any non-rigid elastic and
plastic objects. Force Feedback is obtained through haptic devices. The nature and amount of force
feedback depends upon the haptic device used, and the underlying algorithm used to calculate it.
Finally, the haptic rendering sub-system is used for tactile and visual interaction with virtual objects
and tools used during the creative design exercise. Fig. 1 shows the schematic representation of a
general framework for a haptics-based concept design module.
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Fig. 1: Schematic representation of a haptic interaction with a virtual object.

Industrial designers tend to make extensive use of physical models created with their hands as it is
natural and intuitive process. Unfortunately, current CAD and geometric modeling systems lack a
natural and intuitive human-computer interface. In this regard, a haptics-based concept design
system would be best suited to exploit the creativity of an industrial designer or engineer. It would
make it possible to artistically modify and quickly evaluate different concepts. The user gets real-time
visual and force feedback, while interacting with the virtual model. Haptics allows the user to benefit
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from the natural way of working with the model, without the constraints imposed by commercially
available CAD/CAM software. The 3D visualization capabilities and the ability to directly interact with
physics-based models using haptic tools provides the designer, an insight to the physical
characteristics of the concept, which can be evaluated before going in for a detailed design.

Computationally efficient bi-parametric functions, such as B-spline and NURBS (non-uniform
rational B-spline), are commonly used to model organic and freeform shapes and, therefore, provide a
viable mathematical representation for describing the geometry of realistic objects in VR space. In the
past decade, B-spline representation has become the standard for CAD/CAM systems. Thus it is
imperative that any haptic concept design module should utilize B-spline surface to represent the
virtual model in order to streamline the exchange the information with existing CAD/CAM systems.

This paper presents describes a computational framework for concept design and evaluation in a
virtual reality environment. The proposed method extends the collision detection [20] and B-spline
merging algorithms [22] previously developed by the authors and utilizes the blending matrices for
efficiently integrating a mass spring system to incorporate material properties in the virtual model.
No assumption regarding the complexity, degree of the B-spline surface, or the number of control
points representing the surface patches are imposed on the solution. To illustrate the capabilities of
the algorithm and verify its performance, practical illustrations are presented for concept design,
evaluation of the concept, and user training.

2 PREVIOUS WORK

The underlying algorithm for a concept design framework depends upon the types of surfaces used to
represent model and tool. Many data structures have been proposed to represent models for virtual
sculpting and design. These include voxel-based system [17], a voxel-based system with iso-surface
extraction [13], B-spline surfaces [11], sub-division surfaces [14], and field-based implicit surfaces [3,
6].

Both geometric and physics based techniques have been used to incorporate material properties in
a virtual model. Unlike geometric techniques, computationally intensive physics-based techniques can
yield real material behavior of a multiple-material/non-homogeneous virtual model [16]. Physics-
based deformation models give the designer, more opportunities to try different types of materials
during the concept design phase and validate product models in real-time [23]. The pioneering work
of Terzopoulos et al. [28], Waters [30], and Platt and Barr [19] has shown the advantages of physically
based models over geometric-based computer animation techniques. Igwe et al. [15] proposed to
generate hexahedral mesh of mass spring system by using volumetric self-organizing feature map
(VSOFM). FEM has been used for fairly simple physical systems to simulate tissue deformation [10, 26].

Various collision detection, merging and geometric/physics based techniques have been integrated
to create a framework for concept design module. Initially, VR-enhanced 3D visualization and analysis
systems, such as Virtual Design Il [2] and ISAAC [18] were used. The COnceptual VIRtual Design
System (COVIRDS) allowed rapid shape creation by using a bi-modal, voice and hand tracking interface
[9, 12]. It provided parametric and free form design modes. Many VR-based design system have been
reported in the literature such as 3-Draw [25], 3DM [5], DesignSpace [7], CDS [4], and CUP [1]. The
Loughborough University Conceptual Interactive Design (LUCID) system [31, 32] was developed to
integrate VR-based Human-Computer Interfaces (HCIs) into the design process in order to maximize
its interactivity and efficiency so as to provide better support to conceptual design.

B-spline surface based concept design framework will help streamline the exchange of
information with existing CAD/CAM systems. The underlying geometry of mass spring models can
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easily be modified to represent topology changes. This can be used to sculpt and evaluate B-spline
surface based design concept.

3  BACKGROUND ON B-SPLINE SURFACES

A B-spline surface with r and s number of control points in u and v directions is mathematically

represented by the equation,
r—1 s—1

S(u,0)=> "> "B, (u)B ()P, (1)
i=0 j=0

where PU_ is the control points vector, B, (1) and Bﬂ (v) are the blending functions of the surface with
degree kand lin u and v directions, respectively. In general, the parameters are bound over 0<u, v
< 1. There are certain parameters which determine the characteristics of the blending functions. These
include periodicity of the surface (in u or v or both directions), knot vector, the degree of the surface
in u and v directions and the number of control points in u and v direction. However, the blending
functions are independent of the position of the control points. A B-spline blending function has the
property of recursion which is defined as:

U B u
B (“):(“*U,)Ll()+(u1+k 7u) 1+1.k71( )

ik :
U1 +k-1 ’IL1 U1 +k ’IL1 +1

(6)]

1 u <u<u
where B =1" o

0, otherwise
If the B-spline surface is periodic in u direction, the blending function is modified as:
B, (u)=B, ,((u—i+r+1) mod(r +1)) 3)
A B-spline and NURBS based surface can be expressed as a tensor product. A B-spline surface patch can be
discretized into a set of a parametrically uniform grid of discrete points in u and v directions. The matrix of these
discrete points M, can be determined from the equation,

M =APA 4)

[ )
where A and A are blending matrices (also known as B-spline Blending Transformation Matrices or

simply Transformation Matrices). The values of blending matrices depend upon the blending functions
and u and v parametric values. Equ (4) can be re-written as:

Plj = [AUT A11]71A11T M ATU [A A ! ]717 (5)

vy

to determine the position of the control points that can represent a B-spline surface passing through
parametrically uniform discrete points of matrix M.

Egn. (1, 4-5) will determine the correlation between control points and the discrete points
generated on the B-spline surface.

4  MODELING TECHNIQUES FOR CONCEPT DESIGN FRAMEWORK

The concept design framework proposed in this paper uses three basic modeling techniques. The
collision detection algorithm for deformable surfaces provides information regarding the intersection
of the model and the tool. This information is used by the mass spring model to calculate the
resultant deformation of the model and the force to be fed back to the user. At the same time, the
merging of B-spline surface patches algorithm allows the user to integrate different B-spline surface
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patches to generate complex and interesting concepts. In this section, these techniques are discussed
in detail.

4.1 Collision Detection

The collision detection algorithm used in this framework assumes that all the deformable models and
tools are represented as B-spline surfaces. The rigid tools can be implicit surfaces. No assumption
regarding the motion of the objects, size of objects, degree of the surface, area of contact and extent
of deformation is needed. A brief description of this algorithm is presented in this paper. The detailed
discussion was presented in [20]. The algorithm has two stages: the pre-processing stage and the run-
time stage.

4.1.1  Preprocessing Stage

During the pre-processing stage, depending upon the parameters of the B-spline surface (periodicity,
number of control points in the u and v directions, the maximum number of points to be generated),
blending matrices (also known as transformation matrices) are generated and stored along with their
inverses. Two blending matrices are needed for each B-spline surface for generating discrete points on
the B-spline surface. The collision detection algorithm not only calculates surface normal at the points
generated but also calculates tangents in the u and v direction. The surface normals help in correctly
mapping the forces to the surface by calculating the forces normal to the surface. The blending
matrices for finding tangents are also generated and stored during the pre-processing phase. A
convex hull also generated during the pre-processing. As control points used for B-spline surfaces are
usually small in number, the computational cost is small.

4.1.2  Run-time Phase

The run-time phase starts by checking for the intersection of convex hulls of B-spline surfaces
initially calculated during pre-processing phase. Once the surfaces of the convex hulls intersect, the
algorithm determines the corresponding minimum and maximum values of u and v parameters
associated with the control points of these surfaces. It then generates sparse points within these limits
on the surfaces of the model and tool. Spheres are generated using these sparse points in such a way
that they cover the whole surface area. These spheres are checked for intersection with those on the
tool or another B-spline surface model. If some of the spheres are intersecting, the algorithm
generates more points (by using more values of u and v from the blending matrix) within the u and v
parameter limits of the intersecting spheres and discards the points generated in non-intersecting
spheres. This process of generating lower levels of details continues until all the rows of the blending
matrix are used. The points generated at the end of this loop are then used for triangulation of the
surface. If all the spheres generated on the model and the tool are intersecting, then the algorithm
does not proceed to lower levels of details and rather stops at the last level of detail. It then compares
the normals of new points being generated within the u and v parameters. The triangle-triangle
intersection test is then carried out to find out the parts of the surfaces which are intersecting.

4.2 Merging B-spline Surfaces

The user may need to merge two or more B-spline surface patches to generate a complex and
interesting concept. The concept design framework allows the user to merge two or more B-spine
surfaces by using B-spline surface merging algorithm [22]. This algorithm uses blending matrices
associated with each B-spline surface being merged [24].

The algorithm to merge N number of B-spline surface patches, §, $,..., S%; having (71, s ) (7’2 y 8, ),

<oy (my» sy ) number of control points in u and v directions respectively, starts by discretizing the
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surfaces to be merged. These discretized matrices M1, M2,..., MN are combined to generate a matrix M
of discrete points. The algorithm calculates the revised number of control points “r’ and “s” for the
merged surface in u and v directions respectively. If the two surfaces are being joined only in the u
direction, the new number of control points in the u direction is then given by r =, 4+, —1, where ris

the number of control points of the merged surface in u direction, and r & r,are the number of

control points in u direction for the first and the second surface respectively. The number of control
points in v direction would remain the same, provided the number of control points is the same for
both the surfaces in that direction, that is, ifsl =s,. If surfaces have a different number of control

points in v direction then the larger number is assumed as the new number of control points.

A knot vector determines the area of influence of each control point on the B-spline surface. The
knot vector U and V are computed by combining the knot vectors (U, V), (I?, V?),...., (U", V) of the
surfaces being merged. If the degree of the initial surfaces is not being changed, the algorithm simply
uses the knot vector of the first surface and then adds to it the knot vector of the second surface. The
multiple knots at the common edge are reduced depending upon the type of connectivity needed at
the edge. For providing only C° connectivity, a total of k multiple knots are retained, where k is the
degree of the merged surface in the direction of merging. For C* connectivity, the number of multiple
knots would be k-1 and so on. For the maximum connectivity (C* for a degree 3 surface) only one knot
is retained at the common edge.

In this manner, the degree of the final merged surface, its knot vector, number of control points in
u and v direction, and the total number of discrete points to be generated in u and v direction are
calculated. Once these parameters are known, the new set of blending matrices, A and A, can be
A 1Y) is also

generated. In a similar fashion, the inverse of these knot vectors ([A TA“]*,[A“ )
computed and stored. These newly calculated blending matrices, replace the previous blending
matrices for the two B-spline surfaces. These new blending matrices are used to determine the
position of the control points which can generate the matrix of discrete points (M). The position of the
control points for the merged surface is once more calculated using Eqn. (5). The algorithm is capable

of merging intersecting and trimmed surfaces.

4.3 Mass Spring system

A physics-based technique can realistically calculate the deformation and force response of the model
based on virtual material properties [16]. A physics-based deformation model gives the designer
options to try different types of materials during the concept design phase and validate it in real-time.
Some physically-based models are computationally intensive and therefore, are unsuitable for real-
time interaction. However, a mass spring damper system, consisting of a set of particles (nodes)
connected through a network of spring and dampers can provide reasonable accuracy and speed for
real time interaction [21].

The virtual object is modeled as a collection of point masses connected by springs and dampers in

a lattice structure. In general, the spring forces are assumed to be linear. However, nonlinear springs
can also be used to model objects which exhibit inelastic behavior. Such a system contains a mass, a
spring with spring constant K that serves to restore the mass to a neutral position, and a damping
element which opposes the motion of the vibratory response with a force proportional to the velocity
of the system. Different combinations of linear springs and damper can be used to model deformable
objects. Voigt model is the most commonly used combination of spring and damper and has been
used in the proposed framework. The stiffness of the material primarily affects the linear and non-
linear elasticity range in the deformation zone. For solids, the stiffness in proportional to the elastic
Computer-Aided Design & Applications, 10(2), 2013, 247-263
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modulus and also depends upon an element’'s dimensions. The linear model stiffness can be express
as
AXE
L

where A is the cross-sectional area, E is the Young's modulus of elasticity, and L is the length of the
element. In one dimension, Young's modulus of elasticity can be considered as a measure of stiffness
of material. Thus, stiffness and damping constants can be used to model a realistic behavior. The
stiffness constant controls the elastic behavior and the combination of stiffness and damping
constants control plastic behavior of the material. Three significant types of damping that are
generally encountered in dynamic behavior of the model are; coulomb, hysteresis, and viscous
damping. In this paper, these three types of damping are approximated as a velocity dependant
viscous damping. The velocity dependent damping force exerted on the node i from the interaction
with the node j is given by,

K= (6)

f=-D(; —z)) ()]
where f is the damping force, D is the damping coefficient, 2, and .icj are the velocities of node i and

node j, respectively. The fundamental Lagrange equation of motion can be expressed as,
pi=—Di—Kz+f +[ (8

where p (in kg) is the mass of the node, D (in N.s/m) is damping coefficient, K (in N/m) is the

stiffness coefficient of each spring, f and f,are the external and gravitational forces acing of the node.

In the absence of external and gravitational forces, Egn. (8) can be written as,
pL+Dx — Kx=0 9)

5 CONCEPTUAL PRODUCT DESIGN

The concept design process needs creativity and freedom to innovate and explore. During the concept
generation phase a rough idea, which can come from the background research or from a previous
design, is expanded into several solution alternatives. Valuable insight into refining the concepts can
be gained using evaluation methods involving end-users. An important goal is to identify whether the
new product concepts find acceptance amongst the intended target user group. Another goal may be
to evaluate the design from a human factors perspective. User evaluation is useful as a tool for
iteratively refining the designs based on user feedback in accordance with the concept of user-
centered design. The concept design framework proposed in this paper can enable an industrial
designer to sculpt and validate the design in the virtual reality environment. These modifications will
often deal with a variety of needs that can be fulfilled using innovative but easily implemented
changes to the existing generic model.

Fig. 2 shows various modeling techniques presented in this paper and their relationship to the
conceptual design module. These techniques are integrated to develop a B-spline surface based
concept design module for various applications in virtual reality environment. The same virtual reality
issues exist for user training and the modeling techniques presented in paper can be used to provide a
virtual environment to the user similar to the real world applications.
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Proposed B-spline Surface Based Concept Design Module for Applications in Virtual
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Applications Shape Object User ‘Medical
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Fig. 2: Integration of various modeling techniques presented in this paper to develop B-spline surface
based concept design module for various applications in virtual reality environment.

5.1 Conceptual Design of an Ergonomic Spoon

Real-time interaction with a product model during concept development provides a quick insight into
the overall performance of the proposed solution. The example of designing a functional, stylistic
spoon for different user segments is used to establish the application and desirability of the concept
design framework proposed in this paper. Fig. 3 shows many of the commercially available spoons.

gi a8

Fig. 3: Photograph of typical commercially available spoons. Product designs mainly focus on
contemporary style, ease of use, and comfort of the user.

These designs presume that the intended users can efficiently work with their hands and fingers.
However, for different sets of users, these designs may not be suitable from an ergonomic point of
view in terms of ease-of-use and providing comfortable grip. One of the user segments is of the
patients suffering from rheumatoid arthritis. Rheumatoid arthritis is a chronic inflammatory disorder
that most typically affects the small joints in hands and feet [29]. Eating is one of basic tasks that can
be impaired by rheumatoid arthritis. The spoons that are commercially available may not be helpful
for this user segment. Virtual reality can make it possible for a designer to imitate a rheumatoid
arthritis patient and develop ergonomic spoons for the users.

Due to weak grip (as in case of children and aged people) or restricted motion (as in case of
patients suffering from rheumatoid arthritis), it is possible that a user cannot put the food properly in
the spoon or can get the food on spoon, but cannot turn his/her wrist enough to bring it to mouth
without spilling it. Even for other users, it is possible to come up with different concepts to develop

Computer-Aided Design & Applications, 10(2), 2013, 247-263
© 2013 CAD Solutions, LLC, http://www.cadanda.com




255

ergonomic spoons. In a similar fashion, different materials can be incorporated in product design to
reduce overall weight and enhance features such as high friction gripping surface to prevent slippage
of spoon during use. In this context, a variety of concepts that cannot be addressed effectively using
conventional CAD design packages may be examined using concept design simulation tools in virtual
reality environment.

An initial design can be obtained by digitizing an existing design using reverse engineering
approach. Point cloud data or tessellated surface can be used to obtain initial design represented as a
B-spline surface. Conventional CAD system can also be used to create initial form. Alternatively, the
initial design can be created from a virtual lump of clay. Fig. 4 shows the generation of initial design by
different methods.

Point Cloud

Tessellated Model

— S

Initial B-spline surface based design

= - N
‘{‘;—

Conventional CAD

—>

Physics-based Clay Model

(a) User defined model (b) B-spline-based virtual model

Fig. 4: Different methods to generate initial design represented as a B-spline surface.

Initial analysis can be carried out in VR space to determine if the product meets the requirements for
allZintended user segments or if it needs modifications for particular segments of users. The
industrial designer can investigate different shapes, sizes, and material of the spoon to determine a
valid concept before final deciding on the best design for intended user segments. A spoon has two
distinct parts, a handle for holding and a small shallow bowl (or shell), oval or round, at the end of the
handle for fetching food. Fig. 5 shows two parts of a spoon.

Bowl or shell

Fig. 5: Parts of a spoon.
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A spoon can be modified as a whole or the two parts (handle and bowl) can be designed separately and
later merged to get the desired concept. Separate parts are easier to manipulate and can give rise to
more concept models by different combinations. The handle of a spoon can be modified in different
shapes and sizes to accommodate impaired wrist movements or weak grip of fingers. To reduce the
computational cost, the bowl (shell) part and handle are used as separate B-spline models. One of the
concepts is to bend the handle so that the bowl part of the spoon faces the person and he/she does
not need to bend the wrist to eat from the spoon.

Using the proposed concept design frame work, bending can be achieved by fixing one end of the
spoon handle and applying force on the other part. Fig. 6(a) shows the handle of initial spoon design.
In the design framework, a plane is used to fix a portion of handle and the force is applied by a sphere
based tool. Fig. 6(b) shows the vertical plane and the sphere used to push the handle.

Fixed side of handle

Plane
Tool
Sphere
(a) B-spline model of (b) Using plane to fix nodes at one
the spoon handle side and a tool sphere to apply force

Fig. 6: (a) Handle of spoon from the initial design (b) A plane is used to fix nodes on one side of the
plane (opposite to the direction of normal vector) and a sphere is used to apply force.

During the pre-processing phase, a mass spring mesh is created for the handle shown in Fig. 6(a). A
12x12x%12 node mesh was created, from the points generated by using blending matrices. Fig. 7(a)
shows the mass spring mesh of the spoon handle.

Fixed nodes, as

=
i determined by collision
| ¥detecﬁon algorithm /

il Nodes, as determined by
i collision detection algorithm, on
i which external force is applied

E—

&
(a) Mass spring  (b) Fixed and colliding nodes,  (c) Side view of the fixed
mesh of the handle ~ determined by the collision and colliding nodes
detection algorithm

Fig. 7: (a) Mass spring mesh for the spoon handle (b) Fixed nodes (green) and the nodes colliding with
the sphere tool (red) (c) Side view the B-spline model showing fixed and colliding nodes.
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Collision detection algorithm checks the intersection of the plane with the spoon handle. All the nodes
on one side of the plane (opposite side of the normal vector of plane) are fixed. The fixed nodes do not
experience any movement or deformation. Even if these nodes experience internal or external force
through spring damper system, these nodes do not move. The nodes (green color) shown in Fig. 7(b-c),
are the fixed nodes detected by the collision detection algorithm. At the same time, the collision
detection algorithm checks the intersection of a sphere and the B-spline model. It determines the
region of the B-spline model colliding with the sphere and calculates the nodes of the mass spring
system which will be experiencing external force. The information about the magnitude of the external
force applied through the sphere and the nodes experiencing this force is transmitted the mass spring
deformation system. Fig. 7(b-c) shows the nodes (red color), determined by the collision detection
algorithm, which will experience external force.

As soon as a force is applied through the sphere, the B-spline model starts deforming. When a
force is applied through the sphere, the portion of the handle near to the fixed nodes is bent and rest
of the handle remains approximately straight. This design can accommodate the lack of wrist
movement and the user does not have to rotate his/her wrist. However, due to the bend, the user will
experience a torque. It is possible that the user cannot use fingers to hold the spoon due to lack of
movement of fingers, or weak grip. If the user cannot hold the spoon with fingers, then the handle can
be modified to for a firm grip using all the fingers. This will also help to effectively counter the torque
resulting from the modified design.

Force

(a) Handle of the spoon interacting (b) Deformation due to applied (c) Modified shape of handle after
with too sphere force several interactions

Fig. 8: Modifying the shape of spoon handle to grip it with all the fingers of hand.

Fig. 8(a) shows the spoon handle and a tool sphere. Again, the collision detection algorithm determines
the colliding nodes of the mass spring mesh, which would experience the external force applied
through this sphere. As soon as the tool sphere is pulled out, the nodes of the mass spring mesh
colliding with the tool sphere (determined by the collision detection algorithm) experience force in the
outward direction. The external force acting on the colliding nodes starts pulling these mass spring
nodes in the direction of the external force. In this case, local modification is more appropriate
because we only intend to change the shape in a small region. Local modification uses small number of
iterations and hence, the nodes which are away from the colliding surface do not get enough time to
move under the application of the external force. Due to this reason, there is no need to have a plane
to fix some of the nodes. Fig. 8(b) shows the deformation of the handle under the influence of external
force applied through the sphere tool. By repeating this process at different points, the handle can be
modified to accommodate all the four fingers to grab the handle while eating. Fig. 8(c) shows the
spoon the with modified handle shape. Once various concepts of the spoon handle are generated,
Computer-Aided Design & Applications, 10(2), 2013, 247-263
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these handles need to be merged with the bowl section of the spoon. The B-spline surface patches
merging algorithm can be used to merge the bowl and handle part to generate various concepts.

Fig. 9(a) shows the bowl and the modified spoon model. These parts must be merged to generate
an integrated B-spline model of the design concept for a spoon. Due to the modification of the shape
of the handle, the knot vector and the common edge of the bowl and handle did not match. The B-
spline merging algorithm can merge these surfaces without matching or manipulating the control
points of the B-spline surfaces.

1]

{a) Bowl and handle of {b) Point cloud of the bowl (c) Merged B-spline model
spoon and handle of the spoon of spoon

Fig. 9: Merging bowl and modified spoon handle to generate the B-spline model of a spoon.

Fig. 9(b) shows the point cloud of the bowl and handle, generated by using blending matrices stored
during the pre-processing phase. These point clouds are merged to generate single matrix of the point
clouds, M. Using the matrix of points M, revised knot vector, and revised number of control points
new blending matrices are generated. These revised blending matrices are further used to generate a
merged, single patch B-spline surface is of the spoon as shown in Fig. 9(c).

) ®) (©) (@

(a,

Fig. 10: Investigation of different shapes of a spoon for eating food to accommodate impaired wrist
movements or weak grip of fingers. The original design is shown in (a) and design modifications are
presented from (b) to (d).

This design can accommodate the lack of wrist movement and the user does not have to rotate his/her
wrist. Fig. 10(a) shows the initial design and Fig. 10(b-d) show different variations of the design. The
design shown in Fig. 10(b) can accommodate lack of wrist movement of the user. The designs shown in
Fig. 10(c-d) provide better grip for different sets of users. These grips can be further modified to suit
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grip of the user. These designs can be evaluated by an industrial designer or a user in the virtual
reality environment.

5.2 Evaluation of Concept

Once an industrial designer comes up with different concepts, these can be evaluated before moving
on to the next step of detailed design. The concept can be evaluated in relation to its ergonomic shape
and size, suitability for intended user group, strength and weight. Once the concept design is
finalized, it can be used to impart training to the user group.

Considering the group of users affected by rheumatoid arthritis, aged people, and children, it will
be pertinent to know if these users can eat with the spoon without spilling the food. A B-spline
surface patch having 8x8 control points net was used to represent food (jelly) for interaction with the
spoon to mimic eating with a spoon. A 12x12x12 mass spring damper mesh was used to incorporate
material properties of jelly to this model. Fig. 11(a) shows the B-spline model and Fig. 11(b) shows the
mass spring mesh of this model.

(a) B-spline model (b) Mass spring model shown with (c) Mass spring model. The thick red
facets. The nodes are shown as lines represent the boundaries of
green dots hexahedron mesh

Fig. 11: (a) B-spline model representing food (jelly) (b-c) Mass spring mesh to incorporate material
properties to the model.

The concept design framework proposed in this paper, make it possible to model food (jelly) as a
deformable model and simulate an environment in which a user can interact with food and spoon. Fig.
12(a) shows a spoon with a jelly on it, while the spoon was kept straight.

T

{a) Jelly on spocn ) Tellv stars (i) Jell stops flowing (d) Other view of the
flowing under its further duetoits  jelly flowing due to
owm weight own weight its own weight

Fig. 12: Simulation of food (jelly) in a spoon without tilting it.
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Due to its own weight, jelly started flowing downwards as shown in Fig. 12(b-c). This means that if
this design is used, the user cannot eat the jelly of this size without spilling it. Fig. 12(d) shows the
close up of the bowl of spoon. It is clear that the jelly is spilling from the front portion of the spoon
bowl. At this point, an industrial designer can start modifying the design to so that the jelly does not
get spilled. It is clear from Fig. 12(b-d) that the jelly was spilling from the front portion of the spoon
bowl while the back portion was empty. The design of the spoon can be modified to see how will the
jelly behave if the bowl is tilted about 10 degree in the backward (anti clockwise for the spoon shown
in Fig. 12) direction.

Fig. 13(a) shows the jelly put in a spoon with tilted bowl. The jelly starts flowing due to its own
weight as shown in Fig. 13(a-d). However, this time it does not spill out of the spoon as shown in Fig.
13(d). The bowl was tilted by 20 degree to see if it further improves the design. However the jelly
started flowing from the back part of the spoon. The simulation suggests that the spoon bowl should
be tilted by 10 degree to improve the design. In a similar fashion, other parameters of the spoon such
as depth of the bowl, curvature of the bowl, or the width of the bowl, can be varied to determine best

(a) Jelly on spoon (b) Jelly starts  (c) Jell stops flowing (d) Other view of the
flowing under its further duetoits  spoon. Jelly does not
own weight own weight spill out of spoon

Fig. 13: Simulation of food (jelly) in a spoon when the bowl is tilted by ten degree.

The industrial designer can also determine weight of the spoon, the deflection of the spoon due to
its own weight and that of the food, while using different materials for the spoon. The preliminary
evaluation of the concept design, in the virtual reality environment would help the industrial designer
to come up with the designs which can be successfully implemented. The tools developed in this
paper, can provide this environment to the industrial designer.

6  CONCLUSIONS

Product concept generation within a virtual reality environment requires a large variety of interactive
tools that enable the user to enhance his or her creativity. The proposed framework was capable of
handling virtual models represented as B-spline surfaces. The haptic tools can be represented as a
point, an implicit surface, a tessellated surface, and B-spline surface. Hence, a variety of rigid and
deformable tools could be used during sculpting or validation of the concept design. No restriction
was imposed on the number of control points representing a B-spline surface, degree of the B-spline
surface, knot vectors, or extent of deformation. The B-spline surfaces can be merged without
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imposing restrictions which are generally imposed by commercially available software. Material
properties like Young's modulus and Poisson ratio were incorporated into the model while generating
mass spring system by volumetric self organizing feature maps. Global and local deformations were
possible and were achieved by changing the number of iterations used by deformation algorithm. The
mass spring system allowed the concept design framework to efficiently simulate deformation of
deformable models. All the components of the framework for interaction with deformable models
used pre-computed blending matrices. Once computed, these blending matrices could be used to find
the new position of control points to represent deformed B-spline surface without calculating
blending functions thereby increasing computational efficiency of the framework. In fact these
blending matrices enabled the algorithm to efficiently merge B-spline surface patches, accurately
check the collision, and generate nodes for the mass spring system to determine deformation using
the physics-based model. Aside from concept product design, the modeling tools presented in this
paper can be used for many other applications. The overall concept design module can be used for
training in the area of surgery simulation and many cases of rehabilitation. In biomedical applications,
soft tissues can be modeled as B-spline surface and assigned appropriate properties using mass
spring system.
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