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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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1. Introduction 

     Due to the deviation caused by manufacturing errors in the 
manufacturing process, the manufactured surfaces are usually 
non-ideal surfaces [1]. The assembly contact state will change 
because of the deviation during the assembly process between 
two non-ideal surfaces. Contact stabilities of various contact 
states are different, that may cause the contact stability problem 
and furthermore influence the assembly performance. 

In the researches on the non-ideal surface, Schleich et al. 
proposed a skin model method based on Geometrical Product 
Specification (GPS) to describe the uncertainty of the surface. 
At the early design stage, the surface geometric errors should 
be predicted by considering random deviation and system 
deviation [2]. Different approaches to the assembly simulation 
of Skin Model Shapes are proposed [3]. As for the researches 
on non-ideal surface deviation modelling, Cao decomposed the 
surface deviation into location deviation, direction deviation, 
and shape deviation, etc. A modelling method for multiscale 
deviations in respect to deviation principles was proposed [4]. 

One of the most critical factors affecting the assembly 
performances is the assembly contact state between the non-

ideal surfaces. Many researches have been done in this field. 
Lee et al. researched on the planar surface assembly model and 
cylindrical surface assembly model, and method was presented 
to adjust the location and direction of surface for the two models 
[5]. Zuo et al. studied the assembly contact problem of the 
planar surface with shape deviations. A method of gap surface 
was proposed to determine the assembly contact points [6]. Fei 
et al. presented a contact state prediction algorithm based on 
errors for convex polyhedron, which could predict the possible 
contact states of the assembly surfaces [7]. Greenwood et al. 
regarded rough surface as a set of spherical micro-bulges ruled 
by Gaussian distributions and proposed the GW Model for 
solving rough surface contact problem [8]. Based on GW 
Model, Rao et al. studied the effect of surface waviness. 
Specifically, the geometric shape of rough surfaces could be 
described by using random distribution model. Contact stiffness 
was calculated as well [9]. 

However, in the early researches, the major concern focused 
on the mathematical expression of non-ideal surface and 
deviation, rather than manufacturing errors which actually lead 
to deviation. The researches on assembly surface contact state 
had many assumptions and simplified the surface morphology 
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1. Introduction 

     Due to the deviation caused by manufacturing errors in the 
manufacturing process, the manufactured surfaces are usually 
non-ideal surfaces [1]. The assembly contact state will change 
because of the deviation during the assembly process between 
two non-ideal surfaces. Contact stabilities of various contact 
states are different, that may cause the contact stability problem 
and furthermore influence the assembly performance. 

In the researches on the non-ideal surface, Schleich et al. 
proposed a skin model method based on Geometrical Product 
Specification (GPS) to describe the uncertainty of the surface. 
At the early design stage, the surface geometric errors should 
be predicted by considering random deviation and system 
deviation [2]. Different approaches to the assembly simulation 
of Skin Model Shapes are proposed [3]. As for the researches 
on non-ideal surface deviation modelling, Cao decomposed the 
surface deviation into location deviation, direction deviation, 
and shape deviation, etc. A modelling method for multiscale 
deviations in respect to deviation principles was proposed [4]. 

One of the most critical factors affecting the assembly 
performances is the assembly contact state between the non-

ideal surfaces. Many researches have been done in this field. 
Lee et al. researched on the planar surface assembly model and 
cylindrical surface assembly model, and method was presented 
to adjust the location and direction of surface for the two models 
[5]. Zuo et al. studied the assembly contact problem of the 
planar surface with shape deviations. A method of gap surface 
was proposed to determine the assembly contact points [6]. Fei 
et al. presented a contact state prediction algorithm based on 
errors for convex polyhedron, which could predict the possible 
contact states of the assembly surfaces [7]. Greenwood et al. 
regarded rough surface as a set of spherical micro-bulges ruled 
by Gaussian distributions and proposed the GW Model for 
solving rough surface contact problem [8]. Based on GW 
Model, Rao et al. studied the effect of surface waviness. 
Specifically, the geometric shape of rough surfaces could be 
described by using random distribution model. Contact stiffness 
was calculated as well [9]. 

However, in the early researches, the major concern focused 
on the mathematical expression of non-ideal surface and 
deviation, rather than manufacturing errors which actually lead 
to deviation. The researches on assembly surface contact state 
had many assumptions and simplified the surface morphology 
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of rough surfaces, which cannot fit the research on assembly 
and contact state of non-ideal surface caused by the 
manufacturing errors. The study in this paper is based on the 
non-ideal planar surface caused by manufacturing errors. The 
deviation model of the non-ideal surface is built and a 
homogeneous transformation model is established for position 
and posture adjustment. Then, the non-ideal planar surface 
contact state realization and analysis method is proposed, with 
which the non-ideal surfaces are assembled and contacted. And 
the contact stability of assembly contact state is analyzed and a 
new contact point search strategy is conducted to obtain more 
stable contact state. 

2. Realization of non-ideal planar surface contact state 

Assembly contact process of non-ideal planar surface will 
produce various contact states. The achieving of assembly 
contact state is the basis of contact stability analysis. For non-
ideal planar surface, the formation of a stable contact state 
needs three non-collinear points to locate which can restrain a 
translational degree of freedom and two rotational degrees of 
freedom [10]. Therefore, the realization of non-ideal planar 
assembly surface contact state can be considered as the process 
to find the three contact points. 

2.1. Non-ideal planar surface caused by the manufacturing 
errors modeling 

The non-ideal surfaces express the geometric deviations 
caused by the manufacturing process, they are fluctuations 
based on the ideal surfaces [11]. Modeling for non-ideal 
surfaces is a prerequisite for non-ideal surface calculation and 
analysis. 

The non-ideal surface is produced during the manufacturing 
process due to the manufacturing errors. There are many 
manufacturing errors that can cause different deviations. For 
example, the error from the fixture and the tool can cause the 
different deviations of the manufactured parts. According to the 
superposition principle, deviations caused by the main 
manufacturing errors are linearly superimposed on the ideal 
surface to form the non-ideal surface. Fig. 1 shows the model 
of our non-ideal planar surface caused by the manufacturing 
errors. 

 

Fig. 1. Non-ideal planar surface deviation model. 

Let the point on the ideal planar surface be iP , where i is 
one of all points. The coordinate of iP  in Cartesian coordinate 
system is  , ,i i ix y z . In the deviation coordinate system, { , }u v
is the relative coordinates of the point on the surface grid. The 
deviation caused by each manufacturing error is established by 

the model with  ,dev f u v . Use the deviation superposition 
principle, the total deviation is: 

   
1 1

, ,
n n

i j j
j j

u v dev f u v
 

                                          (1) 

Where n is the number of main errors, j is one of the all 
errors. 

Through coordinate transformation, the deviation value of 
point iP  in Cartesian coordinate system is  ' ,i u v .The 
deviation value is superimposed on the z value of ideal 
coordinate to obtain the point '

iP  on the non-ideal planar 
surface, as shown in Fig. 1. The coordinates are as follow: 

  ' ', , ,i i i i iP x y z u v                                             (2) 

The point cloud model and the triangle facet model are used 
to model the non-ideal surface scattered data. The point cloud 
model organizes the scattered points according to the grid 
relative coordinates of the non-ideal surface sample points. The 
data structure of the point cloud model is simple and convenient 
for calculating. 

On the basis of the point cloud model, the triangulation of the 
point cloud is carried out. The three points corresponding to the 
nearest relative coordinates  ,u v  are grouped into a triangle 
facet and whole point cloud is triangulated to construct the 
triangle facet model of non-ideal surface. The triangle facet 
model interpolates the gaps between the point clouds to 
improve the accuracy of calculation. Triangle facet model can 
enable the non-ideal surface point cloud to become continuous 
and represent the non-ideal surface geometry morphology 
better. 

2.2. Non-ideal planar surface homogeneous transformation 

    The homogeneous transformation model is established for 
position and posture adjustment of non-ideal planar surface. 
Homogeneous coordinates can be used to achieve the 
transformation of points in three-dimensional space from one 
coordinate to another. For three-dimensional space points with 
coordinate as ( , , )Tp x y z , the homogeneous coordinates can be 
expressed as: 

( , , ,1)Tp x y z                                                          (3) 

    The entire non-ideal planar surface can be represented by 
4 n   homogeneous coordinate matrix composed of these 
homogeneous coordinates of points.  

1 2

1 2
1 2
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... ...
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... ...
1 1 ... 1 ... 1

i n

i n
i n

i n
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Surf p p p p
z z z z

 
 
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 
 
 

             (4) 

    Where Surf is the non-ideal planar surface matrix. 
    The Homogeneous Transformation Matrix (HTM) is a 
matrix that describes the position and posture relationship 



316	 Yue Li  et al. / Procedia CIRP 75 (2018) 314–319
 Y. Li and L. Qiao./ Procedia CIRP 00 (2018) 000–000  3 

between two rigid bodies in robot kinematics [12]. In this paper, 
the homogeneous transformation matrix is used to describe the 
spatial position change of non-ideal assembly surface relative 
to the datum surface. Let T be homogeneous transformation 
matrix. After homogeneous transformation, non-ideal surface 
Surf0 get a new position Surf1, the transformation formula can 
be written as: 

1 0Surf T Surf                                                        (5) 

Homogeneous coordinates are used to transform the non-
ideal assembly surface. Subsequently, establish translational 
and rotational HTM for surface adjustment. 

The translation operation is an important adjustment of the 
assembly surface position. Translational transformation matrix 
is created for the translational motions as transT . A point in space 
and a ray starting from that point can form the point-ray axis. 
Rotating around the point-ray axis can adjust the local position 
and orientation of the surface. Rotational transformation matrix 
is created for rotating around the point-ray axis as rotR . 

During non-ideal surface assembly contact process, it takes 
m steps of operation, including translation and rotation. Each 
step produces a translational matrix or rotational matrix. The 
total adjustment matrix is T as: 

1 2 1 2... ...i jT T T T R R R                                          (6) 

    Where Ti is translation matrix and Rj is rotation matrix, the i 
or j is the number of translation or rotation steps and 𝑖𝑖 + 𝑗𝑗 = 𝑚𝑚. 

2.3. Gradual posture adjustment method 

On the basis of homogeneous coordinate representation of 
non-ideal planar surface and the establishment of homogeneous 
transformation matrix, the three contact points will be found in 
turn. Due to the irregular geometry of the non-ideal surface, the 
locations of the contact points are uncertain. The assembly 
surface is translated and rotated. Subsequently the assembly 
clearance is calculated to find three contact points. 

Assembly clearance refers to the clearance between two 
assembly surfaces, which is the shortest distance from the point 
on the non-ideal surface to the datum surface [13]. Based on 
the non-ideal surface point cloud model and triangle facet 
model, all assembly clearances are calculated between the non-
ideal surface and the datum surface. The point where the 
clearance value is zero is regard as the contact point. 

The first contact point is found by translating the surface 
into contact with the nearest point. Calculate all assembly 
clearances between points on non-ideal planar surface to the 
datum surface. The point that has the minimum assembly 
clearance value is 1

minP  and the corresponding point on the datum 
surface is 2

minP . The non-ideal surface is translated to coincide 
that two points, then the first contact point is obtained. The 
adjustment matrix is 1stepT . 

The second and third contact point searching is based on 
the first contact point that has been determined. With the first 
contact point as the origin point of rotation, the non-ideal 
surface is rotated until contact the assembly surfaces. However, 
due to the irregular geometry of non-ideal surface, the locations 

of the second and third contact points are difficult to determine. 
In this paper, Gradual posture adjustment method is proposed 
to find the second and third contact points. 

1 step

Contact the first point

Nearst point

Contact the second point

NO.1 P

rotate
NO.2 P

m steps gradual adjustment

angleθ 
Monte-Car lo

Contact the third point

+vector(u,v,w)

to 2nd nearst point
angleθ 

Monte-Car lo

NO.1 Protate

n steps gradual adjustment

Translation

 

Fig. 2. Gradual posture adjustment method process 

The adjustment matrix is used for rotating surface around 
the point-ray axis. The origin of axis is the first contact point

1
contactP , which is already determined. The unknowns of the 

rotation matrix are the ray direction ( , , )a u v w  and the angle   
of rotation. Therefore, the calculation of the rotation matrix 
becomes parameters of  , , ,u v w   determination problem. 
Gradual posture adjustment method will divide the entire 
adjustment process into multi-steps. Each step should get the 
direction of rotation to determine the parameters  , ,i i iu v w  
according to a certain strategy. Deviations of non-ideal surface 
are minor, so the rotation angle is quite small. According to the 
measurement of the deviation value, the scope of rotation angle 
is determined. Subsequently the rotate angle i  is generated 
from the scope use the Monte-Carlo method. The parameters
 , , ,i i i iu v w   of each step can be used to determine the rotation 
matrix iR . Finally, the total adjustment matrix is derived use 
formula (6). 

The second contact point is calculated using Gradual 
posture adjustment method. After contact the first point 1

contactP , 
the assembly clearance between the assembly surfaces is 
calculated. Take the strategy of rotating toward closer point to 
determine the direction of rotation, 2

md is the second minimum 
clearance value, the corresponding point on the non-ideal 
surface is 1

mP , the point on the datum surface is 2
mP . The ray 

direction is the cross direction of vector 1 1
contact mP P  and vector

1 2
contact mP P . 

According to the statistical results, Monte-Carlo method is 
used to select the appropriate rotate angle. According to the 
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experimental statistical summary, the surface is rotated every 
step with angle in [0,1] degrees randomly selected. The rotation 
matrix iR  is got to complete one step of surface rotation as

1i i iSurf R Surf   , where 1iSurf  is the surface of previous step. 
The above operation is repeated until the second minimum 

clearance value is less than the given accuracy to find the 
second contact point 2

contactP . After n steps, the second 
adjustment matrix is calculated as: 

2 1 2...step nR R R R                                                      (7) 

    The calculation of the third contact point also uses Gradual 
posture adjustment method, and the process is similar to the 
calculation of the second contact point. But there are two 
differences, one is that the third minimum clearance value 3

md  
need to be calculated instead of 2

md  and the other is that 
direction of rotation axis is vector 1 2

contact contactP P . Rotate the surface 
with rotation angle i , and the rotation matrix is iR . The process 
is repeated until 3

md  is less than the given accuracy and the 
third contact point 3

contactP  is found. After m steps, the third 
adjustment matrix is calculated as: 

3 1 2...step mR R R R                                                      (8) 

    The Gradual posture adjustment method can realize the 
contact of two non-ideal surfaces caused by the manufacturing 
errors, obtain three contact points and each adjustment matrix. 
The total adjustment matrix is calculated as: 

1 3 3step step stepT T R R                                                  (9) 

The Gradual posture adjustment method is a simulation of 
the real assembly contact process, which realizes the contact of 
the non-ideal planar surface based on manufacturing errors 
directly through the adjustment of the surface posture and the 
control of the assembly clearance.  

3. Contact state and contact stability analysis 

3.1. Contact state analysis 

After completing the assembly process of the non-ideal 
surfaces, a certain assembly contact state is formed. For non-
ideal planar surface, different contact states are produced due 
to changes of surface morphology.  

The clearance surface is a surface that reflects the 
distribution of clearances between the assembly surfaces [12]. 
The assembly clearance between the point on the non-ideal 
surface and the datum surface is C. The assembly clearance 
values and the grid coordinate (u, v) of points are combined to 
form a clearance surface, while the expression is: 

 ,C f u v                                                            (10) 

The clearance surface is calculated, subsequently the 
clearance distribution between the assembly surfaces is 
reflected. Therefore, the assembly contact state can be 

expressed through the clearance surface. Different contact 
states correspond to different clearance surfaces. 

In this paper, contact states of three kinds of non-ideal planar 
surface are studied including concave-convex surface, ripple 
surface and random surface. The three types of surfaces are 
assembled and contacted using Gradual posture adjustment 
method. The clearance surface is calculated and contour plotted. 
The contact states and clearance surface images are shown in 
table 1. 

Three contact states are analyzed according to the clearance 
surfaces. The contact area of concave surface is mainly 
concentrated at the bottom of surface to form an aggregation 
area. The surface is raised around, so it is easy to tilt. The 
contact area of ripple surface is mainly concentrated at the 
concave parts of surface to form the strips. The two sides of the 
surface is raised, it may tilt toward both sides. The distribution 
of random surface contact area is relatively scattered. There are 
many contact areas at different positions, so the contact is more 
stable than others. 

Table 1. Three types of non-ideal planar surface and clearance surfaces 

Concave Ripple Random 

   

3.2. Contact stability analysis 

3.2.1. Area ratio coefficient 
Due to the non-ideal planar surface, the actual contact area 

of different contact states only accounts for a fraction of the 
total surface area. The presence of local contact reduces 
assembly contact stability and directly affects the mechanical 
properties of the assembled product.  

The area ratio coefficient is put forward in this paper to 
indicate the contact stability of a certain contact state. After 
three contact points are determined and two non-ideal surfaces 
are contacted, the triangular area covered by the three points is 
called the contact stability area. The area ratio coefficient is the 
ratio of the contact stability area to the total surface area. 

The three contact points of non-ideal planar surface are
1 2 3{ , , }contact contact contactP P P , the three edges formed by three contact 

points are 1 2 1 3 2 3{ , , }contact contact contact contact contact contactP P P P P P . According to the 
Heron's formula, the triangular area conS  covered by these three 
points is calculated as: 

1 2 1 3 2 3

1 2 1 3 2 3

( ) / 2

( - )( - )( - )
contact contact contact contact contact contact

con contact contact contact contact contact contact

L P P P P P P

S L L P P L P P L P P

    
 

  
   (11) 
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The total area of non-ideal surface is allS . The area ratio 
coefficient   is calculated as: 

con

all

S
S

                                                                 (12) 

For non-ideal planar surface contact state, the larger area 
ratio coefficient value is, the more stable contact will be. 
Compared with the statistical distribution of the clearance [3], 
the area ratio coefficient can directly reflect the stability of non-
ideal planar surface contact state by a single numerical value. 
Through the contact points obtained by the Gradual posture 
adjustment method, the contact stable area can be directly 
calculated to obtain the area ratio, and the calculation is 
convenient, which can be used as an index to evaluate the 
assembly quality. 

3.2.2. The strategy of adjusting to the further point 
Due to the surface morphology, the contact states of the 

concave and ripple non-ideal planar assembly surface will lead 
to contact stability problems. As mentioned before, the concave 
surface is easy to tilt around and the ripple surface is easy to tilt 
toward two sides. 

In these surfaces, local contact appears during the assembly 
process because of surface morphology. The contact stability 
area covered by the three contact points is small and the area 
ratio is small, so the stability performs poorly. 

In order to improve the contact stability of these non-ideal 
planar assembly surfaces, the adjustment strategy is changed 
based on the Gradual posture adjustment method. For the 
second and third contact point searching process, the direction 
of point-ray axis which is the  , ,i i iu v w parameters of each step 
need to be determined. The improved strategy is to adjust the 
surface toward the further point with larger clearance value. 
After contact the first point 1

contactP , the assembly clearance 
between the assembly surfaces is calculated, maxd  is the 
maximum clearance value, the corresponding point on the non-
ideal surface is 1

maxP , and point on the datum surface is 2
maxP . The 

rotation axis direction is the cross direction of vector 1 1
maxcontactP P  

and vector 1 2
maxcontactP P . Select the appropriate angle i  to complete 

one step of surface rotation. The above operation is repeated 
until the second minimum clearance value is less than the given 
accuracy and the second contact point is found as 2

contactP . 
The change for finding the third contact point is similar to 

the second one. Adjust the surface toward the direction of the 
point with maximum clearance value use appropriate angle. 
Repeat this operation until the third minimum clearance value 
is less than the given accuracy and the third contact point is 
found as 3

contactP . 
Improved Gradual posture adjustment method adjusts the 

surface toward the further point, which can increase the local 
contact area of non-ideal planar surface and achieve a more 
stable contact state. For the surface such as ripple surface, the 
smaller clearance values are concentrated around the first 
contact point. Rotating the surface toward closer point to find 
the second and third contact point will cause the calculation to 
converge prematurely, then the local contact will be caused 
with poor contact stability. Rotating the surface toward farther 
point can avoid the calculation to converge prematurely and 

make the contact points cover more surface area, thus the 
contact is more stable. 

4. Example of non-ideal planar surface contact state 
calculation and analysis 

The assembly contact process of non-ideal planar surfaces 
caused by the manufacturing errors is studied in this paper. The 
contact states and contact stability are analyzed to validate of 
the algorithms and methods mentioned above. 

End milling plays an important role in the plane forming 
process. The non-ideal planar surface data obtained by end 
milling simulation are used to the calculations in the paper. 
Four main errors, including spindle axis tilt of milling cutter, 
the straightness error in vertical plane of guide rail of milling 
machine, the cutting heat as well as the tool wear, are 
considered when using end milling to process the plane. The 
deviations caused by four errors are superposed to obtain the 
non-ideal planar surface of end milling simulation. The size of 
example surface is 9 11mm mm . 120 points are extracted as 
sample points for non-ideal planar surface. On the basis of the 
non-ideal planar surface point cloud model and the triangle 
facet model, the Gradual posture adjustment method is used to 
realize the assembly contact state as follows: 

 

Fig. 3. Contact state of gradual posture adjustment method 

The total adjustment matrix is calculated as: 

 1.0000   -0.0000   -0.0000   -0.0000
 0.0000    1.0000    0.0009   -0.0000
-0.0000    0.0009    1.0000   -0.0167
         0              0             0    1.0000

T

 
 
 
 
 
 

 

Considering the non-ideal surface, different assembly 
contact states can be produced during the assembly process, 
resulting in different contact stability. The stability of the non-
ideal surface contact state will affect the quality of the assembly. 
Therefore, the stability of the contact state should be evaluated 
by the area ratio coefficient. 

The contact stability area is calculated as 21.50conS mm ， the 
total area of the surface is calculated as 299allS mm ， area 
ratio coefficient is calculated as: 

0.0152con

all

S
S

    

Improved Gradual posture adjustment method is used to 
adjust the surface toward further point. Assembly contact 

Contact stable area 
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calculation on non-ideal plane surface is carried out the second 
time to update the contact state. The new assembly contact state 
is as follows: 

 

Fig. 4. Contact state of the improved gradual posture adjustment method 

The total adjustment matrix is calculated as: 

 1.0000   -0.0000   -0.0000   -0.0000
 0.0000    1.0000    0.0017   -0.0000
-0.0000   -0.0017    1.0000   -0.0193
         0              0             0    1.0000

T

 
 
 
 
 
 

 

The contact stability area is calculated as ' 24.50conS mm ， the 
total area of the surface is calculated as 299allS mm ， new area 
ratio coefficient is calculated as: 

'

' 0.0455con

all

S
S

    

The new area ratio coefficient of contact state is larger than 
the old one, as '  . Therefore, the contact stability of the new 
contact state is better performed. The calculation results show 
that the improved Gradual posture adjustment method which 
adjust the surface toward further point can achieve more stable 
contact state for the non-ideal planar surface produced by the 
end milling process. 

5. Conclusion 

Contact states of non-ideal planar surface produced during 
the assembly process are studied in this paper. The method of 
contacting non-ideal planar surfaces, analyzing contact states 
and contact stability is put forward. Gradual posture adjustment 
method can determine the positions of three contact points. The 
area ratio coefficient can evaluate the contact stabilities of 
contact states, and the larger coefficient value is, the more 
stable contact is. For the assembly contact states of three 

different non-ideal planar surfaces, concave surface and ripple 
surface tend to tilt, and random surface has the better stability. 
Regarding to the surface with poor contact stability such as 
ripple surface, the Gradual posture adjustment method is 
improved to enlarge the contact stability area and increase the 
area ratio coefficient, which can achieve a more stable contact 
state. The method lays a foundation for assembly simulation 
calculation and assembly performance analysis. 
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