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using an image. 2) The right 3D panel where the system generates the 3D boxes after 

inferring the 2D sketched boxes in the 2D panel. 

Figure 68 shows a model created using the prototypical interface of the ‘Box 

Modeller’ component. 

 

 

Figure 68: Boxy character model created using the prototypical interface. 

 

In Sections 5.3.1.1 to 5.3.1.9, the thesis discusses about how the inference of a 3D 

box from its 2D counterpart works, and also discusses about how the system 

automatically aligns the two 3D boxes to form a boxy character such as the one shown in 

Figure 68. 

 

5.3.1.1 Box Inference Algorithm: In three-dimensional Euclidean space (Figure 69), 

suppose we rotate an axis-aligned cuboid ABCDEFGH to A’B’C’D’E’F’G’H’ and 

project it onto a plane to obtain a projected cuboid A”B”C”D”E”F”G”H”. A-H define the 

vertices of the cuboid. If we have already known the 2D coordinates of the eight points of 
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the projected cuboid, can we deduce the 3D coordinates of the eight vertices of the 

original cuboid? 

 

 

Figure 69: Inference of 3D coordinates of the eight vertices from 2D sketch input. 

 

In order to answer the above question we need to find the length of the edges of 

cuboid, as well as the rotation axis and rotation angle needed to rotate the cube in the 3D 

scene. These algorithms are detailed below. 

 

5.3.1.2 Solution to the length of the edges of the cuboid: First, we build a three-

dimension Cartesian coordinate system OXY Z in which the center of the cuboid 

ABCDEFGH is the origin O, and use FG����⃗  as the positive direction of the X axis, FE����⃗  as the 

positive direction of the Y axis, FB����⃗  as the positive direction of the Z axis. We know FG����⃗ ⊥

FE����⃗ , FG����⃗ ⊥ FB����⃗ , FE����⃗ ⊥ FB����⃗ . Because rotation does not change the perpendicular relation, thus 

we get F′G′�������⃗ ⊥ F′E′�������⃗ , F′G′�������⃗ ⊥ F′B′�������⃗ , F′E′�������⃗ ⊥ F′B′�������⃗ . In order to describe briefly we write those 

vectors in a matrix as below: 
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[ ]
1 3 5

2 4 6

1 2 3

' ' ' ' ' '
a a a

G F E F B F a a a
b b b

 
 − − − =  
  

                                         (5.1) 

 

where 𝑎𝑎1,𝑎𝑎2,𝑎𝑎3,𝑎𝑎4,𝑎𝑎5,𝑎𝑎6 are six known real numbers that represent the 𝑥𝑥,𝑦𝑦, and 𝑧𝑧 

components of the vectors 𝐺𝐺’ − 𝐹𝐹’,𝐸𝐸’ − 𝐹𝐹’,𝐵𝐵’ − 𝐹𝐹’, while 𝑏𝑏1,𝑏𝑏2,𝑏𝑏3 are three unknown 

parameters that need calculating. Utilizing the perpendicular relation mentioned above 

yields: 

1 3 2 4 1 2 0a a a a b b+ + =       

1 5 2 6 1 3 0a a a a b b+ + =       

3 5 4 6 2 3 0a a a a b b+ + =       

(5.2) 

 

From the above Equation, 𝑏𝑏1,𝑏𝑏2,𝑏𝑏3 can be solved. So from Equation (5.1) we 

know the length, height and width of the cuboid as well. 

 

5.3.1.3 Solution to three axes of rotated cuboid: After evaluating 𝑏𝑏1,𝑏𝑏2,𝑏𝑏3, the 

orientation of the three axes of rotated cuboid may be expressed like: 

 

[ ]
1 3 5

2 4 6

1 2 3

' ' '
a a a

OX OY OZ a a a
b b b

 
 =  
  

    (5.1) 

 

5.3.1.4 Solution to rotation matrix: According to the relationship of coordinates before 

and after rotation, we can get: 
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[ ]
'

( ) [ ' ' ' ' ' ']A
Pp

R G F E F B F G F E F B Fθ − − − = − − −  
 

(5.2) 

 

Following the solution of Section 5.3.1.2, we know all the entries of the left side 

matrix P and the right side matrix P' in Equation (5.4), thus the rotation matrix can be 

written as below: 

1( ) 'AR P Pθ −=     (5.3) 

 

5.3.1.5 Solution to rotation axis and rotation angle: Rotation matrix 3 3( )AR Rθ ×∈  in 

equation (5.4) rotates a vector through an angle θ  about the unit axis A: 

 

2

2

2

(1 ) (1 ) (1 )
( ) (1 ) ( ) (1 )

(1 ) (1 ) (1 )

x x y z x z y

A x y z y y z x

x z y y z x z

c c A c A A sA c A A sA
R c A A sA c a c A c A A sA

c A A sA c A A sA c c A
θ

 + − − − − +
 = − + + − − − 
 − − − + + − 

  (5.6)  

 

where Ax, Ay, Az are the x-, y-, z- coordinates of the Axis A and c, s stand for the 

cosine and sine of θ  respectively. 

From Section 5.3.1.4 we know all the entries of ( )AR θ . Correspondingly we can 

obtain an equation set encompassing nine equations. By using Levenberg-Marquardt 

method, Ax, Ay, Az, c and s can be evaluated after several iterations. 

 

5.3.1.6 Solvability: The equation set can be solved only when the right side matrix of 

Equation (5.1) is full rank. In other words, if there is no plane of the cuboid become a 

single line after projection, then the equation set is solvable. 
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As the original cuboid is axis aligned and the length of each edge is not zero, the matrix P 

on the left side of Equation (5.4) is invertible. Furthermore, following Section 5.3.1.2 can 

be solved we can always solve Section 5.3.1.4. 

 

5.3.1.7 Box Alignment: Without automatic alignment of boxes, the boxes created to 

represent legs and hands would all be created on a single plane regardless of the pose of 

the concept human model, which will create an incorrect final pose. The proposed system 

provides an interactive interface where the artist can create a spline curve in an 

orthographic view and then the box automatically aligns itself according to the created 

spline curve.  

The line of action (LOA) is widely used in 2D animation design. Inspired by Guay 

et al. (2013), a sketch-based editing method has been developed that matches the shape of 

the 3D character boxy model to the shape of the 2D stroke. 

 

5.3.1.8 Matching boxy character to LOA: Since the character model is made up of 

boxes, the principle axis of each box would serve as a bone for the given body part. The 

connection relationship would be generated from the adjacent boxes, where each 

connection would serve as a joint, which has rotation freedoms that allow the model to 

create the pose. Therefore, the box model would finally be posed by the connections. For 

a selected series of m boxes 𝑥𝑥𝑏𝑏(𝑖𝑖), 𝑖𝑖 = 1,2, … ,𝑚𝑚, assume 𝑥𝑥𝑐𝑐(𝑠𝑠𝑖𝑖) represents the 𝑚𝑚 + 1 

corresponding connections/terminals of piecewise-rigid 𝑚𝑚 boxes, and 𝑥𝑥𝑟𝑟 is the single root 

position, which is the center of the box standing for waist and 𝑃𝑃𝑣𝑣 is the current view 

matrix. A given 2D stroke is denoted as 𝑥𝑥𝑙𝑙𝑙𝑙𝑙𝑙(𝑤𝑤𝑖𝑖), 𝑖𝑖 = 1,2, … ,𝑚𝑚 + 1. The input stroke is 

firstly parameterized as a cubic Hermite Curve, where (𝑤𝑤𝑖𝑖,𝑤𝑤𝑖𝑖+1) is the segment that 

correspond to the box (𝑠𝑠𝑖𝑖, 𝑠𝑠𝑖𝑖+1). To minimize the difference between the 2D stroke and 
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the 3D box chains in the current view plane determined by the view matrix 𝑃𝑃𝑣𝑣, the 

warping function is defined as: 

 

min
𝑄𝑄,𝑥𝑥𝑟𝑟

� 𝐸𝐸𝑖𝑖𝑃𝑃 + 𝐸𝐸𝑖𝑖𝑇𝑇
𝑚𝑚+1

𝑖𝑖=1

 

𝐸𝐸𝑖𝑖𝑃𝑃 = 𝜆𝜆𝑃𝑃‖𝑃𝑃𝑣𝑣𝑥𝑥𝑐𝑐(𝑠𝑠𝑖𝑖) − 𝑥𝑥𝑙𝑙𝑙𝑙𝑙𝑙(𝑤𝑤𝑖𝑖)‖2 

𝐸𝐸𝑖𝑖𝑇𝑇 = 𝜆𝜆𝑇𝑇�𝑇𝑇𝑐𝑐(𝑠𝑠𝑖𝑖) − Ť𝑙𝑙𝑙𝑙𝑙𝑙(𝑤𝑤𝑖𝑖)�
2 

(5.4) 

 
where {𝜆𝜆𝑃𝑃 ,𝐸𝐸𝑃𝑃} is to chose the closest point on the line while the term {𝜆𝜆𝑇𝑇 ,𝐸𝐸𝑇𝑇} is used to 

emphasize rigidity of the boxes. The 𝑇𝑇𝑐𝑐 and Ť𝑙𝑙𝑙𝑙𝑙𝑙 denote the tangent of the principle axis 

of the 3D box and the 2D stroke at corresponding point 𝑖𝑖, respectively. The 𝑄𝑄 is the 

rotation angle of each connection. In order to solve the depth ambiguities problem, 

additional constraint is applied: we constrain the models transformations to lie in the 

viewing plane, i.e. along the 2D dimension of the viewing plane. In other words, the 

rotation of each box is parameterized to a single axis-angle component 𝜃𝜃𝑖𝑖, the user can 

separately sketch and rotate the camera to edit in depth. Hence the rotation 𝑄𝑄 =

{𝑞𝑞1,𝑞𝑞2, … , 𝑞𝑞3 + 1} will be solved with respect to 𝜃𝜃𝑖𝑖. 

 

5.3.1.9 Correspondence between LOA and Bodyparts: For a given input 2D stroke, in 

order to use it to manipulate the character, a key problem is to identify the 

correspondence of the line segments and each box. Since the warping function is 

piecewise-defined, one segment of the stroke is corresponding to one box, we denote the 

segments as Ω = {(𝑤𝑤10,𝑤𝑤11), (𝑤𝑤20,𝑤𝑤21), … , (𝑤𝑤𝑚𝑚0 ,𝑤𝑤𝑚𝑚1 )} for the 𝑚𝑚 boxes. The sample of the 

curve at a node 𝑖𝑖 would be calculated as 𝑤𝑤𝑖𝑖 = 0.5�𝑤𝑤𝑖𝑖0 + 𝑤𝑤𝑖𝑖−11 �. The segment 

identification problem is then translated as a minimization problem: 
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min
𝑊𝑊

� 𝐸𝐸𝑖𝑖𝑃𝑃 + 𝐸𝐸𝑖𝑖𝑇𝑇 + 𝐸𝐸𝑖𝑖𝐶𝐶
𝑚𝑚+1

𝑖𝑖=1

 

𝐸𝐸𝑖𝑖𝑃𝑃 = 𝜆𝜆𝑃𝑃‖𝑃𝑃𝑣𝑣𝑥𝑥𝑐𝑐(𝑠𝑠𝑖𝑖) − 𝑥𝑥𝑙𝑙𝑙𝑙𝑙𝑙(𝑤𝑤𝑖𝑖)‖2 

𝐸𝐸𝑖𝑖𝑇𝑇 = 𝜆𝜆𝑇𝑇�𝑇𝑇𝑐𝑐(𝑠𝑠𝑖𝑖) − Ť𝑙𝑙𝑙𝑙𝑙𝑙(𝑤𝑤𝑖𝑖)�
2 

𝐸𝐸𝑖𝑖𝐶𝐶 = 𝜆𝜆𝑇𝑇‖𝑤𝑤(𝑖𝑖 + 1)0 − 𝑤𝑤(𝑖𝑖)1‖2 

(5.5) 

 
where {𝜆𝜆𝐶𝐶 ,𝐸𝐸𝐶𝐶} is used for the connectivity. 

In practice, we solve the equation sets (5.7) and (5.8) iteratively until convergence 

to achieve the desired pose. 

Figures 70(a-d) demonstrate several characters being created using the box 

modeller component. Figure 70(b) shows how a user can provide additional gestures to 

allow the system to automatically align the boxes. 

 

 

(a) 
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(b) 

 

(c) 
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(d) 

Figure 70(a-d): Some results showing boxy characters modelled using the Box Modeller 
component. 

 

5.3.2 Muscle Sculptor 

In order to make the human figure more detailed and realistic, the second component of 

the system allows the artist to refine / modify the 3D boxes created with the box modeller 

to resemble the actual human body parts and muscles. 

The muscle sculptor component introduces two modelling paradigms. 1) Sketch-

based and data-driven muscle modelling, and 2) Sketch-based muscle sculpting. The first 

paradigm is developed to aid novice artists / users who are new to human figure 

modelling, while the latter is focused at professional artists who possess prior knowledge 

of human anatomy and human figure sculpting. 

 

5.3.2.1 Sketch-based and data-driven muscle modelling: For the novice artist, the system 

provides tools to aid in creating plausible boxy muscles on relevant parts of the human 

body. Figure 71 shows the steps performed by the muscle sculptor to aid the novice artist 
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in achieving a plausible model for the leg. To this aim, the system allows the artist to 

roughly draw the muscles on top of the image and then use the automated tools to retrieve 

a closely matching muscle from the database. The system then deforms the retrieved boxy 

muscle into a more refined boxy muscle to adhere the surface anatomy. 

The database created for the system contains the set of muscles that most 

commonly visible in surface anatomy drawings. The muscles were pre-modeled using 

Autodesk Maya (Maya) and then stored in the database instantaneously using the OBJ file 

format. Thus the duration of storing pre-modeled muscles solely depends on the time it 

takes to model the muscle. For each muscle three different variants were stored to allow 

the user to choose from amongst the stored variants. For instance there are three different 

versions for the ‘deltoid’ muscle. One of the future works in the proposed system is to 

evaluate the database on the basis of the number of models it can hold to maintain overall 

system performance. It was observed that the system did not respond as expected if the 

artist provided a sketch that could not be matched with any model in the database even 

when the sketch was aesthetically plausible, which is another limitation that need some 

attention in future. 

Along with storing boxy muscles in a database, the system also stores an OBB 

representation for each boxy muscle. The OBB tree represents the muscle as a boxy 

shape. The reason for using an OBB tree representation is that there are certain muscles 

that can be modelled as a set of separate boxes and then later combined to create a 

complete muscle. Thus this representation will give a novice artist a clue on how to 

model complex muscles such as ‘sartorius’ muscle. The OBB tree representation is later 

used for cage-based deformation. OBB tree was originally developed to solve the 

problems vested with collision detection of complex polygonal models. The OBB-tree 

hierarchy construction method was presented by Gottschalk et al. (1996) and operates in a 

top-down fashion.  
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After the system determines the OBB representation of the muscle, it needs to 

deform the smooth muscle into its boxy muscle. For deformation, cage-based deformation 

has been used because of its implementation simplicity and suitability with computing 

correspondences on low polygon mesh. The cage-based deformation algorithm is 

governed by Mean Value Coordinates. Mean Value Coordinates  one of the most efficient 

cage-based deformation algorithms as concluded by Nieto and Susin (2013) in their 

survey. The proposed system uses the algorithm presented by Floater (2003) to compute 

the deformation. For a mesh with vertices 𝑉𝑉 and edges 𝐸𝐸 the Mean-Value Coordinates for 

each vertex 𝑣𝑣𝑖𝑖 ∈ 𝑉𝑉 is computed from the Euclidean coordinates of the vertex and its 𝑚𝑚 

neighbour vertices 𝑣𝑣𝑗𝑗 , where (𝑖𝑖, 𝑗𝑗) ∈ 𝐸𝐸. 

 

( )[ ] iiiijij
Eji

ijii nhnnvdvwVFv +•+−== ∑
∈),(

)(
    

(5.6) 

 

Here ℎ𝑖𝑖   is the vertex offset above the projection plane. 𝑤𝑤𝑖𝑖𝑖𝑖 are the weight 

functions and normalizing each weight function by the sum of all weight functions gives 

us the Mean Value coordinates. 𝑑𝑑𝑖𝑖  is the average distance from the origin. To achieve 

final deformation of the mesh, we solve the following energy minimization deformation 

functional using the Gauss-Newton algorithm:  

 

arg min
𝑉𝑉
𝐺𝐺(𝑉𝑉) = 1

2
∑ (𝑣𝑣𝑖𝑖 − 𝐹𝐹𝑖𝑖(𝑉𝑉))2𝑣𝑣𝑖𝑖∈𝑉𝑉     (5.7) 
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(a)      (b) 

   

(c)      (d) 

Figure 71: A process showing the steps involved with aiding novice artists to model deltoid 
muscle. 
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The computation of MVC based deformation is iterative and it takes a maximum of 

5 iterations to achieve reasonable deformations with each iteration taking between 0.01 to 

0.03 seconds. 

 

5.3.2.2  Sketch-based muscle sculpting: For a professional artist, this component offers 

several operations to allow the artist to easily sculpt the boxes to closely match the human 

body muscles. All these operations are activated via sketching. A brief overview of these 

operations is given below. 

 

Cut muscle: The main purpose of this tool is to allow the artist to cut a box by placing a 

single stroke or a couple of strokes directly over a face of the boxy muscle. The Bridgman 

approach focuses heavily on wedged shaped boxes to indicate the flow of human muscles 

and how these are connected to each other. Using this operation an artist can cut a portion 

of the muscle. Cutting the box can be achieved using a single stroke or two strokes. If the 

artist wants to cut the box in a direction perpendicular to a particular face, he/she can 

simply draw a single stroke on that face and the system automatically cuts the box 

perpendicular to the stroked face. Figure 72 shows an example of this operation. 

The ‘cut muscle’ tool creates a 3D polygon which is oriented according to the 

strokes provided by the artist and then uses a 3D variant of the Greiner–Hormann 

clipping algorithm to achieve the final shape (Greiner and Hormann, 1998). The Greiner–

Hormann clipping algorithm is an efficient algorithm for clipping arbitrary 3D-polygons. 

The algorithm can handle arbitrary closed polygons, specifically where the clip and 

subject polygons may self-intersect. 
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Figure 72: Cutting a mesh using the cutting tool. The left image shows the cutting lines (in yellow) 
placed by the user on the 3D box (blue highlight). The right image shows the resulting mesh 

(orange highlight) obtained after the system has performed the cutting operation. 

 

Stretch / Contract face: During the processs of modelling surface anatomy, an artist may 

want to stretch or contract a specific face of the boxy muscle to achieve the desired shape 

of the muscle. For example, in modelling a forearm’s bicep muscles, an artist can initially 

draw a 3D box in arbitrary dimensions, and then use this tool to scale a face appropriately 

as shown in the Figure 73. 

This tool was simple to implement as it first modifies the vertex positions of the 

face and subsequently updates the vertex positions of the adjacent faces that were affected 

due to this operation. 
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Figure 73: The process of stretching/contracting a face of a box. 

 

Break Muscle: This operation divides a boxy muscle into two pieces by first selecting a 

particular boxy muscle. The need for this operation arrives when the artist wants to model 

abdominal muscles, as these muscles are composed of six block shaped muscles arranged 

in a grid shaped pattern (Figure 74). To utilize this tool, the artist first selects the boxy 

muscle by drawing a rough ellipse around it, and then draws a line across the boxy 

muscle (where the artist wants to divide the muscle) in order to break the muscle into two 

separate muscles. 

The line drawn by the artist to break the box was projected into the 3D space and 

an invisible polygon was created propagating at an arbitrary position in the negative z-

axis. After adjusting the length of the invisible plane, a KD-Tree data structure was used 

to find the nearest vertices on the boxy muscle. The box is then detached into two 

separate pieces. 
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Figure 74: Abdominal muscles modelled using ‘break muscle’ operation. 

 

Join muscles: An artist can initially draw all the 3D boxes representing individual 

muscles in separate parts, and then later combine these parts to depict one muscle. This 

tool is useful for modelling the ‘Supinator Longus’ muscle in the human arm. In Figure 

75, the image on the right shows the three separate muscles that are first modelled using 

boxes. The boxes are then cut using the ‘Cut Muscle’ tool to achieve the desired shape. 

The artist is then required to draw roughly parallel strokes in order to join the separate 

muscle. These 3 sculpted muscles are then joined by the system to create the entire 

‘Supinator Longus’ muscle. 

Similar to the ‘break muscle’ tool, this tool constructs invisible polygons using the 

drawn strokes and then uses the KD-tree data structure to find the nearest vertices on the 

boxy muscle. The faces to which the vertices belong are then stitched together by simply 

updating the vertex positions of the affected faces and finally grouping the faces together 

into one single model. 
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Figure 75: Joining of the Supinator Longus muscle using simple sketching gesture. 

 

Bend muscle: This operation bends the muscle in a boxy fashion and can be used to 

model the External Oblique muscles that take the form of a belt wrapped around the 

waist. Another muscle that can be modelled using this feature is ‘Sartorius’ muscle which 

is located in the thighs (Figure 76). The artist starts by drawing a box and then scales the 

box along the desired direction. He/she then sculpts the box using the Cut Tool if 

necessary, and finally draws a curved stroke to specify the bending direction of the 

muscle. 

The bend muscle tool treats the curvature of the stroke as a polyline and simplifies 

it. It projects the polyline onto the surface of a boxy muscle on which the artist creates the 

stroke. The system then uses the break tool and breaks the muscle to be bent into several 

individual boxy muscles and orients these along the curvature of the stroke/polyline. 

Finally the system uses the ‘join muscle’ tool to join all the individual muscles to achieve 

the final shape. 
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Figure 76: Sartorius muscle (yellow) modelled using the bend muscle operation. 

 

Extrude face: This tool has proven to be useful in modelling different muscles such as 

Trapezius, Latissimus Dorsi and Abdomical muscles. The user can also use this tool to 

model the nose and chin of the human model. To use this tool, the artist selects a 

particular face and extrudes it using a stroke gesture in the direction as shown in the 

Figure 77. 

 

 

Figure 77: Extrude face operation using simple sketching gesture. 
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5.4 Results & Discussion 

In this section the user interface of the system and a few results are presented to 

demonstrate the effectiveness of the proposed approach. 

 

 

Figure 78: Main interface of the proposed system. Sketch by Francesco Piranesi c. 1795. 

 

Figure 78 shows the main interface with a final model of the character from a 

sketch of the famous Hercules statue. As shown in the figure, the interface provides 

several controls to the user for sculpting the boxy model into a more defined character 

model. Figure 79 shows iterative process of a human arm being modelled and refined by 

a user using the Muscle Sculptor component. 
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Figure 79: The process of modelling and sculpting a human arm by the user. 

 

Figure 80 shows the human leg being modelled and refined using the muscle 

sculptor component. 

 

 

Figure 80: Iterative modelling of the leg using muscle sculptor tool. 
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The character model presented in Figure 81 was created in over eight hours by a 

novice user. Although the proposed system aims to support swift creation of models, the 

creation of models that are more organic looking is difficult to achieve. The tools 

developed in this system can be refined in future to allow a novice user to construct a 

character that can achieve an organic look. The system has been tested with three research 

students so far but in future there is a need to test the tool with artists with varying skill 

levels. 

Table 5: Feedback collated from users of the proposed system. 

 

Question Strongly 
Agree Agree Undecided Disagree Strongly 

Disagree 

It was easy to upload an input sketch using the 
interface      
It was easy to draw 2D boxes over the input sketch      
It was easy to use the tools provided by ‘Box 
Modeller’ to generate 3D boxes from 2D boxes      
It was easy to rotate, translate and scale the boxy 
model using the controls in the 3D window      
It was easy to build a complete boxy model from 
scratch in the desired pose      
Based on the input sketch of the muscle, it was easy to 
retrieve a muscle from the database by using the 
interface features 

     

It was easy to insert the retrieved muscle in the model      
It was easy to use the cut tool provided by the Muscle 
Sculptor      
It was easy to use the stretch/contract muscle tool 
provided by the Muscle Sculptor      
It was easy to use the break muscle tool provided by 
the Muscle Sculptor      
It was easy to use the bend muscle tool provided by the 
Muscle Sculptor      
The final model was of acceptable quality      
The final model needs further work to make it high 
quality      
Overall it was a unique experience using the system      
It was quick to model a 3D character from scratch      
It was more convenient to model a character using this 
system as compared a professional modelling system 
such as Maya 

     

I would recommend this system to other artists      
 

For testing the system, a survey in the form of a questionnaire was carried out and 

given to each user of the system to provide feedback on the usability of the system (Table 

5). The table shows a set of questions and a set of possible choices. The answers in the 

table are the average answers provided by all the students. From the table below it is 
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apparent that the data-driven features of the system needs refinement and perhaps re-

designing in future. The muscle sculpting tools also needs refinement. 

The users also reported that they would like to see more features in the system such 

as undoing previous actions as well we being able to highlight a set of selected muscles in 

order to delete or copy these. 

 

 

Figure 81: Final result of the character modelled from the source sketch above. 

 

Figure 82 presents yet another result of the proposed system. This model was 

created by another user in a little over five hours. The noticeable difference between the 

modelling time of the model in Figure 81 and Figure 82 is due to reusing the arms and 

legs that were already model for the character in Figure 81. 
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Figure 82: Another result of a modeled character using the proposed system.  

Sketch by Francesco Piranesi c. 1795. 

 

5.5 Conclusions and future work 
 

In this chapter, a novel sketch-based modelling system is presented that demonstrates the 

generation of anatomically correct human characters by sculpting boxes. The proposed 

system is just an initiating effort in a new direction of sketch-based modelling tools and it 

is hoped that this system will provide a useful tool for young and professional artists to 

improve their character modelling skills. As explained in Section 5.4, the system has been 

tested with a few research students, and mostly positive feedback was received regarding 

the effectiveness and practicality of this tool. The feedback was gathered in the form of a 

questionnaire focusing on usability of tools and the quality of models created. The system 

was deployed on a windows environment and asked the users to draw the boxes using a 

pen and tablet device.  
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Due to the anatomical correctness of the models created from the system, these 

models can be fed into the detailed modelling phase within the animation production 

pipeline, where the 3D artist will feel comfortable in adding more details to the character 

with greater ease. 

While it can be said with confidence that the proposed system will serve a useful 

purpose for artists in the early design phase to make prototypical characters, there are 

aspects that need to improvement in future. At the moment the system supports the 

creation of human figures which are relatively muscular with body builder physiques. 

Therefore this system may not be suitable for modelling obese or slim human bodies.
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6 Conclusion and Future Work 
 

6.1 Conclusion 

3D character modelling is a challenging job for 3D artists, especially for those coming 

from a traditional arts background. Many 3D artists in particular find it difficult to 

transform 2D concept characters into 3D characters, as they are not trained in traditional 

2D arts. On the other hand, many 2D artists find it difficult to create 3D models as they 

do not possess the necessary skills in 3D. 

Sketch-based modelling is considered to be one of the solutions that provide a 

bridge between traditional 2D character drawing and modern 3D character modelling. 

Thus in this thesis, several contributions have been proposed novel approaches that aim to 

answer the question posed at the beginning of this thesis (Chapter 1 - Introduction). 

In terms of the key contributions, the first sketch-based modelling method 

presented in this thesis (Chapter 3) provides a novel pipeline of sketch-based character 

modelling, while also overcoming the limitations present in the previous techniques of a 

similar nature. Particularly, the proposed approach has contributed towards the 

computation of accurate occluding contours, which is also fast as compared to the work 

by Kraevoy et al. (2009). This new approach combines the principle behind human 

vision, intelligence and interactions with computer’s powerful computing capacity to 

achieve accurate and quick correspondences between the 3D template model and user’s 

drawn sketches, and presents a hybrid mesh deformation technique to change the 3D 

template model into new character models efficiently. The presented hybrid mesh 

deformation technique maximizes the strength of skeleton-based deformation in dealing 

with large mesh displacements and deformations globally and that of mesh editing 
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algorithms in tackling small mesh deformations locally. The developed user interface 

integrates all the functions ranging from creating a character dataset, interactive sketch 

creation, retrieval of a most similar 3D template model, fast and accurate 

correspondences, and hybrid mesh deformation. A few examples were presented to 

demonstrate efficiency and quality of the proposed approach. 

The second proposed approach explained in Chapter 4 presents a hybrid sketch-

based modelling system combining the features from existing systems such as (Gingold et 

al., 2009) and shape-from-shading (Yang and Han, 2007) to allow artists to quickly 

model the base mesh of the character as well as to add details to the base mesh. The 

system provides intuitive tools to add details to the base mesh. In contrast to the popular 

commercial animation packages such as Autodesk Maya (Maya), which have a steep 

learning curve, the system allows the artists to quickly create a base mesh from a single 

view via simple strokes, and utilizing the power of primitives (generalized cylinders, 

cubes, and ellipsoids). Moreover, the system allows the artists to quickly add details to 

the surface of the base mesh by generating a 3D surface from a photo with minimum 

effort. It is believed that the system makes a fresh attempt at pushing the sketch-based 

modelling systems beyond their boundaries. 

The final proposed approach in Chapter 5 presents a novel sketch-based modelling 

system that demonstrates the generation of anatomically correct human characters by 

sculpting boxes. This system is just an initiating effort in a new direction of sketch-based 

modelling tools and it is hoped that the system will provide a useful tool for young and 

professional artists to improve their character modelling skills. 
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6.2 Discussion and future work 

Though the results presented in Chapter 3 demonstrate the effectiveness of the 

proposed system, the quality of deformation achieved varies with the number of polygons 

present in the mesh. With models having polygon count between 30,000 and 90,000 the 

overall system performs very efficiently and produces highly plausible results, however 

with higher sizes of meshes, the deformation process becomes slower and produces 

slightly inaccurate results. Here ‘size’ refers to the number of polygons in the mesh. This 

slow behavior is due to the fact that the efficiency of the automatic skeleton based 

deformation algorithm is directly proportional to the mesh size, which eventually affects 

the final mesh deformation. It can therefore be concluded that the proposed approach in 

Chapter 3 is best suited for characters of medium sized meshes mostly used in games, and 

not suitable for hyper-realistic characters used in movies. 

As pointed out in Chapter 3, there are some more limitations of the proposed 

approach. Firstly, the current dataset only includes male human character models. In 

future, there is a possibility to evolve the dataset into a larger version involving various 

female models and non-human character models. Secondly, all the character models in 

the dataset are currently in either A-pose or T-pose. It would be interesting the add 

characters in various articulate poses and see the effect it can do template retrieval step. 

Thirdly, manually drawing occluding contours is slightly difficult for the first time users. 

This can be avoided by developing an automatic algorithm to generate the occluding 

contours. 

The work in Chapter 3 was presented at 28th Annual Conference on Computer 

Animation and Social Agents (CASA 2015) at Nanyang Technological University, 

Singapore. On presenting the work, one of the attendees suggested that one possible 

future research direction would be to add support for sketch based clothes modeling. 
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The system proposed in Chapter 4 can be further improved through the following 

work: 

1. More features can be added to control and manipulate the primitives smoothly, and 

add details to the base mesh. Currently a user can only modify the vertices of the 

mesh. In future, it would be interesting to add modification controls/gestures for 

faces and edges. 

2. The controls can be added to deform the feature curves of the modelled character to 

better match those of the input sketch. 

3. A feature can be added in the system interface to allow the artist to automatically 

stitch/transfer the details from SFS algorithm onto the base mesh without any 

manual interaction. 

 

As pointed out in Chapter 4, this system can also be integrated with the system proposed 

in Chapter 3 in order to potentially improve the quality of the generated character models 

even further. 

Finally, the work presented in Chapter 5 is still a work in progress. It was initially 

conceived as a graphic software system to train novice artists the skills of human figure 

sculpting with a different approach than Autodesk Mudbox (Mudbox). It is believe that 

the end product of this system will also allow me to conduct studies and survey what 

approaches novice artists use to learn human figure modelling, and whether the use of 

drawing principles developed by George Bridgman will be beneficial in making a novel 

and more efficient sketch-based modelling system. This idea has been discussed with 

some of the world’s leading experts in Computer Graphics and received encouraging 

feedback. This work was also submitted to SIGGRAPH 2016 as a research paper and 

received very constructive feedback from the reviewers. As a future work it is planned to 

improve the quality of this work based on the reviews, and also develop this idea further. 
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One potential application of the proposed system in Chapter 5 is to be used a 

teaching tool for fine art students at arts schools/colleges. In a physical setting, this can be 

visualized in a way that in a fine arts class, instead of using a traditional drawing easel 

and pencil, drawing tablets such as Wacom Cintiq can be installed running the proposed 

system, thus allowing the students to create 3D human figures. It is believed that a more 

enhanced and robust data-driven support to the system can boost the learning process of 

the user, by allowing the user to accurately retrieve a desired muscle from the muscle 

database. Moreover, with a more enhanced and user friendly experience, this system will 

have the potential to be adopted by novice artists in animation studios.   
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