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Abstract. Large complex thin-walled guide rail has complicated structure and no uniform low rigidity. The traditional
cutting simulations are time consuming due to huge computation especially in large workpiece. To solve these problems,
a more efficient variable stiffness analysis model has been propose, which can obtain quantitative stiffness value of the
machining surface. Applying simulate cutting force in sampling points using finite element analysis software ABAQUS,
the single direction variable stiffness rule can be obtained. The variable stiffness matrix has been propose by analyzing
multi-directions coupling variable stiffness rule. Combining with the three direction cutting force value, the
reasonability of existing processing parameters can be verified and the optimized cutting parameters can be designed.

1 Introduction
Large complex thin-walled guide rail has large longitudinal
dimension and small cross section which is a typical
thin-walled workpiece with low rigidity and high precision
requirement. Different processing parameters must be
carefully considered in different machining surfaces. To
solve these problems, a lot of researches are focused on the
cutting simulations [1]-[4]. The optimized cutting
parameters can be obtained from simulations. However,
this method is not suit for large workpiece due to huge
computation. As for large complex thin-walled structure
and weak local stiffness, the influence on the deformation
of low rigidity caused by cutting force was studied by
Sveten et al. [5]. The optimization method of the blade
clamping by finite element stiffness analysis simulation was
also established [6], [7]. Nevertheless, these studies are all
qualitative analysis of the stiffness of the thin-walled
workpiece. The quantitative analysis method of the
stiffness is rarely mentioned.
The aim of this study is to model the variable stiffness of
large complex thin-walled guide rail. Applying one
direction’s cutting force on sampling points separately and
analyzing the deformation on three directions, the value of
stiffness can be obtained, and the variable stiffness curves
can be drawn. Then, the coupling of three directions’
cutting force are studied and the linear superposition
relationship is proposed. The calculation method of
variable stiffness matrix is given. Combined with the
cutting force, the reasonability of existing processing
parameters are verified, and the optimized cutting
parameters are designed.

2 Guide rail structure and the clamping
form
The guide rail structure is shown in Fig. 1. The material is
2A12 aluminum alloy with pre-stretching. The cross
section is shown in Fig. 2. The size in longitudinal direction
is 4m and the cross section size is 127*290. The guide rail
is a typical thin-walled workpiece with complex cross
section and low rigidity. The large end face’s thickness is
only 6mm. To reduce the machining deformation, the
traditional processing usually adopt slow feed, small
cutting depth, which can reduce the force in the process of
machining. Although this method can reduce deformation,
the selection of cutting parameters depends on experience,
usually very conservative. So the machining efficiency is
very low.


Figure 1. Guide rail structure.
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equals 1. There are a total of 105 samples, and each one has
its unique mark x.y, which are shown in Fig. 4.

Figure 2. Guide rail cross section.

3.2 Variable stiffness definition
The stiffness value is variable in the inner machined
surface. The three directions’ stiffness of one sampling
point is also different. Here we define the y direction
stiffness value of a sampling point for single x direction



cutting force Rxy is calculated as in Eq. 1.

The machined surface stiffness distribution is different
according to the guide rail structure. For example, the inner
machined surface’s stiffness is higher than the big end
surface. So we can optimize its processing efficiency by
analyzing its stiffness. The stiffness distribution in inner
machined surface is also different among different regions.
Further analysis shows even in one exact region, the three
directions stiffness are also different. So it’s very necessary
to obtain the rule of variable stiffness and the
quantitative stiffness value to optimize the cutting
parameters.
Different clamping form will contribute different
stiffness distribution. Fig. 3 shows the clamping form of
processing inner machined surface. The big end surface is
put on the processing platform, and two wings are clamped
by five platens along the longitudinal direction.

Rxy  Fx / U y ˄kN / mm˅

(1)

where Fx is the cutting force in x direction.
So we can describe the single x direction stiffness of a
sampling point by the Rxx , Ryx , Rzx three values.
3.3 Single direction variable stiffness curve
Three direction simulated cutting force are applied
respectively in a sampling point, and the three direction
deformation of a signal direction cutting force can be
obtained. According to the definition of variable stiffness,
the three stiffness values are calculated. We call that the
variable stiffness value curve in one direction is the single
direction variable stiffness curve. It can be drawn along the
longitudinal direction or cross section direction. For
example, we apply the y direction simulated cutting force,
with 1kN, in the sampling line ‘a’ which is consist by all
sampling points x=a (points a.*), and the deformation in y
direction can be obtained from ABAQUS. Then, the pints
stiffness Ryy are calculated and the five variable stiffness
curves along longitudinal direction are drawn as Fig. 5.



Figure 3. Clamping form of processing the inner machined
surface.

Figure 4. Distribution of sampling points.



Figure 5. Five variable stiffness curves along longitudinal
direction. 

3 Single direction variable stiffness
analysis
3.1 Distribution of sampling points
Since the inner machined surface structure is symmetrical,
here we just analyze one side. There are 5 evenly
distributed sampling points along the cross section
direction. The top sampling point’s mark x equals 1. Also
there are 21 evenly distributed sampling points along
longitudinal direction. The left sampling point’s mark y


Figure 6. Variable stiffness curve along cross section.
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f ( F )  f x ( F )  f z ( F )  f xz (F)

The variable stiffness curve of middle cross section
sampling points is plotted in Fig. 6. This curve is made up
of the sampling points y=11 (points *.11).
The simulation results show that the stiffness was
significantly lower than the middle stiffness at the ends of
the guide rail in the longitudinal direction. The lowest
stiffness value was just about 46% of the highest; In the
cross section direction, the stiffness value increased form
sampling point 1 to 3, then decreased until sampling point 5.
The lowest stiffness value was just about 56% of the highest.
Using this method, the same results can be obtained
according to x and y direction stiffness value.
Thus, the stiffness value on the inner machined surface
range is very large, which means higher cutting speed can
be used and will not cause large deformation. So the cutting
efficiency can be improved.

4 Multi-directions
stiffness analysis

coupling

(2)

The curves from Fig. 7 to Fig. 10 all consist of two part,
the linear part and nonlinear part. The nonlinear part is
caused by the plastic deformation. Because in this part, the
simulating cutting force is too big that the workpiece is
yielded. The linear part indicates that the stiffness value is a
constant before yield.
The curves in Fig. 7 and Fig. 8 indicate that the cutting
force in different direction will cause different deformation
in the same direction due to the different stiffness value.

variable

In the process of actual cutting, the cutting force is resultant
force of three perpendicular force. The single direction
variable stiffness analysis shows that each direction cutting
force can cause three directions deformation. So it’s
necessary to analyze the coupling relationship of variable
stiffness. Thus, the variable stiffness model can be used as
the guidance in the actual cutting processing.



Figure 8. Deformation curves caused by x direction cutting force.



Figure 9. Deformation curves caused by x and z direction cutting
force.



Figure 7. Deformation curves caused by x direction cutting force.

4.1 Variable
relationship

stiffness

linear

superposition

The x and z multi-directions coupling relationship is
studied firstly. Here we take the sampling point 1.1 for
example. First obtain the deformation caused by x direction
cutting force using ABAQUS. The cutting force is range
from 0 to 50 kN. The deformation curves caused by x
direction cutting force are shown in Fig. 7. Where Ux, Uy,
Uz are the three directions’ deformation, U is the equivalent
deformation. Here we use f ( F ) to represent the
deformation in this case. Using the same method we can
obtain the deformation caused by z direction force
f ( F ) which is shown in Fig. 8, and the deformation caused
by x and z direction force f ( F ) which is shown in Fig. 9.
The linear coupling deformation difference value f ( F )
curve is shown in Fig. 10, f ( F ) is calculated by Eq. 2.


Figure 10. Linear coupling deformation difference value curves.

x

Fig. 10 shows two kind of coupling relationship. As for
the deformation in one direction, the deformation
difference value equals to 0 which means the deformation
observe linear superposition relationship in elastic stage.
However, the equivalent deformation doesn’t observe this
rule.

z

xz
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given, the allowable maximum cutting force can be
obtained.

Further study shows that the extensional coupling
relationship in three directions is also satisfied linear
superposition relationship. Thus this relationship offers a
simple method to studied the complex cutting processing by
decomposing it into three direction and analyzing
respectively. Then we can combine them by linear
superposition to guide the actual cutting processing.
It should be noted that, the plastic deformation is only
happened in the cutting region in actual cutting processing.
Most of the workpiece is still in a low stress elastic state.
The influence of low stiffness is reflected in the elastic
region. So it’s reasonable that we just consider the linear
part of the curve.

5 Conclusion
Taking the large complex thin-walled guide rail as analysis
object, expound the modeling process of the variable
stiffness model which can be used to guide the actual
cutting processing.
As for a certain clamping structure, the variable
stiffness curves are the keys to evaluate the longitudinal and
cross section stiffness. According to the coupling cutting
force of different direction, the linear superposition
relationship is used to couple the stiffness by variable
stiffness matrix. The variable stiffness matrix can be
obtained from the static analysis simulation by ABAQUS.
The time consumption is acceptable even to analyze the
large complex thin-walled guide rail.
Compared the simulating deformation which is
calculated by cutting force and variable stiffness matrix
with cutting precision, the reasonability can be verified, the
allowable maximum cutting force can also be obtained. The
cutting experiments using the variable stiffness model will
be implemented in future work.

4.2 Variable stiffness matrix analysis model

Assuming that the actual cutting force F is decomposed
into three directions as in Eq. 3.

F   Fx Fy Fz 

T

(3)

Since each direction’s cutting force has different
influence in the deformation of three directions, there are 9
independent variables in a sampling point. We describe that
R is the variable stiffness matrix in Eq. 4. Where the 9
variables represent the stiffness value. The variable
stiffness matrix can be obtained from the static analysis
simulation by ABAQUS.
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