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Abstract 

This paper presents a sketch based mesh extrusion method, which is useful for intuitive, efficient geometric 

modeling of freeform polygonal objects. With our method, the user can extrude either a closed or open surface 

from the surface or the boundary of a given mesh by sketched input. Thus, compared to earlier methods, our 

method provides more flexibility for solving surface modeling problems. Our mesh extrusion algorithm consists 

of four steps: 1) create a base curve; 2) project extruding strokes; 3) sweep a base curve; and 4) sew adjacent 

curves. At the end of this paper, examples of our mesh extrusion implementation are shown to demonstrate its 

functionality. Our freeform extrusion has been implemented as a part of our sketch based modeling system, and 

the mesh extrusion can be completed in real-time on a standard PC.  

Keywords: computational geometry and object modeling; interaction styles; computer-aided design. 

1.  Introduction 

This paper describes the development of an intuitive and efficient geometric modeling method for designing 

freeform polygonal models. In currently available commercial geometric modeling software, there are different 

kinds of modeling tools. But all of these tools are for precise design. They are not efficient or intuitive enough 

for conceptual design. It is important to develop an efficient and intuitive tool for conceptual design. Studies 

show that most designers nowadays still prefer to express their creative design ideas through 2D sketches. Thus, 

a sketched input method is needed.  

Our mesh extrusion method is best illustrated by an example shown in Fig. 1. In this example, the given 

initial model is a closed mesh surface, our approach allows a designer to sketch two or three strokes to extrude a 

surface from the given mesh – a closed stroke on the surface of the given mesh, and one or two 2D strokes 

depicting the silhouette of the extruded surface. Firstly, the user draws a closed stroke on the object surface. A 
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surface curve is obtained by projecting the closed stroke onto the surface of the given mesh – called a base 

curve. After that, the user rotates the model to bring the closed stroke sideways and draws silhouette lines to 

extrude the surface (Fig. 1a). A sweep operation is applied to construct the 3D shape by moving the surface 

curve along the skeleton of the silhouette. Fig. 1b shows the result of the extrusion, and Fig. 1c shows the mesh 

representation of the extrusion result. The direction of the extrusion is perpendicular to the object surface, but 

not parallel to the screen. However, since the problem of getting a 3D shape of a surface from its contour is a 

problem with insufficient constraints, our algorithm uses some assumptions as additional constraints to solve the 

problem. For example, the cross-section shape of the extruded surface is assumed to be similar to the shape of 

the base curve; and the end shape of the open surface extruding is also assumed to be similar to the shape of the 

base curve. The whole operation only consists of two or three strokes (two strokes to construct a closed surface 

– e.g., the top row in Fig. 1, and three strokes to construct a open surface – e.g., the bottom row in Fig. 1). It is 

very intuitive and efficient. Our approach uses the polygonal mesh to represent a surface, which is widely used 

as a fundamental representation for geometric modeling.  

   

   
(a) sketched input (b) extrusion result (c) mesh representation 

Fig. 1.    Freeform extrusion 

In this paper, we propose a mesh extrusion algorithm that consists of four steps: 1) create a base curve; 2) 

project extruding strokes; 3) sweep a base curve; and 4) sew adjacent curves. After the mesh extrusion, a generic 

mesh optimization scheme [1] is implemented to optimize the constructed surface with respect to prescribed 

criteria. Our extrusion approach is closely related to the extrusion method in the Teddy system [2]. But by our 

method, the user can extrude both a closed and open surface from either the surface or the boundary of an initial 

mesh; the Teddy system can only extrude a closed surface from the surface of an initial mesh. Therefore, our 

method provides more flexibility in dealing with surface modeling problems. In other words, the limitation of 

spherical topology is overcome. 
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2.  Related Work 

Much research focused on mesh surface construction [2, 3, 4, 5, 6, 7, 8, 9]. Meyers et al.’s work [3] was 

concerned with the problem of reconstructing the surfaces of three-dimensional objects with a collection of 

planar contours representing cross-sections through the objects. Their approach was related to Keppel’s work 

[4]. Hoppe et al. [5] presented a general method for the automatic reconstruction of accurate, concise and 

piecewise smooth surface models from scattered range data. The SKETCH system [6] can rapidly construct an 

approximate shape via direct mark based interaction. The Teddy system [2] constructed a rounded freeform 

mesh model by finding the chordal axis of user input 2D closed stroke to build a smooth surface around the axis, 

and the Teddy system can extrude closed surface from the surface of a given mesh. Our proposed method, 

which can extrude either a closed or an open surface from either the surface or the boundary of the given initial 

mesh, provides more flexibility for surface modeling problems. Implicit surface modeling [7, 8, 9] is another 

approach for mesh construction. The user specifies the skeleton of the intended model and the system constructs 

smooth, natural-looking surfaces around it. By extending implicit surface modeling techniques, Markosian et al. 

[9] presented a particle-based freeform surface modeling approach. In their system, a user interactively guides 

the particles, called skin, to grow over a given collection of polyhedral elements (or skeletons), yielding a 

smooth surface (through subdivision) that approximates the underlying skeletal shapes. In our mesh extrusion 

algorithm, we use the approach of Meyers et al. [3] to construct a mesh surface between two neighboring base 

curves. 

Suzuki et al. [10] presented a 3D mesh-dragging method for intuitive, efficient geometric modeling of free-

form polygonal models. With their method, the user can drag a part of a triangular mesh and change its position 

and orientation. Their method was based on an adaptive remeshing procedure. Similarly, our interactive mesh 

extrusion also proposes an intuitive, efficient geometric modeling tool for free-form polygonal models. Some 

other interactive modeling methods are related to the multi-resolution presentation of models: Zorin et al. [11] 

built a scalable interactive multi-resolution editing system based on mesh refinement and coarsification 

algorithms; and Khodakovsky and Schroder [12] developed an algorithm based on Zorin’s approach that can 

modify the fine level shape of a surface. 

Several algorithms have been formulated to simplify surfaces and to solve the more general problem of 

multi-resolution modeling. Schroeder et al. [13] described an algorithm that we term vertex decimation. Their 

method iteratively selects a vertex for removal, removes all adjacent faces and re-triangulates the resulting hole. 

Garland and Heckbert [14] developed a surface simplification algorithm that can rapidly produce high quality 
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approximations of polygonal models. The algorithm uses iterative contractions of vertex pairs to simplify 

models and maintain surface error approximations using quadric matrices. It can facilitate good approximations, 

both visually and geometrically. But in their algorithm, the element shape qualities are not respected. Hoppe et 

al. [15] presented a method for solving the mesh optimization problem by defining an energy function that 

explicitly models the competing requirements of conciseness of representation and fidelity to the data. Their 

algorithm is based on obtaining the optimal solution of energy functions.  It is a time-consuming iteration 

scheme, and the cloudy points are required as references. Frey and Borouchaki [16] presented a surface mesh 

optimization method that is suitable for obtaining a geometric finite element mesh, given an initial arbitrary 

surface triangulation. The first step of their method involves constructing a 1G  continuous geometric support, 

associated with the initial surface triangulation, which represents an adequate approximation of the underlying 

surface geometry. The initial triangulation is then optimized with respect to this geometry as well as the element 

shape. Their procedure of mesh optimization is also a very time consuming iteration scheme, but not a real time 

mesh optimization technique, and the reference parametric surface is required. Since our extrusion approach is a 

part of an interactive design system, we should choose real-time algorithms [1, 17] that can optimize an arbitrary 

triangular mesh surface with respect to a prescribed criteria to obtain a unit surface mesh (i.e., where all edges 

have a normalized length close to the optimal value). Here, we use the algorithm presented in [1]. 

3.  Mesh Extrusion 

Our extrusion tool allows a designer to sketch two or three strokes to extrude a surface from the given mesh 

Φ  – a closed stroke on the surface of a given mesh, and one or two 2D strokes depicting the silhouette of the 

extruded surface. The algorithm consists of four steps: 1) create a base curve; 2) project extruding strokes; 3) 

sweep a base curve; and 4) sew adjacent curves. They will be described in detail in this section. 

3.1.  Create base curve 

The base curve Β  is defined as either a closed curve or an open curve, which lies on the surface of object 

Φ , },{ Φ∈=Β ii ee , where ie  are the connected triangular edges (in order to maintain the constructed surface 

to be manifold, in the open curve case, ie  should be boundary edges). In our extrusion algorithm, the curve is 

created by the first input stroke. When users draw a stroke on the object surface, the system projects the stroke 

onto the surface of Φ  along the view direction. In the case of an open stroke, we use the input stroke to select 

boundary edges to form Β ; and in the case of a closed stroke, we apply the partial re-triangulation algorithm to 

re-triangulate the object by the projected stroke (Fig. 2). 
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(a) user defined strokes (b) partial re-triangulation result 

Fig. 2.    Partial mesh re-triangulation 

The whole procedure of re-triangulation consists of four steps: 1) calculate the intersections of the painted 

curves; 2) create new vertices and edges by painted curves; 3) triangulate triangles in nii ,,2,1, K=∆  one by one; 4) 

use the triangulation result to obtain the new object – Φ′ . After projecting curves on the surface of Φ , the 

projected curves are represented by several 3D line segments. However, the intersections of these projected 

curves are not stored in our system. Thus, we need to calculate the intersections and insert them into the 

projected curves as nodes in the first step of re-triangulation. In the second step of re-triangulation, we use the 

nodes of the projected curves to create new vertices of mesh object Φ ; and use the line segments of the 

projected curves to create new edges. Triangular edges crossed by the projected curves are divided into several 

edges. These new vertices and new edges should be stored in the data structure of Φ  since they will be used in 

the third step of subdivision. The divided triangular edges are removed from Φ . The third step of re-

triangulation involves subdividing the triangles in nii ,,2,1, K=∆  one by one; the procedure is shown in Fig. 3 (from 

the left column to the middle column). Because edges and vertices have been created in step two, only new 

triangular faces are created in this step. Here the Constrained Delaunay Triangulation algorithm is performed. 

At the end of the third step, we obtained new triangles nii ,,2,1, K=∆′ . The fourth step is shown in Fig. 3 (from the 

middle column to the right column). After replacing the triangles nii ,,2,1, K=∆  by mii ,,2,1, K=∆′  in Φ , we obtain a 

new mesh object Φ′ .  

Node inside triangle face Node on triangle edge

(a) (b) (c)

 

Fig. 3.    Re-triangulate nii ,,1, K=∆  to obtain Φ′  
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After the re-triangulation, the projected curves on Φ  become the edges of the triangular mesh Φ′ . These 

triangle edges are ie  in Β , they form the base curve Β . The triangles inside Β  should be removed from Φ′ .  

3.2.  Project extruding strokes 

As shown in Fig. 4, every 2D extruding stroke Ω  (there is only one stroke in the closed surface extrusion 

case; and there are two strokes in the open surface extrusion case) is projected onto a plane to obtain the 

projected 3D extruding stroke pΩ . Therefore, the major problem of this section is how to determine the 

projection plane. 

 
Fig. 4.    Project extruding stroke 

Two constraints are defined to determine the projection plane, 

Constraint 1 The plane passes through two points: ),,( 111
*

1 zyxP  and ),,( 222
*
2 zyxP , where )2,1(*

=Β∈ iPi  

are the closest points to the endpoints of Ω  on the screen plane. 

Constraint 2 The plane lies parallel to the normal of the base curve Β . 

Under the above two constraints, the plane faces towards the camera as much as possible. Since we know the 

positions of the points ),,1(* niPi K=Β∈ , we use the Least Square method [18] to obtain the least square 

plane of these points, and we use the normal of the least square plane as an approximate normal 

knjmiln
rrrr

ΒΒΒΒ ++=  of Β . The equation of the projection plane can be written as 
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3.3.  Sweep base curve 

After the system projects the 2D extruding strokes onto the projection plane, it produces 3D extruding 

curves. Copies of the base curve are created along the extruding curve in such a way as to be almost 
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perpendicular to the direction of the extrusion, and are resized to fit within the curve (Fig. 5). This is done by 

advancing two points (left and right) along the extruding curve starting from both ends (Fig. 6).  

 

Fig. 5.    Sweep base curve 

In each step, the system chooses the best of the following three possibilities: advance the left point – case 

one, the right point – case two, or both – case three (Fig. 6). The goodness value is increased when the length of 

the line connecting the points is shorter. In other words, 321 PPl = , 412 PPl = , and 433 PPl = , where 1l , 

2l , and 3l  respectively represent the line length of case one, two, and three. Thus, the possibility of the three 

cases – iΓ  is 

3,2,1,
1

=∝Γ i
li

i .                                                                     (2) 

This process is completed when both the left and right points meet ends. 

case one case two case three

P4

P2

P3

P1

 

Fig. 6    From left to right: case 1, 2, and 3 

After the two points are advanced, the left point and the right point are 1P′  and 2P′ . In case one, 31 PP =′  and 

22 PP =′ ; in case two, 11 PP =′  and 42 PP =′ ; and in case three, 31 PP =′  and 42 PP =′ . Assuming that the normal of 

the projection plane is pn
r

, then the point *
1P  and the three vectors: pn

r
, *

2
*

1 PP , and 
*
2

*
1 PPn p ×

r
 build an 
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orthogonal coordinate *O ; and point 1P′  and three vectors: pn
r

, 21PP ′′ , and 21PPnp ′′×
r

 build an orthogonal 

coordinate O′ . Briefly, the procedure of copying the base curve Β  is to translate the vertices on Β  from 

coordinate *O  to coordinate O′ , and scale them by the ratio 
*
2

*
1

21

PP

PP ′′

. To construct a closed surface, the base 

curve Β  should be a ring, and the last copied ring is degenerated to a single vertex. 

3.4.  Sew adjacent curves 

In this step of mesh surface extrusion, we create new polygons by sewing the neighboring copies of the 

base curve together [3, 4] (Fig. 7). While sewing the adjacent curves, we should preserve the orientation of the 

created triangular faces. Firstly, we define that 1) if an edge is stored in the anti-clockwise direction in a 

triangular face, it is called a positive edge; otherwise, it is called a negative edge – for example, in Fig. 8, edge 

e  is positive in face 1f  and negative in face 2f ; 2) an edge with only one triangle adjacent is called a boundary 

edge. The orientation of the created faces is maintained by the following rules. 

Rule 1 Only triangles with boundary edges can be constructed; 

Rule 2 Make each triangular edge positive in one adjacent face and negative in another adjacent face when 

determining the orientation of a triangular face. 

Rule 1 gives the order of constructing triangles: if in two adjacent curves 1Β  and 2Β , 1Β  is the previous one of 

2Β  while sweeping the base curve, we firstly construct the triangles with edges in 1Β  and secondly construct 

the triangles with edges in 2Β ; and we begin the construction from the triangles with edges in the base curve. 

When constructing a triangular face, we use rule 2 to determine its orientation. These two rules preserve the 

orientation of triangles in the extrusion result. 

P0

P1

P2

Pn-1

Q0

Q1

Q2

Qn-1

 

f1

f2

e

 
Fig. 7.    Sew neighboring rings Fig. 8.    Direction of an edge in adjacent faces 

 

After sewing the adjacent curves, a new 3D polygonal object is created (e.g., the model shown in Fig. 9a).  

Analyzing the mesh representation of the 3D polygonal object, we find that there are many short edges and 
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small triangles in the extruded mesh surface. Here, we implement a mesh optimization algorithm [1] to remove 

these short edges and small triangles; the proposed mesh optimization result is shown in Fig. 9b. 

  
(a) before optimization (b) after optimization 

Fig. 9.    Mesh optimization 

 

4.  Examples and Applications 

We are developing a sketch based 3D freeform modeling system now. The sketch based freeform extrusion 

approach presented in this paper has been implemented as a part of our prototype system. The mesh extrusion 

can be finished in real-time on a standard PC. Users can create a wide variety of shapes using our mesh 

extrusion tool (e.g., Fig. 10a – long shape; Fig. 10b – thin shape; Fig. 10c – sharp shape); and they can use the 

same tool to dig a cavity on the surface (Fig. 10d). 

    

    
(a) long (b) thin (c) sharp (d) cavity 

Fig. 10.    Examples of extrusion 

Fig. 11 shows an application for toy design, where the mouth, the tail and the wings of a duck are created 

from the initial object (shown in Fig. 11a) by using our mesh extrusion tool. Other sketch based 3D freeform 

modeling tools of our prototype system construct the initial object. Note that the model looks quite different 

from 3D models created by other modeling systems – it reflects the hand-drawn nature of the shape. 



         

 

 10 

    
(a) (b) (c) (d) 

    

(e) (f) (g) (h) 

Fig. 11.    Extrusion application one: toy design 

Fig. 12 shows another application that is for fashion design: in Fig. 12a, two strokes are input to extrude the 

lower hem of the given waistcoat (which is constructed by other tools in our prototype system) to construct a 

dress (as shown in Fig. 12b); in Fig. 12c, the whole armhole is extruded to form a band sleeve (as shown in Fig. 

12d); in Fig. 12e, a part of the armhole is extruded to construct a cape sleeve; and in Fig. 12g, our extrusion tool 

is used to change the collar of the dress from the scoop style to the ring style (as shown in Fig. 12h). The 

shading representation of the dress is shown in Fig. 12i; after applying the draping simulation on the dress by 

the 3D Garment v2.0 system [19], the result is shown in Fig. 12j, 12k, and 12l. 

From the above examples and applications, it is easy to find that our extrusion approach is an intuitive, 

efficient geometric modeling tool for freeform polygonal object modeling. The number of vertices and faces of 

the toy design application and the fashion design application is shown in Table 1. Both the number of vertices 

and the number of faces are increased considerably after extrusion. Our approach can complete the mesh 

extrusion in real-time on a standard PC, but may cause a short pause (a few seconds) when the model becomes 

complex – the number of vertices and faces increases. 

Table 1    Increase of the mesh size 

Before extrusion Final result 

Example 
Vertices 

number 

Triangles 

number 

Vertices 

number 

Triangles 

number 

Toy design (Fig. 11) 1,616 3,228 2,093 4,180 

Fashion design (Fig. 12) 399 712 1,288 2,476 
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(a) (d) (c) (d) 

    
(e) (f) (g) (h) 

 

   
(i) (j) (k) (l) 

Fig. 12.    Extrusion application two: fashion design 

5.  Conclusion and Discussion 

In this paper, a sketch based mesh extrusion method, which is useful for intuitive, efficient geometric 

modeling of freeform polygonal objects, is introduced. Our extrusion approach is related to the extrusion 

method in the Teddy system. With our method, users can extrude either a closed or open surface from the 

surface or the boundary of a given polygonal mesh by sketched input. However, the Teddy system can only 

extrude a closed surface from the surface of an initial mesh. Thus, compared with earlier method, the spherical 

topology limitation is overcome. Our mesh extrusion algorithm consists of four steps: 1) create base curve; 2) 
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project extruding strokes; 3) sweep base curve; and 4) sew adjacent curves. At the end of this paper, examples of 

our mesh extrusion implementation are shown to demonstrate its functionality. Our freeform extrusion has been 

implemented as a part of our sketch based modeling system, and the mesh extrusion can be completed in real-

time on a standard PC.  

Our current algorithm is robust and efficient enough for experimental use. However, they can fail or 

generate unintuitive results when the user draws unexpected strokes (i.e., the implementation of extrusion does 

not support holes that completely extend to the other side of the object). The problem of getting a 3D shape of a 

surface from its contour is a problem with insufficient constraints; so our algorithm uses some assumption as 

additional constraints when constructing an extruded surface. If these assumptions do not fit the requirement of 

users, our algorithm gives incorrect results. Also, since the specification of the base curve is based on the 

projection along the view direction like ray tracing, we cannot define based curves on the invisible surface from 

the screen. Our present implementation cannot avoid the intersection between the extruded surface and the 

existing surface. In particular, we are planning to enhance the extrusion algorithm by integrating collision 

detection and self-collision detection algorithms. Another research direction should focus on how to extrude a 

non-manifold surface (e.g., a surface like Möbius Strip, which is usually used when designing a wedding dress). 
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