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Abstract

This paper presents a virtual sculpting method for interactive 3D object deformation. The

method is based on the use of an electronic glove. A parametric control hand surface defined

by an Open-Uniform B-Spline tensor product surface is first created to model the hand

gesture. The geometric attributes of the object in the Euclidean 3D space are then mapped to

the parametric domain of the control hand surface through a Ray-Projection method. By

maintaining the distance between the mapped pairs, change of hand gesture can be efficiently

transferred to control the deformation of the object.

1 Introduction
Most deformation systems developed so far make use of traditional input devices. They rely greatly on the

skillfulness of the user to manipulate the system, and they pay little attention on the interface for interaction with

the object. Most of the methods developed concentrate on deforming free-form surfaces by modifying either the

control points or the sample points one by one. The operations become tedious when these methods are applied

to complicated surfaces having a large number of control points. Besides, these deformation systems usually

work with interfaces constrained by some intermediary devices such as keyboards, mice and joysticks. These

devices with only one, two or three degrees of freedom are often ill-suited for the complicated modeling and

deformation tasks such as artistic sculpting. In order to facilitate more intuitive interactions within the virtual

world, it is desirable to be able to detect all the degrees of freedom of the human hand by sensing individual

finger motions. Therefore, we believe that the glove device is the most natural interactive input tool for object

modification or deformation. It consists of sensors for measuring the movement of each finger. Commercial

models include VPL DataGlove, Virtex CyberGloveTM, Mattel’s PowerGlove and Exos Dexterous Hand Master.

These gloves have sensors that measure the angles of some or all finger joints. Some of these gloves also work

with 3D trackers to locate the position of the user’s hand. The DataGloves from VPL uses the hand as the user’s

manipulative extension into the virtual environment [1]. By pantomiming reaches and grabs, the user causes the

hand to reach and grab objects in the virtual environment, and can move around in the virtual space by pointing

in the desired direction and “flying” to the destination by recognizing finger postures. The major advantage of

this model of interaction is naturalness. However, in this model, the glove functions as little more than a 3D

joystick with several buttons where little of the dexterity and naturalness that characterize our hands have been

explored to the modeling tasks.

In this paper, we propose a method for virtual sculpting based on the use of a glove device. The outline of the

rest of the paper is as follows. Section 2 compares existing object modeling and deformation algorithms. Section
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3 presents some of the techniques used in our method in detail. Section 4 presents some results from our

prototype and discusses the performance of our method. Finally, section 5 concludes the paper and presents

possible future works.

2 Backgrounds
Many techniques and systems have been developed for object modeling and deformation. Here, we discuss

some of the important ones and compare their differences.

Solid modeling is mainly concerned with assembling primitive objects or scenes, not free-form models. An

example is JDCAD [2]. This is a system built on the MR Toolkit [3]. It introduces interaction techniques based

on the use of a hand-held bat, which is a six-degree-of-freedom 3D magnetic tracking device, and a keyboard.

Unlike the work described in this paper, the system is used for the creation of mechanical components by

assembling primitive volumes using the technique of Constructive Solid Geometry (CSG). Kurmann and Engeli

in [4] proposed a spatial approach for interactive modeling to support architectural design in a VR environment.

By using the mouse or other 3D input devices, the user may interact with the system in 3D. This enables the user

to formulate design ideas in 3D space. Similar to JDCAD, this system allows assembling of predefined building

elements or furniture for architectural design. It also introduces the concept of positive (solid) and

negative (space) volumes to spatial modeling for the architects to construct design ideas. This method is useful

for outlining vague ideas during the conceptual design phase where conceptual decisions are made and major

constraints are established. However, it is not suitable for artistic free-form deformation.

Free-Form Deformation algorithms, on the other hand, change the geometric attributes of an object flexibly

under some restrictions related to the properties of the object (e.g. continuity). The most well known method for

object deformation is the Free-Form Deformation (FFD). It was first proposed by Sederberg and Parry [5].

Since then, there has been a lot of enhancement works from the original FFD [6,7]. Basically, all of them

deform an object by deforming the space around it. The object is first embedded in or mapped to a 3D solid

lattice defined by some parametric function. Deformation of the object can then be achieved by deforming the

control points of the 3D lattice. Free-form deformation is a powerful modeling technique that can deform

surface primitives of any types or degrees. However, deforming an object through manipulating control points is

not intuitive to use.

Direct Manipulation of FFDs [8] allows the user to move the sample points on the object model and

automatically computes the necessary alteration to the control points of the FFDs. However, this technique

involves the computation of least squares, which are computationally very expensive. In addition, the problem

could be very complex when more than one vertex point is to be moved at the same time, and the solution may

not be unique. Similar to other FFDs, this technique only tackles the modification of control points one by one.

The FFD technique has been implemented with an elastic input device which has the same shape as the control

volume (a cube) and provides tactile feedback [9]. The 3D model embedded can be deformed by deforming the

cubic input device. Although the cubic input device provides a better interface, the nature of the underlying

algorithm still hinders the naturalness of the deformation interaction.
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Kameyama in [10] discussed a rubber pad with a tactile sensor sheet, which can detect user’s shape deforming

actions. The system creates grid surface data and provides a method for converting the input shape data into a

solid modeling format. The limitations of the method are that the initial shape of the surface to be deformed has

to be the same as that of the tactile sensor sheet, i.e. flat, and only vertical deformation of the surface grid is

allowed. These limitations imply that the system has a very limited scope of applications and is not suitable for

highly complex modeling tasks like sculpting.

Galyean and Hughes [11] proposed a volumetric approach for virtual sculpting with a 3D tracker. They

described it as a 3D painting system in which the object is represented by voxel data. Sculpting is induced by

modifying the values in the voxel array, similar to the paint brush function of a “paint” program, by moving the

3D tracker through space. The resultant voxel data is converted to a polygonal surface using a marching-cube

algorithm. The models created are said to be free-form and may have complex topology. This approach is useful

for controlling the shape by modifying a point or a small part of an object, but not suitable for global

deformations. Li et al. [12] also described a prototype system for creating and editing NURBS surfaces. Instead

of developing a deformation system, their objective was to provide an efficient technique for rendering

deformable NURBS surfaces. Recently, they have extended their work for the rendering of any deformable

parametric free-form surfaces [13].

3 The Virtual Sculpting Method
The main objective of our research is to develop a Virtual 3D Sculpting system to facilitate object deformation

in a virtual environment with natural and real time interaction similar to sculpting in the real world. To modify

the shape of an object, the users may prefer to simply flex the hand and the fingers. Therefore, the glove device

that captures the hand gesture by tracking finger bend angles is believed to be the most natural and the most

expressive input device to facilitate the task. Here, we present a method for virtual sculpting in 3D space based

on the use of the CyberGloveTM for direct object/surface modeling or deformation. The main idea of the

algorithm is to make use of the data collected from the CyberGloveTM to create a parametric

control hand surface, which is basically an Open-Uniform bicubic B-Spline tensor product surface. An object

to be deformed is mapped to this control hand surface by a novel Ray-Projection method. To improve the

performance of this mapping process, a Two-Pass Projection technique is developed. By maintaining the

mapping relationship between the control hand surface and the object, the change in the user’s hand gesture can

be effectively passed to control the deformation of the object. In the following subsections, we present the

method in detail.

3.1 Detection and Deduction of Finger Joints Positions

In our implementation, we have adopted the CyberGloveTM from Virtual Technologies for hand gesture input

and the FASTRAK system from Polhemus for hand position and orientation input. The CyberGloveTM hand

model could be considered as an articulated rigid body system composed of rigid bone segments connected by

joints. A human hand consists of 17 active joints and has 29 degrees of freedom: 23 degrees of freedom in the

hand joints above the wrist, and 6 degrees of freedom in the free motion of the palm.
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To identify the data points that define the hand gesture, we index the data points as baJ ,  where 6,...,0=a  and

6,...,0=b . The inner data points baJ ,  where 5,...,1=a  and 5,...,1=b  represent the main gesture of the hand.

The first dimension refers to the five fingers, i.e., thumb, index, middle, ring and pinkie. The second dimension

refers to the first, second and third data points of each finger starting from the fingertip. Due to the limitations of

the CyberGlove, only 35×  finger joint positions can be determined directly from the glove device; other joint

positions are deduced from the measured joint positions.

The software library of the CyberGloveTM provides the transformation matrices of the 35×  articulated rigid

segments comprising the virtual hand model [14]. These matrices hold the transformations to successive joint

origins. Hence, the matrix for the coordinate system of the next joint can be obtained by applying the specific

transformation matrix to the current joint point. From these transformation matrices, we can determine the 35×

finger joint points.

The CyberGloveTM  we use in this work has only 18 sensors and it does not explicitly measure the positions of

the joints nearest to the fingertips. We predict these data points by taking into account the coupling existing

between finger joint angles 5θ  and 4θ  shown in Figure 3-1(b). Experimental measurements show that the

general coupling formula is of the form [15]:

2
424105 θθθ aaa +−=

where 5θ  is the flexion angle of the distal joint of any of the fingers, except for the thumb and the parameters

,, 10 aa and 2a  depend on the hand characteristics of individual users.

The other 5 data points defining the lower palm of the hand are deduced from the wrist and the joints nearest to

the wrist. By using a Polhemus tracker, the wrist position and the hand orientation can be obtained. The first

data point position of each finger is then set to the position two-third from the wrist to the joint nearest to it as

shown in Figure 3-1(a).

Figure 3-1     (a) Finger joint points and, and (b) the parameters of a finger.
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Now, we have 55×  data points representing the feature gesture of the hand. We then extend the data points to

77×  simply by extending the last segments in each of the dimensions on the edge by x unit(s). This border part

is used to model the elastic property of the object. The more elastic the object is, the smaller is the parameter x

and hence the narrower is the border. This can effectively preserve the continuity of the object when local

modification is applied to it. We will explain this in detail in section 3.4.

3.2 Construction of the Control Hand Surface

To construct the parametric control hand surface, we have employed a technique called interpolating method

[16]. This is to fit an Open-Uniform B-Spline tensor product surface ( )baba vuH ,, ,  by:

! Allocating knot vectors U= { }1,1,1,1,,,,,,0,0,0,0 54321 uuuuu  and V= { }1,1,1,1,,,,,,0,0,0,0 54321 vvvvv  in the
two dimensions, and

! Resolving 99×  unknown control points jiP, , where 8,...,0=i  and 8,...,0=j ,

such that the surface is able to interpolate all 77×  data points, baJ , , at some parametric coordinate ( )baba vu ,, , ,

where 1,0 ,, ≤≤ baba vu . Therefore,

( ) bababa JvuH ,,, , = = ( ) ( )∑ ∑
= =

m

i
ji

n

j
bajbai PvNvuNu

0
,

0
,

3
,

3  (3-1)

where )(3 uNui  and )(3 vNv j  are the cubic basis functions at particular parameter values u  in U-dimension and

v  in V-dimension, respectively. jiP,  are the control points of the hand surface that fulfil the condition of

interpolating baJ , . Equation (3-1) can be rewritten in the matrix form as:
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To improve the efficiency of the calculation, we do not determine the inverse of the matrices implicitly. Instead,

we simplify the problem by considering the tensor product nature of the control hand surface. We first introduce

a set of intermediate control points, baE ,  where 6,...,0=a  and 8,...,0=b , such that:
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Then, Equation (3-2) becomes:
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(3-4)

The 2D interpolation problem is now reduced to two sets of 1D interpolation problems. Each rth row of

Equation (3-4) is a 1D interpolation problem of an isoparametric curve ( )vCv
r  with knot vector
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{ }1,1,1,1,,,,,,0,0,0,0 54321 vvvvv  such that it interpolates the data points as ( ) iri
v
r JvC ,= . After solving the

intermediate control points baE ,  in Equation (3-4), jiP ,  in Equation (3-3) can be solved in a similar way.

Hence, by considering the tensor product nature of the control hand surface, the 2D interpolation problem in

Equation (3-2), which represents 77×  linear equations, is now broken down into 77 +  1D curve interpolation

problems.

By carefully selecting the knot values au  and bv  that define the surface, the system of equations can be further

simplified. Recall the local support properties of the B-Spline surface that for each data points jiJ ,  at the

interior knots defining the control hand surface, there are only three nonzero cubic basis functions as shown in

Figure 3-2.

( ) ( ) ( ) ( ) 2
3

21
3

1
3

++++ ++= iiiiiiiiii EuNEuNEuNuS (3-5)

Figure 3-2     Basis functions of cubic B-Spline.

We approximate the knot values at each data point by the chord length ratios between successive data points

[17]. These ratios are averaged row by row and column by column accordingly in the two dimensions. The

interior knots of the knot vectors are set to coincide with the averaged chord length ratio of the data points. As a

result, the matrix of the B-Spline basis functions can effectively be reduced to a tridiagonal matrix and the

system of equations can be resolved efficiently by numerical methods [18].

3.3 Mapping of Object Vertices to the Control Hand Surface

The mapping method we developed is referred to as Ray-Projection. In this method, we consider the object to be

deformed as embedded in the extended 2D parametric space of the control hand surface. To establish the

mapping, rays are projected from a point called the center of projection, cP , through each of the geometric

attributes (say object vertices), aV , of the virtual object to be deformed onto the control hand surface as shown

in Figure 3-3. With this projection, aV  in the Euclidean 3D space is mapped to ),( aa vu  in the 2D parametric

space of the control hand surface as shown in Figure 3-4. The mapping relationship remains unchanged during

the deformation process.

However, computing the intersection of a ray with a parametric surface is computationally very expensive. In

order to speed up these intersection calculations, we propose to approximate the parametric surface by a

polygonal hand model, which we refer to as the 3D triangulated hand model. This model is constructed by

triangulating the data points jiJ , .
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Figure 3-3     Ray-Projection.
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Recall that the hand is modeled by a tensor product surface interpolating through these data points. Therefore,

we tessellate the surface by joining neighboring data points in U and V dimensions as shown in Figure 3-5. This

results in a tetrahedron mesh with 66×  tetrahedrons. Since the four vertices of a tetrahedron may not be on a

single plane, we further break each of the tetrahedrons into two triangles. As a result, a

3D triangulated hand model with 266 ××  triangles, #,, jitri , is formed and each triangle is defined on a

plane #,, jiT ,

( ) 0: #,,#,,#,, =+⋅ jijiji dNPT (3-6)

where 5,...,0=i , 5,...,0=j  and 1,0#= . P  is any point on the plane #,, jiT . #,, jid  is the offset of the plane from

the origin, and #,, jiN  is the normal of the plane.
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To determine the intersection of a ray with the 3D triangulated hand model, we first define a ray aR  projected

from cP  through vertex aV  as:

[ ]Icaaa PVkVPR −⋅+=: (3-7)

where P  is a point on aR  at some scalar variable k. The ray-intersection point of aR  and #,, jiT  can be

calculated as follows:

[ ] [ ]Ica
Icaji

ajiji
a

proj
a PV

PVN
VNd

VV −
−⋅

⋅+
−=

#,,

#,,#,, (3-8)

Since a projected ray intersecting with one of the 266 ××  planes does not necessarily mean that it intersects

with the corresponding triangle in the 3D triangulated hand model, clipping tests are necessary to determine if
proj

aV  falls inside #,, jitri  or not. Therefore, in the worst case, for an object consisting of n vertices, the mapping

process may involve a maximum of n××× 266  projections, intersection tests and clipping operations. To

minimize the number of projections and intersection tests, we separate the ray-intersection calculations into two

passes. In pass 1, we determine which triangle of the 3D triangulated hand model the ray intersects. In pass 2,

the ray-intersection point is determined and the parametric coordinate is assigned accordingly.

Figure 3-5     Two-Pass Projection.

Pass 1: Determination of the Intersection Triangle

To determine the triangle that a ray intersects at the 3D triangular hand model, we first define a plane π through

the center of the palm 3,3J  and having the same normal as that of the center of palm, 3,3N . By ray-projecting all

77×  data points onto π, a corresponding 2D base mesh on the plane is constructed as shown in Figure 3-5.

Each object vertex aV  is then ray-projected to π and the triangle on the 2D base mesh that the ray intersects is

determined. This intersecting triangle on π indicates the intersection of the corresponding triangle on the

3D triangulated hand model.
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Pass 2: Determination of the Ray-Intersection Point

A second ray-projection is made to find out the ray-intersection point on the corresponding triangle of the

3D triangulated hand model by solving k in Equation (3-7). Afterwards, the point is transformed to the 2D local

coordinate defined by the corresponding plane #,, jiT  and the parametric coordinate ( )vu,  of the vertex is

evaluated by the barycentric coordinate method [19].

3.4 Sculpting Transformation

We now go into the detail on how the object can be deformed. Figure 3-6 shows how the change of hand gesture

can be passed to deform the object vertices. Consider at time 0 when an object is mapped to the

control hand surface. Let the initial position of a vertex be 0
aV , the parametric coordinate that 0

aV  mapped to by

using ray-projection be ),( aa vu  and the corresponding mapped ray-intersection point on the

control hand surface be ),(0
aa vuS . 0

aV  can be written as:

[ ]Iaaaaaaaaa vuSVvuSVvuSV ),(),(),( 000000 −⋅−+= (3-8)

where ),(00
aaa vuSV −  is the vector from ),(0

aa vuS  to 0
aV . [ ]Iaaa vuSV ),(00 −  and ),(00

aaa vuSV −  are the

unit vector and the magnitude, respectively.

Figure 3-6     Object Vertex Modification.
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),(000
aaaa vuSVd −= . At time 0, the relationship of 0

aV  and ),(0
aa vuS  can be rewritten as:

[ ]Iaacaaaa vuSPdvuSV ),(),( 0000 −⋅+= (3-9)

Here, 0
ad  represents the distance between the mapped ray-intersection point, ),(0

aa vuS , and the object vertex,

0
aV , at the time that the mapping is established, i.e. time 0. We maintain this mapping by keeping 0
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unchanged throughout the deformation process.

After this relationship is established, deformation can be initiated by changing the hand gesture i.e. ),( vuS . Let

us consider the situation at time t, that the change of the control hand surface leads to the change of the

Euclidean 3D coordinate of ),(0
aa vuS  to ),( aa

t vuS . The sculpting transformation for the object vertex at time

t can be evaluated accordingly as

[ ]Iaa
t

caaa
tt

a vuSPdvuSV ),(),( 0 −⋅+= (3-10)

Recall that the control hand surface is constructed with a border by extending x unit(s) from the edge of the

finger joint data. This prevents undesirable sudden change in the object surface and maintains the continuity at

the edge when local deformation is applied to the object. At the border, where ],0[ 1uu ∈ , ]1,[ 5uu ∈ , ],0[ 1vv ∈

or ]1,[ 5vv ∈ , we introduce a weighting function which is a cubic Bernstein-Bézier basis function, ),( vuw , as

shown in Figure 3-7. This weighting function is for preserving the continuity of the deformation along the

border and the result is shown in Plate 1. The corresponding sculpting transformation at the border region is

given by:

( ) [ ] ( )( ) 00 ,1),(),(, aaaIaa
t

caaa
t

aa
t

a VvuwvuSPdvuSvuwV ⋅−+


 −⋅+⋅= (3-11)

Figure 3-7     Illustration of the Smooth Weighting Function ),( vuw .

3.5 Control of Sculpting Region

With ray-projection, the sculpting region can be very flexible. We can change it by changing the location of the

center of projection, cP . Three possible deformation effects can be produced.

When cP  is set to infinity in the direction of the normal of the palm, all the projection rays may be considered as

parallel to each other. This is referred to as parallel projection and is shown in Figure 3-8(a). The sculpting

region will be the same size as the control hand surface. Under this circumstance, ( )[ ]Iaa
t

ca vuSPd ,0 −  equals

),( aaa vuSV − , and the sculpting transformation becomes

)),((),( aaaaa
tt

a vuSVvuSV −+= (3-12)

That is, ),( aaa vuSV ∆=∆ . This implies that the change of the control hand surface applies directly to the

vertices of the object and it provides a similar effect of touching and deforming the object.

Magnified Sculpting can be produced by setting the center of projection, cP , to the back of the

effective region border region

w(u,v)

v
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control hand surface as shown in Figure 3-8(a). This enlarges the size of the effective region and magnifies the

magnitude of deformation that the hand passed to the object. Plate 2 demonstrates the Magnified Sculpting

experiment.

If the center of projection, cP , is set to in front of both the control hand surface and the object being deformed,

Reduced Sculpting is resulted and this is illustrated in Figure 3-8(b). This will reduces the size of the effective

region and the magnitude of the deformation. Experimental result for Reduced Sculpting is demonstrated in

Plate 3.

Figure 3-8 Sculpting Regions: (a) Parallel Projection,
(b) Reduced Sculpting, and (c) Magnified Sculpting.

4 Results and Discussions
We have implemented the algorithm in C++ with OpenInventor and OpenGL. We tested it on a SGI Indigo2

workstation with a 200MHz MIPS 4400 CPU and the Extreme graphics accelerator using 5 different models.

Here we show and discuss some of the experiments.

Plate 2 shows the experiment of grasping a teapot model and Plate 3 demonstrates the deformation of a human

face model. Each window shows the control hand surface, the object being deformed and a colored cluster in

the middle. There are five colored articulated sticks representing the finger segments of the user’s hand. The red

one is the thumb and the green one is the pinkie. The surface with colored points distributed across is the

control hand surface. It is divided as tetrahedron mesh. The colored points on the control hand surface and the

colored vertices on the object indicate the corresponding mapping between them. (For simplicity, only those

regions that exert deformation effect on the object are shown.) This helps recognize the exact control of

different regions of the control hand surface applied to the object. Here, the white points corresponding to the

border region and other colored points reveal the deformation control of the effective region to the object. The

cluster of colored points located between the control hand surface and the object is for easy reference only.

In Plate 2, the center of projection is set at the back of the hand which produces magnifying control. In Plate 3,

the center of projection is set in front of both the hand and the object and thus reducing the deformation effect

exerted on the object. The upper windows of both plates show the mapping of the control hand surface to the

object before the deformation starts and the models are in their initial shape. The lower windows show the

sculpting effects induced by changing the hand gesture. Using our prototype system, we experienced sculpting

control on several models. Plate 4 shows some of the output models resulted from the experiments.

cP

cP
object vertices

mapped ray-intersection points

hand
surface

object
surface

(a) (b) (c)
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To evaluate the performance of our method, we measured the processing time for the two main stages during

sculpting. Stage 1 concerns with the mapping of object vertices to the control hand surface. Stage 2 is the

object deformation process. Some of the performance results are shown in Table 4-1. From the table, the

performance of stage 1 is about 0.5ms per vertex and that for stage 2 is about 0.05ms per vertex. In addition, by

employing the interpolation method described in section 3.2, the construction time for the control hand surface

is reduced from approximately 1s down to below 0.01s. These results show that our method could provide a real

time interactive experience for object deformation and we believe that the new method is efficient enough for

the task of Virtual 3D Sculpting.

--- Stage 1 --- --- Stage 2 ---Model No. of Vertices
Total Time Average time

per vertex
Total Time Average time

per vertex
Button 701 0.35s 0.50ms 0.035s 0.050ms
Teapot (high res.) 2081 1.00s 0.48ms 0.110s 0.055ms
Teapot (low res.) 529 0.26s 0.49ms 0.030s 0.055ms
Apple 867 0.45s 0.52ms 0.050s 0.050ms
Face 2278 0.86s 0.38ms 0.130s 0.055ms

Table 4-1 Performance of the Method.

5 Conclusion
We have presented the Virtual 3D Sculpting method for interactive 3D object deformation, based on the use of

the glove device. The main idea of our method is to create a parametric control hand surface defined by an

Open-Uniform B-Spline tensor product surface, interpolating through the data points that defined the user’s

hand. Each geometric attribute of the object in the Euclidean 3D space is mapped to the parametric domain of

the control hand surface through a Ray-Projection method. By maintaining the distances of all the mapped

pairs, change of hand gesture can be effectively passed to control the deformation of the object. In addition, the

ray-projection method also allows the size of the effective deformation region to be changed simply by

changing the position of the center of projection.

The major contributions of the new method can be summarized as follows:

! The new method is one of the few that make use of essentially all the degrees of freedom available in
glove devices to control something other than an animated hand.

! The method provides a way for simultaneously controlling a set of feature points of the object.

! The method is efficient and can be applied to objects of any representations.

As a future work, we are currently developing an object modeling and editing system based on the method

developed here. The system is designed to allow the creation of complex objects by stitching together multiple

surface patches and the editing of surface properties such as colors and textures.
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Plate 1     Effects of Applying Different Weightings at the Border.
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Plate 2     Magnified Sculpting. Plate 3     Reduced Sculpting.

Plate 4     Some Outputs.
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