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Abstract: Calculation of assembly clearance is the basis of analysis on
assembly problems, and the real assembly surface is the non-ideal surface.
In this paper, the concept of assembly clearance on non-ideal surface is
defined and the calculation algorithm of assembly clearance is designed.
Based on the calculation, the concept of clearance surface is put forward
to express the distribution of assembly clearance on non-ideal surface as
it can assist the analysis of assembly problems. Finally, the effectiveness
of the algorithm is verified by the calculation of the assembly clearance

between the surfaces of piston and cylinder.
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1 Introduction

In assembly processes, assembly problems arise due to geometric deviation of the
surface of mechanical parts. Such problems are generally categorized in to two aspects;
product performance and assembly process. The former problem is caused by the
deviation of assembly surfaces such as the sealing problem and the friction problem,
while the latter assembly problem include the assembly method, path and other issues
such as interference problem and assembly path planning problem.

In the simulation study of assembly problem due to geometric deviation, traditional
CAD/CAM/CAE simulation tools usually describe surface of parts as ideal model,
where the geometric deviation is over simplified, and the shape of surface can’t be

accurately described.



In order to describe the changes of the surface accurately, this paper uses non-ideal
surface model to express the surface. Non-ideal surface model makes up the deficiency
of the ideal surface model which contains the geometric deviation from manufacturing
processes [1]. The non-ideal surface model not only describes the real changes of the
surface, known as the “physical interface model between the workpiece and the
surrounding environment” but also accurately describes the shape and geometric
deviation of assembly surface [2,3].

At present, the research on non-ideal surface is still in the exploratory stage. French
laboratory gives the study from geometric specification and puts forward a geometric
representation scheme for non-ideal surface. Zhang et al. proposed to use quadric
surface and statistical methods to obtain the random geometric deviation of the product
[4]. Moreover, Schleich et al. worked on an assembly motion simulation framework
which was based on the application of non-ideal surface [5]. Researchers of Beihang
University have conducted a lot of researches on non-ideal surface especially in the
generative process of non-ideal surface sample data. They have also done the research
on the non-ideal surface deviation representation and the application of non-ideal
surface [6,7,8]. Song et al. present a modeling framework for product lifecycle
information which can be used in product data management [9]. Bo hu li et al. present
a modeling language for Complex system modeling, simulation and optimization [10].

‘Assembly clearance’ is referred to as the clearance between the two assembly
surfaces in which the active surface is called “query surface” and the passive surface is
called “datum surface”. As assembly clearance is the basis of the analysis of assembly
problems, it can reflect the relationship of the assembly surface. Over the years, many
researchers have worked on the subject of assembly clearance. Researchers in China
Academy of Engineering Physics have conducted research on assembly clearance using
image measurement technology [11]. Also, the measurement system of product
assembly system based on image measurement technology has been studied in Sichuan
University which can realize the non-contact measurement technology of assembly
clearance [12]. Furthermore, researchers have also studied the influence of the
assembly clearance between the piston and the cylinder on the lubrication performance
using the method of numerical analysis to determine the best clearance [13].

Keeping in view the above researches, it is imperative to understand that assembly
clearance based on non-ideal surface is important to solve the assembly problem caused
by the geometric deviation. The key point of the study lies in the organization of non-

ideal surface discrete data and the calculation of assembly clearance.



2 Discrete data modeling of non-ideal surface

Discrete data modeling of non-ideal surface is a prerequisite for the simulation of
non-ideal surface assembly problem. Non-ideal surface discrete data is composed of
many vertexes data divided by surface meshes. These data include spatial coordinates
(X,Y,2) and grid position coordinates (i, j) of these vertices. Point cloud model and
triangulated-surface model are used in this paper to model non-ideal surface based on
non-ideal surface discrete data. Point cloud model is the organization of the sampling
points on the non-ideal surface which orders point data in accordance with the grid
position coordinates (i, j) to get each point element and calculate with it. Point cloud
model is used to model query surface.

When the clearance between non-ideal surfaces is calculated, the clearance between
the point on the query surface and datum surface may occur in the gaps between the
discrete points of datum surface. Here, the triangle facet model can process discrete
point in a continuous manner. Also, the triangle surface model applied in this paper first
combines and processes point data of non-ideal surface sample and then forms more
high-level geometric elements to achieve the continuity of the surface. Elements in
triangle facet model includes point, edge, facet, vector and surface. Overall design is as

shown in Figure 1.
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Fig.1. Facet model
Point of the model records 3D coordinate information of sample points and the grid
coordinates (i, j) . Each grid is divided into two triangle facets as the same way. These
two triangle facets are mated. Moreover, one triangle facet records three points and

three edges of it. Each edge of the model contains two points of facet. Vector in this



model is an assistant to represent the direction of edge and normal of facet. Vector
contains three direction values of it. Furthermore, surface of the model contains all the
points and facets on non-ideal surface. It is the highest level in the model.

Point cloud model and triangle facet model are used to model the query surface and
the datum surface, respectively. The calculation based on these models will be proposed

in the following section.

3 Calculation and analysis of assembly clearance

3.1 Definition and calculation of non-ideal surface clearance

For the analysis of assembly problem, it’s important to calculate the assembly
clearance. The concept definition of assembly clearance is the first problem to solve.
Assembly clearance refers to the clearance between two assembly surfaces, and because
of the non-ideal surfaces, assembly clearances are different at each places on assembly
surfaces. Furthermore, assembly clearance concepts are different for various assembly
problems. For sealing and friction problems, etc., the clearance refers to the shortest
distance between the point on query surface and the datum surface, as shown in Figure
2. For assembly path planning and other issues, the clearance refers to the distance of
the point on query surface to the datum surface in the assembly direction, as shown in

Figure 3.
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Fig.2. The shortest distance Fig.3. Clearance in assembly direction

Two clearance calculation algorithms are designed in this paper for different
concepts of assembly clearance; one, for the calculation of clearance in the sense of
shortest distance and the other for the calculation of clearance in assembly clearance.
Both are explained as follows:

1)  Algorithm for assembly clearance of shortest distance

The design ideas of algorithm stem from the calculation of relationship between



geometrical elements to the calculation of clearance. The process is described in the
paragraph to follow.

First, the shortest distance between a point and a triangle facet is calculated. It is
required to judge here whether the projection point is inside the facet or not. Then the
query point is set as Py(x, y, z) and three points of facet are fixed as A(x/, y1, zI),
B(x2, y2, z2), C(x3, y3, z3). Then the normal vector of facet is obtained as V (aq,
b, c¢) and the coordinate of projection is set as P(X, ¥, Z).

d=aexl+beyl+cezl

k=(d-aex—bey—cez)/(a®+b*+c?) (D
X =x+kea

Y=y+keb

Z=2+kecC

The method of barycenter is used to determine whether the projection point is within
the triangle facet, the judgement condition is as follows.
P=A+u(C-A)+v(B-A)
u>0
v>0

H+v<1

(2)

If the projection point within the facet, then shortest distance will be the projection

distance D.
d=aexl+beyl+cezl

3
D=(aex+bey+cez—d)/\(@° +b’+c?) )

If the projection point is outside the facet, the shortest distance will occur between
the point and the edge of facet. Then it needs to calculate the distance between the
point P and an edge. Therefore, set the edge as (4, B) and the distance between three
points P, A, B are PA, PB, and AB, respectively. The shortest distance is d;.

If PA?>PB?+AB? | then d,=PB , if PB?>PA?+AB? , then d, =PA ,

otherwise, the result is as follows:

L=(PA+PB+PC)/2
{ (4)

d, = 2x,/L(L—PA)(L-PB)(L-AB)/C

Furthermore, the three distances of three edges to the point are calculated as the



shortest distance D.
D =min(d,,d,,d,) (5)
After getting the shortest distance D between the point and the facet, all facets on

the datum surface are traversed to calculate the distances {D,,D,,...D,} . Then the

clearance between the point on query surface and the datum surface is as follow.
clearance =min{D,,D,,...D, } (6)

Where n is the number of facets and the clearance value is the minimum value of the
distance between a query point and all facets on datum surface.

The calculation result shows that under a certain datum surface, each point on the
query surface is corresponding to a clearance value. It is a kind of mapping relationship.
The relationship can be expressed as follow.

clearance = f (i, j) (7)
2)  Algorithm for assembly clearance in assembly direction

The algorithm for assembly clearance in assembly direction is different from the

previous algorithm. It needs to find the facet which was through by the point
P,(X,y,z) in the assembly directionV (al,bl,cl) For example, to determine whether
the point is through facet AABC in the direction. The points are A(x1, Yyl z1) ,
B(x2,y2,2z2) , C(x3,y3,z3) , the normal vector of facet is obtained as
V(a0,b0,c0). First, calculate the projection point in assembly direction as
P'(X,Y,Z).

k=a0eal+hb0ebl+cOecl

t=(x1—-x)ea0+(yl—y)eb0+(z1-2z)ecO (8)
X =x+alet
Y =y+a2et
Z =17+a3et

Then using the method above to judge whether the projection point is within the
facet. All the facets are traversed to find the facet which projection point within. Then

the clearance in assembly direction is as follow.

clearance:|POP'|:\/(x—x)2+(y—Y)2+(z—Z)2 ©)

In the formula, the clearance value is the distance between the query point and the
projection point. The calculation result shows that, under a certain datum surface, each

point on the query surface is corresponding to a clearance value. It is a kind of mapping



relationship. The relationship can be expressed as follow.
clearance = f (i, j) (10)

3.2 Clearance surface analysis method

Each point on the query surface corresponds to a clearance value. Meanwhile, each
point corresponds to its grid position coordinate (i, j) on the surface. This
correspondence is a mapping relationship, expressed as clearance = f (i, j) . This
formula represents a functional relationship between the clearance and the grid
coordinates of the point. And because the grid coordinates of the points express the
distribution on the non-ideal surface, this formula represents the distribution of
clearances on the non-ideal surface. This formula is a function of three variables, which
can be understood as a kind of surface relationship, so the concept of clearance surface
is used to represent the surface relationship in this paper.

The construction process of the clearance surface is shown in Figure 4.

cartesian coordinates

a,j)

~

non-ideal surface grid vertexes

grid coordinates
Gj)

grid coordinates (i, j) clearance value clearance surface

Fig.4. Construction process of clearance surface
The clearance surface is related to the clearance value to the position coordinates of
the points on the non-ideal surface based on the calculation of clearance value. The

distribution law of the clearance value on the non-ideal surface is reflected in this way.



The clearance surface analysis method is proposed in this paper. Using clearance
surface to reflect the distribution law of the clearance, gaining the information of
assembly surface position for assembly problem analysis.

In order to show the distribution law of clearance more intuitively, the data
visualization of the calculated clearance surface is carried out in this paper. The
clearance surface data is processed in MATLAB. With clearance value as the Z axis,
the grid coordinates of the point are the X axis and the Y axis, and the space surface
image is drawn. The value of the clearance is differed from the color difference, finally
a graphical clearance surface with colorful layer is formed, which can assist the analysis
of assembly problem by using the distribution of color to reflect distribution of

clearance.

4 Application of algorithm with calculating the non-ideal surface
assembly clearance

The assembly clearance between the surfaces of piston and cylinder were calculated
and analyzed by means of the assembly clearance algorithm and the clearance surface
analysis method in this paper. Assembly clearance between piston and cylinder refers
to the clearance between the piston skirt and cylinder. Moreover, the sample point data
on non-ideal surfaces of piston and cylinder were utilized at first to calculate assembly
clearances and afterwards, the assembling clearances were generated and displayed
visually, which made it possible to analyze the assembly problem with graphical
clearance surface.

The picture of calculated clearance surfaces is shown in Figure 5.

(7




Fig.5. Clearance surface between piston and cylinder

The clearances are not distributed equally by analyzing the clearance surface picture.
There are red areas in the figure which refer to large clearances, where the leak may
happen. In contrast, too small clearances are marked with blue strips (the selected areas
in the middle and on two sides in this figure). There would be the fiction between piston
and cylinder.

It can be seen from the analysis that the relationship between assembly surfaces is
described through the clearance surface, then the assembly problems can be analyzed.
Next stage, calculation algorithm need to be more accuracy and higher speed. It is
possible to make a more accurate analysis with the clearance surface, for example to

determine the specific position of interference and interference area, etc.

5 Conclusion

The point cloud model and triangle facet model are used to model the non-ideal
surface data, which enabled the accurate and valid computation of assembly clearance.
For the clearance of shortest distance and assembly direction respectively, two
algorithms were designed in order to calculate the assembly clearance between non-
ideal assembling surfaces. The concept of clearance surface was proposed to present
the functional relationship of clearance and the grid coordinates of point. The
distribution of assembling clearance on non-ideal surfaces was also presented by
clearance surface that could help with the research of assembly problem. In conclusion,
this paper provided a method for calculating and analyzing assembly clearance, basing
on the non-ideal surface data, which provides new ideas for assembly problem research
in the case of non-ideal surface.
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