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Abstract:    The new free-form surface modelling technology for robotic belt grinding simulation presented in this paper is based 
on discrete surfel elements generated from the surface approximation point set and can facilitate the simulation implementation. A 
local process model exploits the advantage of surfel representation to compute the material removal rate and the final surface 
grinding error can be easily carried out. With the help of this system, robot programmers can improve the path planning and predict 
potential problems by visualizing the manufacturing process. 
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INTRODUCTION 
 

The simulation and verification technologies of 
numerical controlled (NC) manufacturing processes 
have been developed since the end of the 1970s, and a 
lot of significant accomplishments have been 
achieved. This kind of technology has important im-
pact on product development and quality control. The 
designed CAD model can be produced to virtually 
reduce or even eliminate expensive experiments on 
testing material. If any potential problem, such as 
collision, improper parameters or gouge is found 
during the simulation, the manufacturing process can 
be adjusted to ensure the quality. Due to these features, 
simulation and verification have great promise for 
cost reduction, quality improvement and time-to- 
market shortening. 

Normally, NC cutting process simulation tech-
nologies can be divided into two groups: analytical 
methods and approximation methods. The former can 
accurately describe the manufacturing process and 

calculate the material removal rate. But the complex-
ity of swept volume formulation and time consuming 
boolean set operations prevent it from wide applica-
tion. Instead, the second method approximates the 
workpiece by a set of discrete basic elements and the 
process simulation is represented by modifying these 
elements. It achieves better performance without 
seriously harming the accuracy. 
 
Analytical approaches 

These approaches are mostly direct solid mod-
elling approaches, such as constructive solid geome-
try (CSG) and boundary representation (B_Rep) 
modeling systems capable of simulating the material 
removal process through a series of regularized boo-
lean difference operations to subtract successive tool 
swept volumes from the workpiece. The result is an 
explicit solid model of the workpiece. Kawashima et 
al.(1991) used a special geometric modeling method 
called Graftree to speed up this solid modeling ap-
proach, which allowed accurate and precise repre-
sentation of the workpiece and the tool. An octtree 
helped to decrease the number of ray-intersection 
calculations in rendering. Another approach to find 
the exact representation of the envelope of a swept 
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volume was chosen by Sourin and Pasko (1996). 
Although these approaches can theoretically simulate 
and verify the process accurately, their application 
remains limited by the complexity of swept volume 
formulation and the time-consuming rendering proc-
ess. So a number of approximation approaches have 
been devised. 
 
Approximate approaches 

van Hook (1986) developed a real-time shaded 
display of a model suitable for manufacturing simu-
lation. The workpiece and tool geometries are repre-
sented by dexels and the geometry update is achieved 
by boolean set operations on the one-dimensional 
dexels. Huang and Oliver (1994) extended this 
method by overcoming the view point dependency 
problem and introduced the possibility of error as-
sessment. König and Gröller (1998) developed a new 
method to simulate inhomogeneous materials based 
on the dexel model. Furthermore, their approach has 
been optimized for low-end graphic hardware. Saito 
and Takahashi (1991) also used an extension of the 
z-buffer method (called G-buffer) to simulate NC 
machining. Jerard et al.(1989) proposed a completely 
different approach. The designed surface is ap-
proximated by a set of points. The workpiece is rep-
resented by these points and the normal vectors as-
sociated with them. The vectors are shortened to the 
amount of over or undercutting error when a tool 
moves over them. This method is very efficient for 
error evaluation but inconvenient for calculating the 
material removal rate. Ayasse (2003) used a very 
coarse mesh as the support mesh, on which a con-
tinuous vector field is standing, with each vector 
length being decided by a discrete height field. The 
simulation procedure is implemented using 
V-projection and V-shooting. Glaeser and Gröller 
(1998) applied differential geometric techniques to 
efficiently generate the swept volume of a moving 
cutter. Intersection calculations are carried out with a 
data structure called Γ-buffer. Yang and Lee (1996) 
also developed a method suitable for wire-EDM, 
where cutting is only done at the sides of the work-
piece. A comparison of those approaches can be 
found in (Glaeser and Gröller, 1998). 
 
Motivation 

Most of the approaches mentioned above were 

originally developed for NC milling processes. But 
robot controlled belt-grinding has its own character-
istics. Its removal volume is a function of many 
variables including cutting parameters, environmental 
parameters and material features, not just the enve-
lope of cutter profiles. It is used as a finishing process 
with the stock roughly machined, which means that 
the difference between the workpiece stock and the 
designed object is quite small. Compared with the 
simulation of milling or turning processes, the simu-
lation of belt grinding is much more difficult. So it is 
important to find a suitable way to represent the 
workpiece, which can facilitate the simulation of 
material removal. This kind of method is designed to 
take into account the characteristics of belt grinding 
and maintain the advantage of previous approxima-
tion technologies. We exploit the recent achievement 
in the area of point-based rendering and combine it 
with the discrete vector method to develop a new 
workpiece representation for free-form belt grinding 
simulation. The dimensional grinding error assess-
ment can be easily carried out with this representa-
tion. 
 
 
SURFEL-BASED MODELLING OF FREE-FORM 
SURFACES 
 

Fundamentally, all the approximation simula-
tion technologies discretize the workpiece to take 
advantage of image space rendering. They include a 
selected base (support) and a set of certain kind of 
basic elemental component. van Hook (1986) and 
Saito and Takahashi (1991) used a chosen x-y plane 
as the base and approximate the solid body with 
one-dimensional elements called dexel or G-buffer. 
Jerard et al.(1989) based their discretization process 
on continuously smooth surface and applied a col-
lection of normal vectors associated with points on 
that surface to represent the workpiece while Ayasse 
(2003) just took the surface triangle mesh as the 
support base. With the development of point-based 
rendering technology (Levoy and Whitted, 1985; 
Pfister et al, 2000; Rusinkiewicz and Levoy, 2000; 
Zwicker et al., 2001), it does make some sense to 
represent the workpiece by uniformly and densely 
sampled points and some kind of basic elements 
associated with them. 
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Surface discretization 
The term “surfel” is an abbreviation for surface 

element or surface voxel in the volume rendering and 
discrete topology literature. Herman (1992) defined a 
surfel as oriented (d−1)-dimensional object in Rd. For 
(d=3), this corresponds to an oriented unit square 
(voxel face) and is consistent with thinking of voxels 
as little cubes. Pfister et al.(2000) modified the defi-
nition as a zero-dimensional n-tuple with shape and 
shade attributes that locally approximate an object 
surface. In keeping with the convention of dexel or G- 
buffer, we adapt it to our application and redefine it as:  

A surfel is an oriented round disc, which locally 
approximates an object surface, extends in the normal 
direction and includes information on shape, shade, 
displacement and neighborhood attributes.  

Accordingly, the design of the surfel data struc-
ture should include the position and orientation, tex-
ture information, local differential geometry, 
neighborhood and some modification flags. Actually, 
it looks more like a dexel representation method in 
parameterized space as shown in Fig.1 (see page 
1222).  

The first step to generate the surfel-based rep-
resentation of smooth surfaces is to approximate the 
surfaces by a set of sampled points. Two aspects 
should be considered when deciding the sampling 
density. One is the simulation error of the grinding 
process. From another point of view, it is also the 
surface approximation error. Since a point is a 
piecewise constant surface approximant, the resulting 
approximation power is linear, which means given an 
average spacing h between the samples Pi, the ap-
proximation error with respect to each coordinate 
function is of the order Θ(h). The resulting point 
number is square proportional to the required preci-
sion. Another aspect is the visual artifact. Normally 
the surfaces should be sampled uniformly, but occa-
sionally we have to change it to improve the rendering 
effect as shown in later sections. 

Usually, sampling methods perform object dis-
cretization as a function of geometric parameters of 
the surface, such as curvature or silhouettes. This 
object space discretization typically leads to too many 
or too few primitives for rendering. Pfister et al.(2000) 
discretized the object aligning to image space to 
match the expected output resolution. They sampled 
geometric models from three sides of a cube into three 

orthogonal LDIs, called a layered depth cube (LDC). 
Ray casting records all intersections and generates 
surfels at each intersection point. The surface normals 
are perturbed by bump and displacement mapping. 
After the LDC sampling, the resulting point set has to 
be reduced to eliminate the redundancy. Mueller et 
al.(2003) developed a volume representation of ob-
jects called multi-dexel using similar technologies. It 
consists of three orthogonally conventional dexel 
volumes and is quite suitable for milling simulation. 
Surface elliptical splats were first proposed for ren-
dering purposes by Zwicker et al.(2001). According 
the differential geometry, such an ellipse is the best 
linear approximation to a smooth surface. So it is 
superior to triangle meshes but still maintains the C−1 
continuity and provides better topological flexibility. 

Although the elliptical splat seems to be the best 
approximation of an object for rendering purpose, it is 
not suitable for material removal process simulation, 
which requires very dense sampling of workpiece 
surfaces to ensure the required precision. If we base 
the surfel data structure on ellipses, then in certain 
areas we may get some ellipses with a long ui or vi 
axis. During the machining process, the cutter may 
contact a small part of them, and then it becomes very 
hard to handle such a situation because the large el-
lipse should be slipped and re-sampled. So we adopt 
densely sampled points as the basis of the surfel data 
structure. LDC sampling is easy to implement and can 
generate well-distributed points after reduction. But it 
has also some drawbacks when representing surfaces 
with high curvature variation and sharp features. In 
the current stage most free-form surfaces to be proc-
essed are represented as spline surfaces, which means 
that they can be regarded as two-dimensional do-
mains and that the vertices of regular grids in these 
domains can be taken as the point set. The more grids 
are generated by u and v isolines, the higher the den-
sity of the surface sampling we get. Since the surface 
is described analytically and smoothly, more differ-
ential geometry attributes can be obtained.  

In surfel-based model representation, the support 
basis is the approximate point set of the designed 
surface and the workpiece stock is represented by the 
displacement of each point along the normal direction. 
So after the discretization of the designed surfaces, 
the next step is to compute the displacement. Since we 
have already got the position and orientation of each 
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point, a corresponding ray is formed and used to 
calculate the intersection with stock surfaces. The 
procedure is quite similar to ray tracing. As a finish-
ing process, the belt grinding removes a small amount 
of material from the stock. So the resulting dis-
placement is small and more intersection points be-
tween one ray and workpiece stock is unlikely to 
happen. Otherwise, it needs to be specially handled to 
avoid artifact effect. Although it is a one-time process 
prior to simulation, the generation speed is still an 
important problem, especially for large and complex 
workpieces. So to accelerate the computation, we 
arrange the stock surface in a spatial data structure.  
 
Neighborhood and normals 

There are two kinds of normal vectors associated 
with the surfel data structure. One is the normal di-
rection of the designed surface approximate point. It 
is also the extension direction of the base point. An-
other is the normal of the displaced point after the 
displacement calculation. The former can be directly 
obtained when sampling the designed surface while 
the latter has great impact on the process rendering 
and has to be generated using other technologies. One 
way is to estimate it by analyzing the local 
neighborhood of each point. These local neighbor-
hoods are usually constructed using either Euclidean 
neighborhoods or k-nearest neighbors without con-
sidering the connectivity information. 

By considering the surface sampling method 
previously adopted, we can find that the point set 
consists of the vertices of regular grid in a 2D para-
metric domain and that the connectivity information 
is explicit. So normal perturbation technology, such 
as bump mapping or displacement mapping, seems to 
be an ideal choice to estimate the normal vector of the 
displacement point. Blinn (1978) introduced bump 
mapping as a technique that makes a surface appear 
rough or wrinkled. This effect is achieved by per-
turbing surface normals on a surface as if a height 
field displaced the surface in the direction of the 
original surface normal. Since bump mapping only 
changes the appearance of an object, it makes certain 
approximations. Standard techniques for bump map-
ping assume that the bumpiness is only a bulk of 
micro-displacements and hence the magnitude of the 
height field is negligible. Since the geometry remains 
unchanged, some drawbacks on the silhouette and 

shadow are introduced. Displacement mapping is a 
method to present surface details by defining an offset 
(displacement) from a base surface. It differs from 
bump mapping in that the surface geometry is also 
modified instead of only perturbing the normals. This 
results in a more realistic rendering where the dis-
placed geometry can be seen in the silhouettes too. 
The basic idea of displacement mapping is very sim-
ple. The base surface is perturbed along its normals 
using displacement values specified in the displace-
ment map. As a result the new displaced surface is 
created. Doggett and Hirche (2000) defined this in 
mathematical framework as shown in Fig.2. 
 
 
 
 
 
 
 
 
 
 
 

The base surface is defined by a vector function 
P(u,v) that defines 3D points (x,y,z) on the surface. 
Normals for the base surface are defined by ˆ ( , )N u v  
and the displacement scale fields by D(u,v). Both of 
these are defined over the same domain as the base 
surface P(u,v). Following these notations the points 
on the new displaced surface Pn(u,v) are defined by  
 

n
ˆ( , ) ( , ) ( , ) ( , ),P u v P u v D u v N u v= + ⋅          (1) 

 

where ( , )ˆ ( , ) .
| ( , ) |
N u vN u v
N u v

=  

However, things are a little different in our ap-
plication. The base surface is the splatted designed 
surface while the displacement map is not a given 
variable. Instead, it is the outcome derived from the 
ray tracing procedure. This means that the N(u,v) in 
Eq.(1) is known beforehand. Our task is only to de-
termine the normal vectors of points in the new offset 
surface. The procedure is the same as described by 
Blinn (1978). The normal vector to this new surface is 
derived by taking the cross product of its partial de-
rivatives.  

N 
P 

D 

Nn 
Pn 

Fig.2  Displacement mapping algorithm
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n n n ,u vN P P′ ′= ×                           (2) 
while  
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    (3) 

 
As mentioned above, the range of the displace-

ment map D(u,v) is negligibly small compared with 
the overall dimension. So ˆ

uD N ′⋅  and ˆ
vD N ′⋅  can be 

discarded and the new normal vector can be simpli-
fied to the following equation.  
 

n
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       (4) 

 
Since the normal vectors of affected areas keep 

changing during the machining process, it is impor-
tant to record the neighbor points in order to compute 
the perturbation dynamically. In case of large scale 
deformations, not only is the displacement mapping 
not valid any more, also serious visual artifacts will 
take place. In such a situation, the technology de-
scribed here is no longer suitable and boolean opera-
tions on surfel-bounded solids may be considered as 
an alternative (Adams and Dutre, 2003).  
 
Sharp feature representation 

When using surfels to represent the workpiece 
with sharp features, some rendering problems will 
emerge. One is aliasing artifacts which occur mostly 
across the boundary of patches that do not have any 
neighboring patches. It turns out to be more serious 
when the surfel radius becomes larger. Zwicker et 
al.(2001) used a partial coverage of surfaces in frag-
ments to implement edge anti-aliasing. Chhugani and 
Kumar (2003) suggested a solution which reduces the 
point size on the boundary or the silhouettes. It may 
result in an uncovered area or holes after the surface 
sampling. 

Sharp features are usually composed by some 

patches connected in a non-smooth manner, which 
means that the normal values of the boundary have 
appreciable discontinuity in neighboring patches. 
These features cause serious visual problems by sur-
fel representation as shown in the left picture of Fig.3. 
Chhugani et al. alleviated this issue by smoothing 
normals near the boundary. These normals are aver-
aged with the nearby boundary points on the adjacent 
patch. But it has a fatal drawback when adopted in 
surfel representation because it changes the extension 
direction of the base point. Pauly et al.(2003) used an 
extension of the surface splatting technique presented 
in (Zwicker et al., 2001). This clipping technology 
can generate perfect visual effects. But some irregular 
shapes may be derived from clipping, which are dif-
ficult to describe by our new surfel elements. So we 
developed another kind of splatting technology, 
called “boundary re-sampling” to eliminate both edge 
aliasing and sharp feature representation as shown in 
Fig.3.  
 
 
 
 
 
 
 
 
 
 

The idea is inspired by the work of Adams and 
Dutre (2003), who used clipping and splitting to ap-
proximate the intersection line between two solids. In 
our method, we scan every surfel after the designed 
surface discretization. If it is located on the patch 
boundary, then the distance to the next surfel on the 
same boundary curve L is calculated. According to a 
user defined splitting interval e, the number of in-
serted new surfels can be calculated as n=L/e. The 
center of these surfels is Ci=C0+i⋅e and the radius is 
assigned as e. Those surfels, whose radii are larger 
than the distance to boundary curves are also found 
and the radii are adjusted to improve rendering.  
 
 
ROBOTIC BELT GRINDING SIMULATION 
USING SURFELS  
 

Based on the above mentioned technologies, we 

Fig.3  Sharp features representation example
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can now implement the simulation of robotic belt 
grinding processes. The workpiece is represented by 
surfels and the elastic contact wheel, with grinding 
belt and fixtures in a robot manufacturing cell con-
sisting of polygons. The pre-defined grinding paths 
are composed of contact points. In each contact point, 
the contact situation is determined by a localization 
procedure in order to calculate the acting force. Then 
the real removal distribution is computed by the local 
process model. The material removal can be simu-
lated by continuously modifying the surfels in af-
fected areas. In this way, the generation of the re-
moval volume is eliminated without sacrificing ac-
curacy if the distance between two contact points is 
small enough. 

The designed workpiece to be ground is usually 
represented by B_Rep and consists of some spline 
patches. In order to generate the surfel representation, 
it must be splatted. The density of sampling is related 
to the resolution of the FEM meshes, which is decided 
by user specified precision. The finer the meshes are, 
the denser the surface sampling rate is. For the 
boundaries of each patch, which is a component of a 
sharp feature, a re-sampling procedure is applied to 
meet the displaying quality requirements. Then for a 
given stock, the displaced point of each surfel element 
is calculated with ray casting. 
 
Removal calculation 

Within the grinding process of free-form sur-
faces the material removal computation is one of the 
most important, maybe also the most difficult aspect. 
The whole simulation system is driven by incremen-
tally subtracting material from the workpiece stock. 
As mentioned above, it cannot use boolean set op-
erations between the tool envelop and workpiece like 
turning or milling processes. Instead, the calculation 
should be based on an empirical model taking into 
account many influencing parameters. In such a 
complicated situation, the linear global grinding 
model given by Hammann (1998) is not suitable 
anymore. Particularly, the local non-uniform force 
distribution in the contact area must be considered 
and the influence of other manufacturing parameters 
also needs to be studied. The procedure can be di-
vided into three steps: contact situation determination, 
force distribution calculation and removal computa-
tion. The first one describes the geometric intersec-

tion between the grinding belt and the workpiece, 
which will be used to obtain the pressure in the con-
tact area in the second phase. Then other parameters 
are included to get the final removal. The whole 
process can be illustrated as shown in Fig.4 (see page 
1222).  

In the application, the workpiece is represented 
by surfels and the stock is composed of those dis-
placed points of the surfels. On each contact point of 
the pre-planned path, those surfels whose displaced 
points are located above the contact tangent plane are 
to be found. We select the tangent plane as the X-Y 
plane and project each affected surfel displaced point 
to this plane to get its Z value. According to the re-
quirement of FEM, these randomly distributed points 
are used to generate a regular grid mesh by extrapo-
lating or interpolating Z values in those grid points 
where no data exists. Kriging (Oliver and Webster, 
1990) is one of the more flexible methods and is 
useful for gridding almost any type of dataset. With 
most datasets, kriging method with a linear variogram 
is quite effective and generates the best overall in-
terpretation. For larger datasets, however, kriging can 
be rather slow. So the faster but less precise Shepard’s 
method (Shepard, 1968) is adopted to improve the 
simulation efficiency. 

The acting force is not easy to measure because 
the sensors are difficult to install in order to obtain the 
fast-changing local force distribution during high 
speed grinding. So, approximate solution is very 
popular in this area if the deformation is small enough. 
Then it can be regarded as a wholly elastic deforma-
tion and the classic theoretical model of strain-stress 
can be applied. Once the deformation information on 
the elastic contact wheel is known, the acting force in 
the contact area can be also computed according to 
the classic strain-stress relation. The calculation turns 
out to be a Signorini problem and the FEM is a 
self-evident technique in the first place to solve it 
(Blum and Suttmeier, 2000; Blum et al., 2003). 

Finally, the influence of other process parame-
ters should be combined together to produce the re-
sults, which is denoted by the term process model in 
grinding. The local model does not simply take a 
single quantity as the force or the removal but present 
the local situation of the entire contact area using a 
pattern of values. The local model generalized by 
Hammann’s model (Hammann, 1998), can be ex-



Ren et al. / J Zhejiang Univ SCIENCE A   2006 7(7):1215-1224 1221

pressed as  
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where r is the material removal rate, CA is a constant 
decided by experiments, KA is the combination con-
stant of resistance factor, kt is the grinding belt wear 
factor, Vb is the grinding velocity, Vw is the workpiece 
in-feed speed, Lw is the width of the grinding area and 
FA is the acting force between contact wheel and part. 
Particularly,  
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in which m and n are the mesh sizes of the discretized 
contact area in two directions. In this model, the force 
FA or the removal rate r is no longer a one-valued 
parameter, but a matrix that represents the entire dis-
crete information in the contact area. It contains more 
information than the global grinding model and is 
applicable to the grinding of free-form surfaces. Il-
lustrations of these steps on one grinding point are 
shown in Fig.5 (see page 1222).  
 
Belt grinding simulation  

Each contact point in the prescribed paths has 
two attributes: position and orientation. The position 
is the Cartesian coordinate P{x,y,z} in the robot base 
coordinate system and the orientation is the posture of 
the local framework on that point. Although different 
types of robots have different ways to represent the 
orientation, we choose quaternion Q{w,x,y,z} as the 
standard method. Conversions may be required when 
applied to various robots. To ensure the approxima-
tion accuracy, the distance of neighboring contact 
points should be small enough. So for pre-planned 
paths, some extra points may need to be added. The 
position of these points can be linearly interpolated as 
shown in Fig.6a.  

Concerning the rotation, it is more complicated. 
As we know, all unit quaternions are mapped onto a 
hypersphere in 4D space. The problem with the linear 
interpolation (lerp) of quaternions is that it interpolates 

 
 
 
 
 
 
 
 
 
 
along the secant line between the two quaternions but 
not their spherical distance. As a result, the interpo-
lated motion does not have smooth velocity: it may 
speed up too much in some sections. Spherical linear 
interpolation (slerp), as illustrated in Fig.6b, removes 
this problem by interpolating along the arc lines in-
stead of the secant lines. Although higher order in-
terpolation may achieve C2 continuity, slerp can ob-
tain satisfying result with relatively low computation 
costs. For the ith point between Q1 and Q2, the in-
terpolation result is:  
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1 2
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         (6) 

 
where θ=arcos(Q1⋅Q2).  

Fig.7 (see page 1222) shows an example of wa-
ter tap grinding simulation along one of the paths.  
 
Grinding error assessment  

One of the simulation goals is to help the robot 
programmer estimate the final part surface quality. So 
it is of great importance to assess the grinding error to 
see whether any problem such as gouge or undercut 
happens. The error is usually described as the dis-
crepancy between the surfel-based grinding surface 
and the designed smooth surface. For a surfel element, 
it means the distance between the surfel displaced 
point and the designed surface. So this verification 
procedure is usually converted to the calculation of 
surface near points. Most of the near point computing 
algorithms for sculptured surfaces are based on such a 
fact that the minimum distance between a space point 
P and a surface S occurs at a surface point Q at which 
the vector PQ is perpendicular to the surface tangent 
plane. This property forms a system of non-linear 

O 

Fig.6  Interpolation of contact points. (a) Linear interpola-
tion of position; (b) Spherical linear interpolation of ori-
entation
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equations and is solved by using a Newton/Raphson 
iterative search procedure. In a dexel model, all the 
elements are perpendicular to the chosen basis plane 
and the problem of error estimation is converted into a 
problem of calculating the surface near point between 
the dexel point and the designed surfaces. It can be 
solved by the method mentioned above if well-chosen 
initial points have been selected. Huang and Oliver 
(1994) suggested a pre-processed voxel data structure 
constructed in a bounding box of all the design sur-
faces to provide close-enough starting points. 

Compared with dexel data structure, the surfel- 
based representation has a great advantage in ana-
lyzing the grinding error. The base points of surfels 
are the output of the design surface splatting and are 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

exactly located on the surface, while the displaced 
points are merely moved a certain distance along the 
directions of the surface normal vectors. All what we 
need to do is to compute the distance between the 
base point and displaced point for each surfel element 
and compare it with the error tolerance limit. If the 
final length is longer than the upper limit (assuming 
that the tolerance range is [tl,th]), then undercut hap-
pens. Otherwise if it is beneath the lower limit, then it 
leads to gouge. The iteration procedure to find the 
surface near point is omitted and the time of compu-
tation is only proportional to the surfel element 
number (Θ(n)). Since only those affected surfel on 
one contact point need to be updated, the localization 
procedure has already limited the search area. So the  
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Fig.5  Removal calculation of one contact point. (a) The contact point in a grinding path; (b) Contact situation of that
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Fig.7  Faucet grinding simulation. (a) Workpiece stock
ground after 3 grinding points; (b) Workpiece stock
ground after whole grinding path 
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Fig.8  Grinding error assessment. (a) Analysis after 3
points grinding; (b) Analysis after the whole path
grinding 
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efficiency can be further improved. The results of 
grinding error assessment are visualized by several 
hues depicting the grinding depth. The hue index is 
built based on the error arrange and for a given 
grinding error of one surfel, a corresponding color is 
picked to represent it. For example, in Fig.8b (see 
page 1222), the error of the dark green area is within 
the tolerance range relative to the nominal designed 
surface while the outside brighter area represents 
undercut and the inside yellow represents the amount 
of gouge. 

There are two ways to implement the assessment: 
online assessment and post analysis. Online grinding 
error assessment calculates the difference between the 
designed surface and the stock and displays it dy-
namically. This method is more vivid and instant for 
observers. In contrast, post analysis computes the 
error after all the tool paths have been processed. It is 
obviously more efficient. 
 
 
CONCLUSION 
 

We have presented a surfel-based surface mod-
elling technology for robot controlled belt grinding 
simulation. It combines the recent development of 
point-based modelling and rendering technology with 
the traditional discrete vector simulation approach 
and therefore is suitable for representation of free- 
form workpieces. With this modelling technology, the 
material removal process can be visualized in an in-
teractive way and the grinding error is easy to be 
evaluated. By incorporating a local grinding model, 
the simulation system can efficiently simulate and 
precisely verify the robot programs. Based on the 
outcome, the robot programmer can optimize and 
correct the planned grinding paths in case of any 
unexpected situation such as undercut, gouge or sin-
gularity points.  
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