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Preface 
 

The International Conference on Manufacturing Science and Engineering is the 

premier forum for the presentation of new advances and research results in the fields 

of Manufacturing Science and Engineering. The conference brings together leading 

researchers, engineers and scientists in the domain of interest from around the world. 

The 1st International Conference on Manufacturing Science and Engineering, ICMSE 

2009, was successfully held from Dec. 26 -28, 2009 at Zhuhai, China. The 2nd 

international conference on Manufacturing Science and Engineering, ICMSE 2011, is 

held in Guilin, China, between 9 and 11 April 2011. Delegates from more than 20 

countries or districts attended those conferences. 

 

The present volumes provide up-to-date, comprehensive and worldwide state-of-the 

art knowledge of the manufacturing science and engineering, including: 

manufacturing process technology, advanced engineering materials, new and 

advanced materials, advances in mechanical design and advanced manufacturing 

systems. All papers included in those volumes have already passed the strict 

peer-reviewing by 2-5 expert referees and been accepted for publication.  

 

The editors hope that those volumes will not only provide the readers a broad 

overview of the latest advances but also provide the researchers a valuable summary 

and reference in this field. 

 

We would like to express our sincere appreciations to all the authors for their 

contributions to those books. We are indebted to all the referees for their constructive 

comments on the papers. Thanks are also given to Trans Tech Publications for 

producing those volumes. 
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Abstract: Hot-stamping molding for ultra-high-strength steel have some similarities with 

traditional cold-stamping molding in the aspects of molding process and die design. But due to 

the effect of temperature variation of blank, hot-stamping have some differences in 

ultra-high-strength products design, material selection and forming process design. Some special 

forming defects, such as local thinning, cracking and wrinkling, could appear in hot-stamping 

process due to these differences. In order to obtain uniform phase structure and get high-quality 

products, it is very important to be able to predict and control the blank temperature and the 

consistence of blank cooling rate. The thermo-mechanical characteristics of hot-stamping are 

studied with the material of ADVANCE1500 (22SiMnTiB). Based on the results of simulations 

and experiments, conclusion are drawn that the complexity of the product and the blank which 

contacts with die asynchronously causes the uneven distribution of the blank temperature. This is 

the key factor that leads to the poor mobility of the blank material and local thinning, cracking, 

wrinkling and other defects in forming process. Proper clearance between punch and die can 

reduce the probability of defects which could contribute to the improvement of hot-stamping 

process. 

Introduction 

In the modern automotive industry, the use of ultrahigh-strength steels in structural and safety 

components is rapidly increasing in order to meet the steadily rising requirement for vehicle 

safety and reducing environmental pollution in the automotive industry
[1]

. However, traditional 

cold stamping process will bring on a large amount of residual stress retaining in shaped 

component which may result in severe spring-back after cold-stamping. Moreover, in traditional 

cold stamping process, great forming force is generated and complex shapes can hardly be 

formed
[2]

. 

In hot stamping process, the blanks are completely austenitized at temperature of between 

900ºC and 950ºC for about four to ten minutes inside a continuous-feed furnace and subsequently 

transferred to an internally cooled die set via a transfer unit. At high temperature, the material has 

excellent formability, so that complex shapes can be formed in a single stroke. The blanks are 
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stamped and cooled down under pressure for a specific amount of time according to the sheet 

thickness after drawing depth is reached. During this period the shaped part is cooled in the closed 

die set which is internally cooled at a cooling speed, and completing martensitic transformation. 

Finally, the part leaves the hot-stamping about 150 ºC and with high mechanical properties: an 

ultimate tensile strength of 1500MPa or much higher and little spring-back 
[3-5]

. chematic of 

hot-stamping process is shown in Fig.1 and finite element model of Collision beam is shown in 

Fig.2. 

In this paper, ADVANCE1500 is selected as AHSS, and the finite element analysis is used to 

research the result and get the solution which leads to the defects of collision beam during the 

process of hot-stamping.  

  

Figure 1 Schematic of hot-stamping process 
Figure 2 Finite element model of Collision 

beam 

Hot-stamping FE model of collision beam 

Definitions of material properties for hot-stamping process. The shaped parts of the collision 

beam sizing 1300mm × 300mm have low drawing depth which made up of several complex 

surfaces. This could bring a great deal of difficulty in forming blanks into collision beam 

components. So hot stamping process is selected which could overcome most difficulty. The 

thickness of the blank is 1.8mm. The gap between punch and die at the end of quenching is 2mm. 

The coefficient of friction between mould and blank is 0.3. The drawing depth of experiment and 

simulation is 35mm. 

ADVANCE-1500 is selected as experimental materials. The chemical analysis of the 

ADVANCE- 1500 steel is given in Table 1. In order to get reliable modeling and numerical 

simulation of hot-stamping process, the determination of the thermo-mechanical material 

properties is one consideration. Besides, it is more important to consider the relationship between 

stress and strain by temperature. This relationship was estimated by hot tensile tests on 

GLEEBLE mechanical system and the constitution equation has been generated according this 

relationship. The thermal conductivity between blank and mould change with the pressure and 

clearance between blank and die
[6]

. The other material properties are given in Table1 to Table 4. 

m
Kεσ =                                                         (1) 

where： 

00373.0,2027.1)],sinh(A[ln Z,)353.58(Z/AK,)0.3515(Z/Am 0.0940.0434
===== aEAϕασ  

Table 1 Chemical analysis of ADVANCE1500 

C Si Mn Ti B Mo S p 

0.2 0.85 1.64 0.022 0.001 0.01 0.001 0.005 
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Table 2 Coefficients of heat conduction at different temperatures 

Temperature, ºC 20 100 200 400 600 800 

Heat conduction, W/(m·K) 50.1 46.1 44.8 39.8 34.3 26.4 

Table 3 Young's modulus at different temperature 

Temperature, ºC -20 20 100 150 200 300 400 450 475 600 850 

Young's modulus, GPa 208 205 203 200 196 186 170 158 151 6.5 5.9 

 

Table 4 Coefficients of thermal expansion at different temperatures
[7]

 

Temperature, ºC 100 200 300 400 850 900 950 

Thermal expansion,/ºC×10-5 1.93 1.97 2.12 2.17 2.62 2.78 3.08 

Table 5 Specific heats at different temperatures 

Temperature, ºC 50 100 400 850 900 

Specific heat, J/(kg·K) 465 471 479 987 1019 
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Figure 3 Influence of the temperature on flow 

curve 

Figure 4 Schematic illustration of tools and 

blank used within hot-stamping process 

Figure 5 Thickness distribution at the end of 

holding stage 

Figure 6 Temperature distribution at the end 

of holding stage 

 
Figure 7 Mises stress distribution at the end of 

holding stage 

Figure 8 Experiment result of hot-stamping of 

collision beam 

Definitions of analysis steps. In hot stamping process, excessive BHF could rapidly cool 

down the blank and hold back the material flow which would bring on risks of component 

cracking. So in this hot-stamping experiments and simulations, it is unnecessary to use the model 

that does not have BHF (Figure 4) though this would acquire a component of severe wrinkling in 
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some areas. The hot-stamping of collision beam may divide into following three stages: 

a. Heating and transportation.(at this stage, the blank is heated up to 850°C - 900°C in oven and 

fully austenitic, and is delivered to the mould by mechanical equipment). b. Forming stage (at this 

stage, punch move down and the blank is adequately shaped). c. Holding stage (at this stage, the 

shaped component is hold in the mould for about 6 seconds, cools rapidly and quenches 

simultaneously). Figure 5 shows the displacement-time curve in direction of punch movement at 

forming stage and holding stage. 

Result and Analysis 

Analysis of formability. According to the results of simulation (Figure 6), the shaped component 

appears obvious thinning areas at the corner of protruding zones (point out in Figure 6), the 

thickness of the thinnest area has decline 30% and reach 1.247mm. Figure 5 shows the 

distribution of shaped component temperature at the end of holding stage. It can be seen that the 

protruding zones (point A and point B in Figure 5) of the shaped component has good contact 

with mould and cools down more rapidly than other zones. Some of the protruding zones have 

cooled to 200°C below. Figure 7 shows the distribution of Mises stress. The thinnest area in 

Figure 5 (point C in Figure 5) also have greatest Mises stress, reaching up to 713.8MPa 

(Figure6-c). So the places near point C (in Figure 5) have greater possibility of cracking than 

other places. Figure 8 shows the shaped component in experiment. It can be seen that the 

component also appears local cracking in the same zone compared with the simulation results. 

Analysis of Contact. In order to clearly observe the contacts between blank and mould, the 

internal temperature distribution of the mould and shaped component, stress and strain 

distribution during the forming stage and holding stage, a cross-section simulation has been 

performed. The position of the cross-section has been pointed out in Figure 2. This cross-section 

is across the cracking areas, the results of which can contribute to explaining the reason of 

cracking. 

Figure 9 shows the simulation results of cross-section temperature distribution at the end of 

forming stage and holding stage (points A, B, C in Figure 9 point out the same spots on the blank 

compared with the points A, B, C in Figure 6). It can be seen that the protruding zones (point A 

and B in Figure 9) of the blank which have intimate contact with mould have good thermal 

conductivity condition and cool down more rapidly than the areas nearby (point C). In addition, 

point A and point B take priority over point C of contacting with mould first and material near 

point A and B flow slowly due to the effect of friction. This would result in reducing the thickness 

of point C. Thus, a gap could occur between blank and mould (shown in Figure 9-c). So the areas 

near point C would have bad contact with the mould and have higher temperature than the areas 

nearby. Moreover, the fact that pre-defined gap between blank and mould is larger than the 

thickness of blank is another key reason for the appearance of local gap between blank and mould 

after forming. 

Figure 10 shows the cross-section stress distribution at the end of holding stage. It can be seen 

that the areas near the point C have great amount of residual stress. As shown in Figure 9-a, at the 

end of forming stage, the temperature of most part of the blank is still above the recrystallization 

temperature. So the residual stress can reduce during this period of time. As the temperature 

drops, thermal expansion coefficients of the blank significantly reduced and the blank shrinks, 

while protruding zones (like point A and B in Figure 9-c) in good contact with mould would 

hinder the process of shrinkage. Thus, the part between protruding zones would get a pull force 

and the residual stress could increase, which would increase the risks of crack at that part. 
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a. cross-section temperature distribution at the end of forming stage 

 

b. cross-section temperature distribution at the end of holding stage 

 
c. Enlargement of cross-section temperature distribution at the cracking position at the end of 

holding stage 

Figure 9 Cross-section temperature distribution at the end of forming stage and holding stage 

 

 

Figure 10 Cross-section stress distribution at the end of holding stage 

Analysis of gap between punch and die 
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Figure 11 The stress and temperature curves at different time on local cracking areas 

Advanced Materials Research Vols. 201-203 7



 

In order to ensure the success of hot-stamping, there must be a gap between punch and die 

which could affect the quality of the shaped component. Figure 11 shows the stress and 

temperature curves at different time on local crack part (point C in Figure 9-c). The left and right 

vertical axis represents strain and temperature respectively. The solid line and dotted line 

represent stress curve and temperature curve. As can be seen from figure, with the gap increasing 

between punch and die, the cooling rate at pint C decreases and the residual stress at the end of 

holding stage also gradually declines. Moreover, there is a dramatic growth in stress near 600ºC at 

the holding stage. The reason might be that the microstructure of the blank transforms from 

austenite to martensite near 600ºC which leads to the sudden increase of Young's modulus and 

yield strength. In addition, the shaped component appears spring-back during the cooling period 

of time, which results in dramatic increasing in stress. The maximum stress is over 1GPa. As 

shown in Figure 11, with increasing of the clearance between punch and die, the stress at point C 

decreases. But oversize clearance will make the blank forming incomplete and get unqualified 

components. So proper gap between punch and die can reduce the residual stress and risks of 

shaped component cracking after forming and get qualified components. 

Conclusion 

(1) It is the fact that the different areas of the blank contact with the mould in sequence make the 

shaped component uneven temperature distribution. Thus the local cracking appears. The 

first-contact areas on the blank cool down rapidly and have poor mobility. This would make the 

post-contact areas which are between the first-contact areas greatly thin by the pull force which 

could leads to the appearance of clearance between punch and die. So the thermal conductivity of 

post-contact areas decreases. Because of the rapid cooling and uneven temperature distribution, 

the first-contact areas harden and the microstructure transforms form austenite into martensite. 

Under the effect of the thermal expansion and contraction, the residual stress of the post-contact 

areas gradually increases. This would lead to the increase of cracking risks. The experimental 

results of hot-stamping also prove the conclusion above. 

(2) It can reduce the risks of cracking after forming stage to change the clearance size between 

punch and die. With the reduction of the clearance between punch and die, the cooling rate of 

blank increase and the residual stress grows at the end of holding stage. Then the risks of cracking 

increase. But oversize clearance will make the blank forming incomplete and get unqualified 

components. So it can effectively reduce the risks of the local crack to adjust the clearance size 

between punch and die. This can provide the reference for the process design of hot-stamping. 
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Abstract. According to the requirements of high-speed machining, the feed rate control algorithm 

based on the acceleration-deceleration control and dynamics conditions is proposed. This algorithm 

not only satisfies the continuity of displacement, feed rate, acceleration and jerk of the feed 

movement, but also meets the dynamics condition of high-speed machining. Furthermore, the 

algorithm is applied to NURBS curve interpolation and optimizes the acceleration-deceleration 

intervals. At last, the algorithm is verified by simulation. This interpolation algorithm of feed rate 

control reduces the impact, machine vibration of feed, and improves the surface accuracy and quality 

of high-speed machining.  

Introduction 

High-speed machining means cutting with high speed and high feed rate. It has many advantages such 

as high cutting efficiency, high surface quality, long tool life, small cutting force and so on. 

High-speed machining has been widely used in aerospace manufacturing. At present, more and more 

parts with complex surfaces become the cutting object of high-speed machining. NURBS curve can 

describe geometry characteristics of cutting surface completely. Therefore, the feed path expressed by 

NURBS interpolation command is the programming development of high-speed machining. 

High-speed machining requires machine tools to have high motion precision. And it demands 

higher requirements of acceleration-deceleration controlling ability for feed rate frequent changes due 

to the tool path curvature frequent change. How to achieve the control goals of machining smoothly 

and quickly is the key question of high-speed machining development. Currently, the 

acceleration-deceleration control has linear, exponential, parabola, S curve, higher functions 

algorithm and so on[1-5]. Although these algorithms could make feed rate smooth, there still have 

mutation in acceleration or jerk. And it can not completely avoid the feed impact of high-speed 

machining. 

In this paper, acceleration-deceleration control algorithm based on trigonometric condition and 

machine dynamics condition is proposed. The control algorithm is used in NURBS interpolation 

calculation to realize the optimization of acceleration-deceleration intervals. This algorithm can not 

only guarantee the continuity of feed movement displacement, velocity, acceleration and jerk in 

high-speed machining, but also meet the dynamics demands of machine tools. 

The algorithm of feed rate control 

Meeting the acceleration-deceleration conditions of trigonometric function and machine dynamics is 

the sufficient condition to achieve the continuity of feed movement displacement, velocity, 

acceleration and jerk, stability of cutting process in high-speed machining. 

 

Advanced Materials Research Vols. 201-203 (2011) pp 9-14
© (2011) Trans Tech Publications, Switzerland
doi:10.4028/www.scientific.net/AMR.201-203.9



 

Trigonometric acceleration-deceleration condition. The goal of acceleration-deceleration 

control algorithm is to achieve the smoothness of displacement, velocity, acceleration, jerk of the feed 

path. This goal demands displacement function has third-order derivative at least, which ensures the 

machine can reach predetermined position at predetermined feed rate shock-free and vibrationless. 

Trigonometric function has infinite derivatives, so constructing a triangular acceleration-deceleration 

function can achieve these goals. In this paper, using the monotone increasing characteristic of cosine 

function in [π, 2π], we construct the acceleration function as: 

max

1 2
( ) cos 1 1

2 m

t
a t a

t
π

  
= − +  

   
                                                                                                      (1) 

where amax is the maximum acceleration, t is time variable, tm is the whole time of acceleration 

process. Acceleration function meets the demands that the acceleration-deceleration interval is 

monotone and the accelerations at start and end are zero. 

Define v1, v2 as the feed rates at start and end respectively. Integrating Eq. (1) we can obtain the 

feed rate function: 

max
11

0

2
( ) ( ) sin 1

2 2

t
m

m

t at
tv t v a t dt v

t
π

π

  
= + = + − +  

   
∫                                                                      (2) 

and 

2 1

max

2( )
m

v v
t

a

−
=                                                                                                                                   (3) 

Deviating Eq. (2) we obtain feed jerk function: 

max 2
( ) sin 1

m m

a t
J t

t t

π
π

 
= − − 

 
                                                                                                               (4) 

Integrating Eq. (2) we obtain the feed displacement function: 

22

max
1 20

2
cos 1( ) ( )

2 2 4

t
m

m

a tt t
S t v t dt v t

t
π

π

  
= = + + −  

   
∫                                                                                  (5) 

From Eq. (1), (2), (4), we know that trigonometric acceleration-deceleration condition divides the 

whole accelerating process into increasing-acceleration section OT1 and decreasing-acceleration 

section T1T2, as shown in Fig. 1(a). For the same reason, the whole decelerating process is divided into 

increasing-deceleration section OT1 and decreasing-deceleration section T1T2, as shown in Fig. 1(b). 
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(a) Accelerating process       (b) Decreasing process 

Fig. 1  Kinematic graphics of trigonometric acceleration-deceleration 
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Machine Dynamics Condition. Machine feed includes rotation of screw and linear motion of 

table. We define the total mass of the table and workpiece as m, screw lead as l, rotational inertia as I, 

motor angular velocity as ω, angular acceleration as ε, table linear feed rate as v, linear acceleration as 

a, axial cutting force as Fc, the servo motor maximum output torque as Mmax. The motor shaft torques 

equivalent to inertia force, cutting force and resistance are defined as Mi, Mc and Mf respectively. We 

can obtain the following machine dynamics condition function[6]: 

( )
2

max

2 2
sgn( )sgn( ) sgn( ) ' sgn( )

2 2

2

2

ei

c
c

f

f

i c f

l a I ml
M a I a I I a I m a a

l l

F l
M

F l
M

M M M M

π π
ε ε

ππ

π

π

     = − = − + = − + = − +           

 =


 =

 + + ≤

                           (6) 

Affected by the depth of cutting, feed rate and cutting speed, Fc could be simplified as 

( ) sgn( ) ccF t v K v
α

= −                                                                                                                       (7) 

where Kc is the cutting force factor relatives to the feed rate. 

Taking Eq. (7) into (6), we can obtain the machine dynamics constraint function of single axis: 

( ) max
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where j represents X, Y, Z axis, aj, vj represent a, v projection in the axis of j. 

NURBS curve interpolation algorithm 

NURBS curve could be expressed as a sub-vector rational function, the rational expression is 

,

0

,

0

( )

( )

( )

n

i k i i

i

n

i k i

i

B u WV

u

B u W

=

=

=
∑

∑
P                                                                                                                       (9) 

where Vi is the control points, Wi is the control point weighting factor, and Bi,k(u) is the basis function 

for the k times B-spline. 

NURBS curve pre-interpolation. The purpose of NURBS pre-interpolation is to obtain 

interpolation parameters and initial interval distribution. Based on Taylor series expansion, NURBS 

pre-interpolation parameter function is[7]: 

2
2
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1 4
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i
i i

u u u u

dp u d p u
L

S du duu u O T
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+

= =

∆ ⋅
+= + −                                                                             (10) 

where Si is step length of the i interpolation cycle, T is interpolation cycle and vi is instantaneous feed 

rate of the i interpolation cycle (default is instructions rate vc). 

Every interpolation points are at NURBS curve, so there is no radial error. However, due to chord 

substitute curve in each interpolation cycle, there still has approximate error as following: 
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i
i i i

f
δ ρ ρ  
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 

                                                                                                                   (11) 

where ρi is curve radius of the P(ui) point. 

The maximum feed rate, which satisfies the precision of i interpolation cycle could be expressed 

as: 

22 2 i

iv
T

δ

ρ δ δ−
=                                                                                                                             (12) 

and normal acceleration is:  

2

i
ni

i

v
a δ

ρ
=                                                                                                                                               (13) 

Define 
jnia , 

jivδ  represent the projection of ani, vδi in the j axis respectively. Taking them into (4), 

we can obtain the maximum feed rate satisfies the condition of j axis dynamics. To satisfy the 

dynamics condition of three feed axes, the feed rate restricted by machine dynamics conditions is: 

{ }maxmin
n n ja i a iv v=                                                                                                                                 (14) 

Define the instruction feed rate as vc, the instantaneous feed rate of the i interpolation cycle as 

{ }min , ,
ni i a i cv v v vδ= . If vi < vc, taking vi into the Eq. (11), we can obtain the ui+1 amended. At the same 

time, we can obtain feed length sequence of each interpolation cycle. Through pre-interpolation, the 

feed rate will be changed in the interval where the curvature is large, so the intervals of different feed 

rate appear. 

NURBS curve interpolation. The purpose of NURBS interpolation is to amend the feed rate 

under trigonometric acceleration-deceleration conditions. 

Acceleration-deceleration interval. By analyzing NURBS parameters and feed rate sequence of 

pre-interpolation, we can obtain the parameters of the acceleration-deceleration intervals. Usually it 

starts by the constant feed rate vc to deceleration, then accelerate to vc. At the maximum curvature 

point, it reaches minimum feed rate, i.e. the end of deceleration and the start of acceleration. 

The amax of trigonometric acceleration-deceleration. The normal and tangential acceleration of 

feed motion is interaction achieved by X, Y, Z axes. From Eq. (5), we know that the largest tangential 

acceleration is at the mid-point of interval. Therefore, we can obtain the amax of trigonometric 

acceleration-deceleration algorithm by calculating the minimum of the largest tangential 

accelerations of 3 axes, i.e. amax = min{ ajτmax } at the mid-point of interval. From Eq. (8), we can 

obtain: 
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ττττ n                                          (15) 

where an, aτ are the normal and tangential acceleration respectively. nj, τj are the unit normal and 

tangential vector component of j axis at interval midpoint. 

According to the acceleration amax, we can obtain new feed rate sequence of interpolation cycle in 

each acceleration-deceleration interval from Eq. (2). According to Eq. (5), (10), we can interpolate 

from start to end of the intervals by trigonometric function. 

The correction of acceleration-deceleration intervals. Through the interpolation of NURBS, we 

can obtain parameters of interpolation and feed rate that contain a series of acceleration-deceleration 

intervals. Because the interpolation processes are calculated independently, it may modify intervals 
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even interfere with adjacent one as the results of the start and end feed rates, acceleration and other 

limiting factors. It is necessary to correct it. 

Define F, B as the forward and backward adjacent acceleration-deceleration intervals, the 

corresponding parameters of NURBS are [
1Fu ,

2Fu ], [
1Bu ,

2Bu ], the start and end feed rates are 

[
1Fv ,

2Fv ], [
1Bv ,

2Bv ], the maximum accelerations are maxF
a , maxB

a respectively and 
2 1F Bv v= , 

1 1F Bu u< . 

According to above parameters, the intervals could be divided into two types: 

(1) Type 1 
2 1F Bu u≤  

Type 1 refers the intervals are not interfering, as shown in Fig. 2. In this case, the feed rates meet 

the actual movement requirements. It needs no correction of the interpolation intervals. 
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Fig. 2  Type 1 

(2) Type 2 
1 2B Fu u<  

Type 2 refers the two adjacent intervals that interfere partly or even complete overlap. The physical 

meaning is the feed rate cannot attain the predetermination in the interval due to amax limitation. In this 

case, interpolation must be corrected to ensure that there is no interference between adjacent intervals. 

Using iteration method to construct new intervals that combine the original ones, it makes the whole 

process continuous and smooth. 

There are 3 cases of adjacent intervals based on 
1 2B Fu u< .  

Case 1 is max max 0F Ba a⋅ <  and 
1 2 2B F Bu u u< < , as shown in Fig. 3. The parameters of new interval 

are [
1Fu ,

2Bu ], the start and end feed rates are [
1Fv ,

2Bv ] respectively.  

Case 2 is max max 0F Ba a⋅ <  and 
2 1B Fu u≤ , as shown in Fig. 4. The parameters of new interval are 

[
1Fu ,

2Fu ], the start and end feed rates are [
1Fv ,

2Bv ] respectively.  
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Fig. 3  Case 1 of type 2                                                   Fig. 4  Case 2 of type 2 

The other cases are max max 0F Ba a⋅ >  and 
1 2 2B F Bu u u≤ ≤ or max max 0F Ba a⋅ >  and 

2 2B Fu u≤ , as shown 

in Fig. 5. The start and end feed rates of new interval are [
1Fv ,

2Bv ] respectively, 

( )max max maxmin ,F Ba a a= , and the parameter of start is 
1Fu . 
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Fig. 5  The other cases of type 2 
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After constructing new intervals to combine the original ones, the intervals may still intervene with 

subsequent ones, and it need to continually compare and correct it to ensure all the adjacent interval 

types are 
2 1F Bu u≤ . At last, we can obtain the new interval parameters by Eq. (2), (5) and (10). 

Example 

We choose a third-order NURBS curve as the interpolation example, as shown in Fig. 7.  

Suppose interpolation cycle as 0.001s, interpolation accuracy as 0.001mm, command feed rate as 

300mm/s, each motor power as 400W, the mass of each axis as 50kg, screw lead as 5mm. Fig. 8, 

Fig. 9 are the contrast charts of normal interpolation and new interpolation algorithm. It shows new 

control algorithm adjusts feed rate in the large curvature point and makes feed rate, acceleration 

smooth. 

          
Fig. 7  NURBS curve             Fig. 8  Feed rate comparison chart       Fig. 9  Acceleration comparison chart 

Conclusion 

In this paper, the feed rate control algorithm based on trigonometric acceleration-deceleration and 

machine dynamics conditions is proposed. This algorithm not only satisfies the continuity of 

displacement, feed rate, acceleration and jerk of the feed motion, but also meets the dynamics 

condition of the machine. The algorithm can applied to NURBS interpolation calculation using 

iteration correction technology to achieve the optimization of acceleration-deceleration intervals. The 

algorithm reduces the impact, machine vibration of feed motion. And it is benefit to improve the 

surface accuracy and quality of high-speed machining. 
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Abstract. The accurate spatial 3D models and corresponding coordinates of every key point are 

needed to determine the sizes, shapes, and locations of installation for all curtain wall elements in the 

process of production and construction. To solve the transition problems between architectural design 

and construction design of curtain wall system, four kinds of single-constrained computer-aided 3D 

modeling algorithm for spatial point-line models were discussed in detail. Then, a multi-constrained 

iterative 3D modeling process was proposed by considering coupling relationships amongst the 

various constraints. A 3D modeling system named T3-CW-CAD was developed and applied to the 

Shenzhen Airport Terminal 3. The application results showed that the presented-algorithm can meet 

the overall demand for automatically generating multi-layer 3D models according to spatial 

point-line model, along with sizes and other restraints amongst curtain wall elements, therefore 

playing a key role in guiding the production and construction of curtain wall system. 

Introduction 

After the architectural and structural designs of a modern complex building with a curtain wall 

system have been finished, the design of its curtain wall is needed before the whole construction 

drawings are printed out. Normally, the architectural design describes the outline of the building, 

while the structural design is intended to make the result of the architectural design bear its weight 

and applied loads, whereas the curtain wall design is purposed for detail determination of curtain wall 

elements and their relations, in order to meet the requirements in the architectural design for the 

appearance of commercial or large-scale public buildings. Usually, the outline of a building, which is 

the foundation for curtain wall design, is depicted with 3D point-line models (that is, the construction 

members of a building such as steel plates and glasses are represented by models made up of points 

and lines in 3 dimensions, with no thickness, single-layered and simplified) in its architectural design. 

However, in order to fabricate and install the curtain wall elements, precise 3D models and 

coordinates of key points are necessary for determination of the size, shape, and location of every 

element. Therefore, calculations concerning the curtain wall, which shall be performed according to 

3D point-line models provided by the architectural designer and the interrelations between the 

construction elements, are needed. 

Task Description 

At present, existing CAD systems for curtain wall design are mainly used for site layout of 

construction elements, formation of checkerwork drawing, material management and structural 

calculation and analysis 
[1, 2]

. There are also researches on conceptual design of the architecture and 

curtain wall by conducting Building Information Model (BIM)
 [3, 4]

. However, scanty research or 

application on 3D modeling of curtain wall based on the spatial point-line model, which is the general 

result form from architectural design. Although, some automatic methods to transform a 2D model 
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into a 3D one have arisen, they cannot meet most of the requirements because some strict 

preconditions are need. For instance, some methods depend on not only the existing 2D projection 

views with assigned layout, but the coordinates and relations of every spatial point as well
 [5, 6]

. For 

another method, coordinates transformation of engineering drawings is needed before analyzing the 

interrelationship among projection systems, in order to support 3D reconstruction from orthographic 

views
 [7]

. However, as the result of architectural design is represented by fractals
 [8]

, it is necessary to 

generate the outline of each layer and coordinates of each key point on the basis of the point-line 

model and the interrelations among the elements and among different layers, so that detail fabrication 

drawings of elements and construction blueprints can be produced. In addition, 3D constraints are 

more complex than 2D constraints and a lot of calculation and analysis are needed for modeling under 

each kind of constraint. In this particular field, mature CAD systems and corresponding engineering 

applications are still needed.  

On the other hand, there are inevitable interplays among constraints, which means a model which 

has been modified under one constraint may become ineffective under another constraint. To perform 

a modeling with more than one constraints, traditionally, Genetic Algorithm or Simulated Annealing 

Algorithm are used to find an optimized solution
 [9, 10]

. However, as 3D modeling of a curtain wall 

calls for colossal computation, these algorithms become unsatisfactory. In this case, iterative modeling, 

in which the priority of each constraint is determined by discussing the relationship between them so 

that the constraints can be used in proper order, is applied to work out a complete 3D model. 

More and more buildings’ outlines become irregular as the buildings become more and more 

complex and their spans larger and larger, so that it is almost impossible to build up 3D models 

manually. Therefore, a method for computer to model rapidly is needed to aid the design and 

construction of curtain wall system. 

In the following part of the paper, the modeling methods for four separated constraints that affects 

on the 3D modeling process from spatial point-line model are firstly summarized. They are 

intersection constraint, coplanar constraint, constraint on minimum board thickness, and constraint 

on the inclination. Then by analyzing the interplays among these constraints, an iterative modeling 

method is proposed and applied to an on-going engineering project. At last, the features of the 

iterative modeling method are discussed. 

3D Modeling Method under Single Constraint 

Intersection Constraint. Here we name planes that meet at a single intersecting point as point 

sharing planes. The deviated planes, which are generated based on the original point sharing planes 

and their own normal directions and designated displacements, usually cannot meet at one point, as 

shown in Fig. 1(a). However, the requirement of intersection constraint means that deviated planes 

based on original point sharing planes are required to be a set of new point sharing planes as shown in 

Fig. 1(b).  

 
Fig. 1 Intersection constraint of several planes 
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To be universally known in 3D spaces, three planes that are not paralleled determine a single 

intersecting point. As a result, in order to meet the requirement of intersection constraint and to 

determine the point where planes meet, the following steps should be adhered to. 

1) Choose three reference planes according to the priority of each plane and the relations between 

the normal vectors of the planes (Algorithm 1); 

2) Form three deviated planes by allowing the reference planes to deviate designated 

displacements; 

3) Work out the intersecting line between two of the deviated planes (Algorithm 2); 

4) Work out the intersection point between the intersecting line and the third deviated plane 

(Algorithm 3); 

5) Set the point as the intersecting point of all the planes; see Fig. 1(b). 

Algorithm 1 (For determination of the reference planes).  

To deternine the reference planes, start from the original intersecting point (See Fig. 1), traverse its 

adjacent planes according to their priorities, then decide if each plane can be selected as a reference 

plane according to the relations of plane normals (see Fig. 2(b)). If a plane is selected, it was then 

added to the reference planes list. The final reference planes list can be determined if the number of 

the reference planes amounts to 3 or the traversing has been completed. 

 

 

Fig. 2 Flowchart for algorithm of plane selection 

Algorithm 2 (For determination of the intersecting line of two planes).  

If  Ps and Pt are the vertexes of two planes and U, V are their normal vectors, P is a point on the 

intersecting line and it is possible to set Pz = 0, then the following expressions will be concluded by 

the following Eq. 1. 
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Otherwise, it is possible to set Px = 0 or Py = 0, then the coordinates of P can be worked out in the 

same way. 

Having known the coordinates of P, the direction of the intersecting line N can be found as Eq. 2. 

 

VUN ×= .                                                                                                                                               (2) 

  

Algorithm 3 (For determination of coordinates of the intersecting point).  

If N is the normal vector of a plane and P is any point on the plane, P1, P2 are two points on a 

straight line and Pt is the point where the plane and the straight line meet, then Eq. 3 can be concluded. 

 

)( 121 PPtPPt −+= .                                              (3) 

 

The following expression can be concluded as Eq. 4. 

 

NPPNPPt ⋅−⋅−−= )/()( 121 .                                                                                                             (4) 

 

If the denominator in the expression is zero, it will be concluded that the straight line parallels the 

plane. However, if the numerator is zero, it means that P1 is the intersecting point or the line is on the 

plane. 

Coplanar Constraint. The points in a 3D polygon representing the outline of an element which 

are not in a plane will make the fabrication difficult. Therefore, it is a must to ensure the coplanarity 

of these points by fitting a plane and finely adjust the points so that they can meet the requirements of 

planar constraint. 

Algorithm 4 (For planar fitting). 

If the plane is represented by the following Eq. 5. 

 

eyaxaaz +++= 210 .                                                 (5) 

 

Replace x, y, z with the coordinates of each boundary point to work out the values of a0, a1, a2 
[11]

 

as shown in Eq. 6. 
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Finally, form a new plane with these values so that the boundary points of each plane become 

coplanar in it. 

Constraint on Minimum Board Thickness. Normally, the deviated plane formed with the 

above-mentioned two methods does not parallel the original reference plane. The pipeline and other 

structures inside the curtain wall requires that the minimum space between the exterior surface of a 

board and the interior one should not be less than a specific value. Therefore, the minimum space 

between surfaces should be worked out and if a minimum space is not satisfactory, tiny adjustments 

of the coordinates shall be done. In the process as shown in Fig. 3, the foot of a perpendicular from a 

3D point to a plane and the shortest distance between a point and a polygon should be worked out, 

which is detailed in the following Algorithm 5 and Algorithm 6. 

Algorithm 5 (For the foot of a perpendicular from a 3D point to a plane).  

If N is the normal vector of a plane , Pon is a point on the plane, Pt is a foot of a perpendicular from 

a P, a vertex, to the plane, then Eq. 7 can be concluded. 
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NtPPt ⋅+= .                      (7) 

 

Then the following Eq. 8 can be concluded. 

 

NNNPPt on ⋅⋅−−= /)( .               (8) 

 

If the numerator equals to zero, it can be concluded that the vector between P and Pon is 

perpendicular to the plane and the vertex is in the plane. 

Algorithm 6 (For shortest distance between a 2D point to a polygon).  

1) Decide if the point is in the plane; if yes, dmin=0; otherwise go to step 2); 

2) Work out di, the minimum distance between the point and each edge of the polygon (i=1...n, n 

equals the number of the edges); 

3) dmin = min{di}. 

Constraint on the Inclination. As the structure at the utmost exterior of a building, the curtain 

wall has to be suitable for drainage. Therefore, the polygons which do not meet the requirements on 

drainage must be rotated for a proper angle α (See Algorithm 7 for calculation of α ) to adjust its 

inclination (see Fig. 4 for flowchart of the algorithm). 

 

 

 

Fig. 3 Flowchart for algorithm of minimum 

distance calculation between two polygons 

Fig. 4 Shape modification of a curtain wall 

element 

Algorithm 7 (For calculation of the turning angle).  

Suppose P is a 3D point whose coordinates are (x,y,z). It is rotated by α, an angle reference to a 

rotation axis P1P2 to form a new 3D point P'(x',y',z'). The coordinates of P1, P2 are (x1,y1,z1), (x2,y2,z2). 

T is defined as a tranformation matrix, then Eq. 9 can be concluded: 

 

)1,,,()1,',','(' zyxPTzyxP ⋅= .                      (9) 
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Then the following Eq. 10 can be concluded: 
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Where, if )cos(α=c , )sin(α=s , 
12 PPu −= , then )(αR  is the transformation matrix 

[12]
 for a 

turning around an axle passing the original point whose direction vector is u  for α  radian degree, as 

shown in Eq. 11. 
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3D Modeling under Multi-Constraints  

Analysis of the Interplays among the Constraints. Although the above-mentioned constraints 

interplay each other, not every pair of contraints have effect on each other. For example, under the 

coplanar constraint, the fine adjustment of vertex coordinates of a polygon is necessary, which can be 

done after intersection constraint takes effect, therefore, coplanar constraint doesn’t go against the 

intersection constraint, but it may influence the inclination of an element and finely modify the 

minimum thickness of an element. See Table 1 for all the interplays.  

 
Table 1 Analysis of the coupling effect amongst the constraints 

 
Intersection 

Constraint 

Coplanar 

Constraint 

Constraint on 

Minimum Board 

Thickness 

Constraint on 

the Inclination 

Intersection Constraint   √  

Coplanar Constraint   √ √ 

Constraint on Minimum Board 

Thickness 
√ √  √ 

Constraint on the Inclination  √ √  

 

Working Process for the Iterative Modeling Method. Owing to the interplays among the 

constraints, which vary with the order of action, reasonable working process will greatly improve the 

efficiency of modeling. On the other hand, every time the model has been constrained, it is necessary 

to check if the model meet the requirements of the rest constraints; if no, iterative modeling method 

should be applied until all the requirements are met. Therefore, the working process is the key for 3D 

modeling of curtain wall system under more than one constraints. 

Table 1 indicates that adjustment of the coordinates of the elements’ vertexes to meet the 

requirements on minimum board thickness will lead to the fact that the modeling can not meet other 

constraints and vice versa. Therefore, the constraint on minimum thickness is the most important one. 

On the other hand, the plane fitting and plane rotation can be done after the intersection constraint has 

taken effect so that the fitted and rotated plane can be treated as forced plane to ease the modeling 

process. Based on these principles, the modeling can be done iteratively according to Fig. 5. 

As illustrated in Fig. 5, model checking is done to decide whether the model meet the requirements 

on minimum board thickness. If yes, finish the modeling; otherwise, firstly decide if the parameters 

for modeling are convergent in an iterative process as below. 
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If δi is the minimum deviation value of a board thickness from requirement that determined by 

the following equation 

δi = the minimum board thickness after i
th

 iteration - the required minimum thickness            (11) 

then the parameter is considered to be convergent if δi+1 <δi (δi+1,δi > 0). 

According to the interplay analysis mentioned above, as the model is under the influence of more 

than one constraints, the effect of a constraint on the model may be changed after another constraint 

on the model has been finished. For example, allowance of two surfaces to depart from each other 

along the normal direction so that the minimum board thickness meet the requirement will lead to 

unsatifactory inclination of other board for drainage. For another instance, forced intersection of 

several plane will influence the distances between the plane and reference plan. Under extreme 

condition, the requirement on the minimum thickness can not be fulfilled no matter which direct will 

be taken to move the intersection point, when the parameters become inconvergent. In these cases, 

parameters including the elements’ shape, thickness, drainage inclination and drainage method, have 

to be modified. 

 

 
Fig. 5 Flowchart for iterative 3D modeling approach 

Engineering Application 

The above-mentioned method has been applied to the modeling of the curtain wall system of the T3 

terminal of Shenzhen Airport, which is a key project for expansion of the Shenzhen Airport. The 

curtain wall system is made up of glass panes and metal boards arranged in a way to form a special 

concavo-convex texture on a free formed surface. The architectural designer has given the point-line 

model of the curtain wall in the manner of 3D coordinates (See Fig. 6 (a)), which serves as the central 

line of the steel structure (See Fig. 6 (c), (d)). Multi-constrained, the inner outline and outer one of the 
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steel boards and the glass panes have to be determined and it is a requisite that the minimum board 

thickness is 240 mm (See Fig. 6 (b)) and the inclinations of the glass panes be not less than 4%. 

The study is based on the platforms of AutoCAD
®

 2007 , Visual studio .NET
®

  and Object 

ARX .NET
®

 and object-oriented modularize method is used to design and develop a CAD system 

(T3-CW-CAD) for the modeling of the curtain wall system of the T3 terminal of Shenzhen Airport. 

Fig. 7 shows the effects of the 3D modeling and iterative process at the corridor of the tower and the 

huge roof. 

The iteration shows that the time needed for every adjustment is longer than that in previous step 

and the deviation of the minimum thickness from the requirement becomes smaller and smaller, 

which means it is a convergent process. The application indicates that the method can meet the 

requirements of modeling of T3 terminal, which is based on point-line model and multi-constrained. 

 

Fig. 6 3D modeling requirements for curtain wall system of Shenzhen Airport Terminal 3 

 

Fig. 7 Application of the iterative 3D modeling approach 
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Conclusions 

The modeling method presented in this paper is mainly featured by: 

1) Such single constraint as intersection, coplanarity, minimum board thickness and bodily form 

have been respectively and cooperatively taken into the consideration; 

2) The iteration will help the realization of automatic modeling and model checking process to 

greatly improve the efficiencies in description of the fractals of architectural design result and 

detailed design of the elements; 

3) The 3D modeling approach can meet the requirements of the curtain wall designer that the 

integrative multi-layered 3D models must be produced automatically based on the point-line models 

and the dimensions of elements and interplays determined during the design process. Therefore, the 

method plays an important role in helping design construction drawing and produce the elements of 

curtain wall system and their installations. 
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Abstract. The compact storage and efficient evaluation of feasible assembly sequences is one crucial 

concern for assembly sequence planning. The implicitly symbolic ordered binary decision diagram 

(OBDD) representation and manipulation technique has been a promising way. In this paper, 

Sharafat’s recursive contraction algorithm and cut-set decomposition method are symbolically 

implemented, and a novel symbolic algorithm for generating mechanical assembly sequences is 

presented using OBDD formulations of liaison graph and translation function. The algorithm has the 

following main procedures: choosing any one of vertices in the liaison graph G as seed vertex and 

scanning all connected subgraphs containing seed vertex by breadth first search; transforming the 

problem of enumerating all cut-sets in liaison graph into the problem of generating all the partitions: 

two subsets V1 and V2 of a set of vertices V where both the induced graph of vertices V1 and V2 are 

connected; checking the geometrical feasibility for each cut-set. Some applicable experiments show 

that the novel algorithm can generate feasible assembly sequences correctly and completely. 

Introduction 

Assembly sequence planning is significant for the design of assembly. It is one of the fundamental 

research branches of design for product lifecycle. Since 1984, a number of assembly sequence 

planning systems have been developed; these systems fall into two major categories: those using a 

direct generation approach and those using disassembly principle. The first approach derives the 

assembly sequences by putting together separated parts into final assembly; the short coming of this 

approach is that it may lead to the problem of backtracking when an already assembled part is an 

obstacle for later assembly operations. The second approach generates the assembly sequences by 

disassembly principle to decompose the final assembly into separated parts for obtaining the 

disassembly sequences based on an assumption that the sequence of assembly is the reverse of 

disassembly sequence, this approach can avoid backtracking. For the most assembly, the assembly 

sequences can be transformed into the disassembly sequence. 

Cut-set decomposition method [1,2]
 

is the most commonly used method for generating 

disassembly sequence, scanning all cut-sets is the main component of the decomposition method. The 

traditional algorithms for finding all cut-sets are composed of three steps. First, a spanning tree of the 

graph is constructed. Second, the fundamental system of cut-sets relative to that spanning tree is 

found. And third, all the combinations of fundamental cut-sets are computed. The shortcoming of 

these algorithms is 2
n-1

-1 cut-sets (include true cut-set and false cut-set) are generated by them. When 

the number n is increased, this may lead to the so-called combinatorial explosion. 

Homen de Mello and Sanderson presented a more efficient approach to enumerated cut-set [2].
 

Firstly, all the connected subgraphs having the number of nodes smaller than or equal to a half of the 

number of nodes in the whole graph is found. For each of these subgraphs, the set of edges of the 

whole graph that have only one end in the subgraph defines a cut-set if their removal leaves the whole 

graph with exactly two components. Sharafat and Ma’rouzi proposed a novel algorithm for scaning all 
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minimal cut-sets of a graph based on the breadth-first search method in conjunction with edge 

contraction [3]. The experimental results showed that their algorithm was much better than traditional 

algorithms. 

Assembly sequence planning is a typical NP-complete problem under assembly process constraint. 

It is well known that the number of feasible assembly sequences increases exponentially with the 

number of parts or components composing the whole products. A practicable strategy to combat or 

ease combinatorial complexity problem to some extent is using implicitly symbolic representation 

and manipulation technique. Ordered binary decision diagram (OBDD) or variant thereof can realize 

implicit representation and search of state space or variable combination, which is one of the most 

efficient symbolic technique. Efficient symbolic algorithms have been devised for hardware 

verification, model checking, testing and optimization of circuit [4,5]. Hachtel and Somenzi 

developed the OBDD-based symbolic algorithm for maximum flow in 0-1 networks that can be 

applied to very large graph (more than 10
36

 edges) [6]. Recently, there has emerged a class of 

OBDD-based approaches in mechanical assembly sequence planning. Gu, Xu and Yang proposed 

symbolic OBDD representations for mechanical assembly sequences[7], the experimental results 

show that the storage space of OBDD based representation of all the feasible assembly sequences is 

less than that of AND/OR graph do. Gu and Liu developed an algorithmic procedure using a direct 

generation approach to generate all feasible assembly sequences by putting together the separated 

parts into final assembly from the OBDD of liaison graph and translation relation [8], but this 

procedure leads to the problem of backtracking when an already assembled part is an obstacle for later 

assembly operations. Xu and Gu presented a novel scheme to integrate constraint satisfaction problem 

model with the symbolic ordered binary decision diagram for the assembly sequence planning [9], but 

this procedure also leads to the problem of backtracking. 

In this regard, this paper presents a symbolic OBDD algorithm for assembly sequence based on 

symbolic OBDD assembly model of liaison graph and translation function, the algorithm is developed 

by integrating the idea of Sharafat’s recursive contraction algorithm with cut-set decomposition 

method, and generates disassembly sequences by decomposing final assembly into separated parts. In 

this algorithm, assembly sequences are represented by AND/OR graph, the nodes in the AND/OR 

graph correspond to subassemblies which are represented by OBDD, and the hyperarcs correspond to 

assembly tasks in which two subassemblies are joined to yield a larger more complex subassembly. 

The experiment results show that the algorithm can generate geometrically feasible assembly 

sequences completely and correctly. 

Symbolic formulation of assembly knowledge 

Symbolic OBDD representation of liaison graph. Liaison graph is one of the role model for 

generating assembly sequences. Liaison graph is a undirected connected graph G=<V,E>, where V is a 

set of vertices which corresponding to the parts in the assembly, E is a set of edges, in which one edge 

for each pair of parts that have at least one contact. 

Given an assembly and its liaison graph G=<V,E>, we can convert the liaison graph to an OBDD 

by encoding the parts of the assembly or the elements in V with a length-n binary number, where 

n=log 2|V| . Each encoded node in V corresponds to a vector of binary variables X=(x0,x1,…,xn-1). For 

any edge (u,v)∈E can be represented by binary vector (X,Y)=(x0,x1,…,xn-1,y0,y1,…,yn-1), where 

X=(x0,x1,…, xn-1) and Y=(y0,y1,…,yn-1) are the binary encodings of node u and node v, respectively. For 

example, we use an simple assembly shown in Fig.1a, this assembly includes 6 parts, and its liaison 

graph is presented in Fig.1b. So we need only length-3 binary number to encoding the parts in the 

assembly. Let part 1, 2, 3, 4, 5 and 6 correspond to binary number 001, 010, 011, 100, 101 and 110 

respectively, the characteristic function of E is derived as following: 

ΦC(x0,x1,y0,y1)=x0′x1′x2y0′y1y2′+ x0′x1′x2y0y1′y2′+ x0′x1′x2y0y1′y2+ x0′x1x2′y0y1′y2+ x0x1′x2′y0y1′y2 + 

x0′x1x2y0y1′y2′+ x0′x1x2y0y1′y2+ x0′x1x2y0y1y2′+ x0x1′x2y0y1y2′ 
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The OBDD for this characteristic function is shown in Fig.1c. 

                               
(a) A assembly                         (b) Liaison graph G         (c) OBDD for Liaison graph 

Fig.1 An simple assembly 
 

Symbolic OBDD representation of translation function. The liaison graph provides only the 

necessary conditions but not sufficient to assembly two components. To be a feasible assembly 

operation, it is necessary that there is a collision-free path to assembly parts. Gottipolu and Ghosh 

defined contact and translational functions to represent the connectivity and the relative motion 

between parts of the assembly [10].
 
In fact, contact function can derive from liaison graph and 

translational function directly. In this regard, we use liaison graph and translational function as 

assembly model. 

Translational function T: P×P→{0,1}
6
, where P is a set of parts, {0,1}

6
 is a 0-1 vector space with 

six dimension, each dimension correspond to the one of six directions of triorthogonal Cartesian 

coordinate system. Here, directions 1, 2, 3, 4, 5 and 6 indicate the six directions +X, +Y, +Z, –X, –Y, 

and –Z of X, Y and Z axes respectively. 

Let (a, b)∈P×P, the correspond value of T function is 0-1 vector space with six dimension (T1(a,b), 

T2(a,b), T3(a,b), T4(a,b), T5(a,b), T6(a,b)), where Ti(a,b)=1 (i=1,2,…,6) if the part b has the freedom of 

translational motion with respect to the part a in the direction i, Ti(a,b)=0 if the part b has no freedom 

of translational motion with respect to the part a in the direction i. 

For example, Table 1 shows the translational function T for the assembly shown in Fig.1a. 

According to the encoding method introduced in the above section, the ith component of 

translational function T can be represented by the following characteristic function: 

0 1 1 0 1 1

1, ( , ) 1
( , ,..., , , ,..., )

0,i

i

T l l

if T a b
x x x y y y

otherwise
Φ − −

   =
= 

  

 
 .                                                                          (1) 

So, for the assembly shown in Fig.1, the shared binary decision diagram (SBDD) [11] for 

translation function is shown in Fig.2. For clearly, the edge point to sink node 0 is omitted in SBDD 

shown in Fig.2. 

Table1  T function for the assembly shown in Fig.1 
Pair T1 T2 T3 T4 T5 T6  Pair T1 T2 T3 T4 T5 T6  Pair T1 T2 T3 T4 T5 T6 

(1,2) 0 0 1 0 0 1  (3,1) 0 1 1 1 1 1  (5,1) 0 0 1 0 0 0 

(1,3) 1 1 1 0 1 1  (3,2) 0 1 1 1 1 1  (5,2) 0 0 1 0 0 0 

(1,4) 1 0 1 0 0 1  (3,4) 0 0 1 0 0 1  (5,3) 0 0 1 0 0 1 

(1,5) 0 0 0 0 0 1  (3,5) 0 0 1 0 0 1  (5,4) 0 0 1 0 0 0 

(1,6) 1 1 0 1 1 1  (3,6) 0 0 1 0 0 1  (5,6) 1 1 0 1 1 1 

(2,1) 0 0 1 0 0 1  (4,1) 0 0 1 1 0 1  (6,1) 1 1 1 1 1 0 

(2,3) 

 

1 1 1 0 1 1  (4,2) 0 1 1 1 1 1  

 

(6,2) 

 

1 1 1 1 1 0 

(2,4) 1 1 1 0 1 1  (4,3) 0 0 1 0 0 1  (6,3) 0 0 1 0 1 1 

(2,5) 0 0 0 0 0 1  (4,5) 0 0 0 0 0 1  (6,4) 1 1 1 1 1 0 

(2,6) 1 1 0 1 1 1  (4,6) 1 1 0 1 1 1  (6,5) 1 1 1 1 1 0 
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         Fig.2 SBDD for translation function                             Fig.4 An electrical controller 

The algorithm for generating all assembly sequences 

Based on an assumption that the sequence of assembly is the reverse of that of disassembly, we 

applying the assembly by disassembly principle to decompose the final assembly into separated parts 

for obtaining the disassembly sequences. The decompositions are enumerated by enumerating the 

cut-sets of the assembly’s liaison graph, and each cutest corresponds to a decomposition. For two 

disjoint sets V1 and V2 of vertices in a graph G=<V, E>, a graph consisting of vertex set V1 and edge set 

E1={<v,w>∈E|v,w∈V1} is designated as a induced subgraph for vertex set V1 of G and is denoted by 

G[V1]=<V1, E1>. As is well known, a necessary and sufficient condition for a cut ω={<v,w>∈E|v∈V1, 

w∈V2} to be an cut-set in graph G is that the induced subgraphs G[V1] and G[V2] of G are both 

connected, Thus the problem of enumerating all the cut sets in G is reduced to that of generating all 

the partitions of V into two subsets V1 and V2 such that V1∪V2=V, V1∩V2=∅, and both G[V1] and 

G[V2] are connected. 

The algorithm for generating all assembly sequences is shown in Fig.3, which takes the OBDDs of 

the assembly’s liaison graph C(x,y), translation function T(x,y), a set of parts of the assembly PSet(x) 

as input. In the procedure, assembly sequences are represented by AND/OR graph, the nodes in the 

AND/OR graph correspond to subassemblies which are represented by OBDD, and the hyperarcs 

correspond to assembly tasks in which two subassemblies are joined to yield a larger more complex 

subassembly.  

 GAAS(C(x,y), T(x,y), PSet(x)) { 

1  open=PSet(x); 

2  closed=∅; 

3  while (open is not empty) { 

4    V1(x)=Pop(open); 

5    Push(closed, V1(x)); 

6    L(x,y)= Generate_Vertex_Induced_Subgraph( 

V1(x),C(x,y)); 

7    seed(x)=Pick_One_Minterm(V1(x)); 

8    clist=Find_Connected_Subgraphs_Include_Seed 

(seed(x),L(x,y)); 

9    while(clist is not empty) { 

10     s1(x)=Pop(clist); 

11     s2(x)= V1(x)-s1(x);  

12    G2(x,y)=Generate_Vertex_Induced_Subgraph 

(s2(x),L(x,y)); 

13    CFlag=Check_Connection(G2(x,y)); 

14    if(CFlag) { 

15      GFlag=Check_Geometrical_Feasible( 

s1(x),s2(x),T(x,y)); 

16      if(Gflag) { 

17        Insert_Assemble_Task(s1(x),s2(x),V1(x), 

and_or_graph); 

18        Insert_Subassembly(s1(x),s2(x),open, 

closed); 

} 

} 

} 

} 

return(and_or_graph); 

} 

 
Fig.3 Pesudo-code for generating all assembly sequence 
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Procedure GAAS uses the lists closed and open to store the pointers to OBDD of the subassembly 

whose decompositions into smaller subassemblies, respectively, have and have not been generated. 

The procedure takes one subassembly from open at a time, moves it to closed, and calls procedure 

Generate_Vertex_Induced_Subgraph() in line 6 to generate the induced subgraph of vertex set which 

corresponding to the set of parts in subassembly. Given graph C(x,y) and vertex set V1(x), the induced 

subgraph L(x,y) of vertex set V1(x) is computed as follows: 

L(x,y)=V1(x) ∧ C(x,y) ∧ V1(y).                                                                                                          (2) 

After that, procedure Pick_One_Minterm() in line 7 is called to pick one minterm from the OBDD 

V1(x), and then the procedure Find_Connected_Subgraphs_Include_Seed() in line 8 is called to find 

all connected subgraphs which include vertex seed(x) in the subgraph L(x,y), and all connected 

subgraphs’s vertex sets are stored in the list clist. In the procedure, subgraph L(x,y)+L(y,x) is visited in 

a breadth-first search (BFS) manner which starts from the seed vertex seed(x), the vertices reached for 

the first time and not in seed(x) is store in BDD t(x). For each minterm m(x) of t(x), let 

r(x)=seed(x)+m(x), so the induced subgraph for r(x) is a connected graph, vertices r(x) is inserted into 

connected subgraph list clist. After that, let r(x) is a seed vertex, and repeats the above method until 

BFS is performed n-1 times (n is the number of parts in the assembly).Thus, we get all connected 

subgraphs with 1,2,3,…,n-1 vertices (there may be no such subgraph with i vertices, 2≤i≤n-1) 

respectively, and all of these include vertices seed(x). 

For the liaison graph shown in Fig.1b, we suppose initial value of the seed(x) is 1 (for convenience, 

we use part’s number to represent its OBDD), all connected subgraphs with seed(x) are found as 

follows: Starting from seed, the liaison graph is traversed in a BFS manner, we will get the set of 

vertices t={2,4,5} reachable from the seed in 1 step, thus all the connected graphs with 2 vertices 

which include seed are found, namely the induced subgraph of vertex set {1,2}, {1,4} and {1,5} are 

connected graphs. After that, we set the above vertex sets to seed one by one, suppose we first set 

seed={1,2}, then starting from {1,2}, the liaison graph is traversed in a BFS manner, we will get the 

set of vertices t reachable from the {1,2} in 1 step, where t={4,5} in which the vertices in seed is 

already removed. Thus we will get all the connected graphs with 3 vertices which include seed {1,2}, 

namely the induced connected graph of vertices{1,2,4} and {1,2,5}. For the same reason, when we 

choose seed={1,4}, we will get the induced connected graph of vertices {1,4,5} and {1,3,4}, and so 

on, at last we get all connected subgraphs of liaison graph which induced by vertices {1}, {1,2}, 

{1,4}, {1,5}, {1,2,4}, {1,2,5}, {1,4,5}, {1,3,4}, {1,3,5}, {1,5,6}, {1,2,4,5}, {1,2,3,4}, {1,2,3,5}, 

{1,2,5,6}, {1,3,4,5},{1,4,5,6}, {1,3,4,6},{1,3,5,6}, {1,2,3,4,5}, {1,2,4,5,6}, {1,2,3,4,6}, {1,2,3,5,6} 

and {1,3,4,5,6}, and all of these are inserted into clist. 

For each vertices set in clist, it need to check the feasibility of decompositions, which include two 

step, one step is check connectivity, the other step is check geometrical feasibility. If the 

decomposition is feasible, then insert the assembly task into AND/OR graph and_or_graph, and if the 

subassembly is not in the list open or closed, then put subassembly on the list open. 

For example, for induced connected subgraph of vertices {1}, compute another subgraph with 

vertices {1,2,3,4,5,6}-{1}={2,3,4,5,6}, and then check whether or not the decomposition of 

{1,2,3,4,5,6} into {1} and {2,3,4,5,6} is feasible. Firstly, procedure Check_Connection () in line 13 is 

used to check the connectivity of the induced graph of {2,3,4,5,6}. If the result is connected then 

return true, else return false. Because the procedure returns true, the induced graph of {2,3,4,5,6} is a 

connected graph. The decomposition of an assembly into s1(x)={1} and s2(x)={2,3,4,5,6} is 

corresponding to a cut-set of liaison graph. Secondly, the procedure Check_Geometrical_Feasible() 

in line 15 is used to check geometrical feasibility for subassembly s1(x) and subassembly s2(x). If 

subassemblies s1(x) and s2(x) are geometrically feasible, insert the assembly task into AND/OR graph 

and_or_graph, i.e., {1} and {2,3,4,5,6} are geometrically feasible. If the geometrically feasible 

subassembly is not in the list open or closed, insert subassembly into open, so subassemblies {1} and 

{2,3,4,5,6} are both inserted into open. 

28 Advanced Manufacturing Systems, ICMSE 2011



 

Experiments 

The symbolic algorithms proposed in this paper have been implemented in windows XP and the 

software package CUDD [12]. Geometrically feasible assembly sequences of some applicable 

assemblies, such as assembly shown in Fig.1 and electrical controller (Fig.4), were generated by the 

prototype tool GAAS using Microsoft Visual C++. In both cases, GAAS are run on a P4 3GHz with 

512MB of memory. For the assembly shown in Fig.1, the AND/OR graph for that product contains 44 

nodes and 133 hyperarcs, and the CPU time is 0.031 seconds for generating all assembly sequences. 

In electrical controller case, the AND/OR graph for the product contains 1530 nodes and 9659 

hyperarcs, and the CPU time is 871.359 seconds for generating all assembly sequences. 

Conclusions 

A symbolic OBDD algorithm for generating mechanical assembly sequence is presented based on 

Sharafat’s recursive contraction algorithm and cut-set decomposition method. The geometrically 

feasible assembly sequences are verified and generated symbolically and implicitly using efficient 

OBDD structures and manipulations. Some applicable experiments show that the novel algorithm can 

generate feasible assembly sequences correctly and completely. 
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��������� The distortion of the cylinder liners of internal combustion engines has a significant affect 

on engine operation. It can affect the oil consumption, the blow-by, the wear behavior and, due to 

friction, the fuel consumption. In order to achieve future requirements regarding exhaust emissions 

and fuel consumption, the development of low distortion engine blocks will play a significant role. 

Finite element method with experimental data were used to calculate and analysis the temperature 

field and machine assembly of a 150 engine cylinder liner in this paper. It can provide a theoretical 

basis for the controlling of the cylinder liner deformation. 
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The internal combustion engine combustion chamber is formed by the cylinder head, piston, cylinder 

liner and piston rings. Modern passenger car engines are designed to operate increasingly higher rated 

engine speeds with higher thermal loads. To reduce engine weight and length, the heat load of the 

engine will become more and more baptismally. This leads to high temperatures in the siamesed area 

and to an increase in liner deformation. The deformation of the cylinder liner could damage the piston 

rings seal, and further affects the engine's economy, power and emissions characteristics [1-2]. To 

reduce the cylinder liner deformation can reduced radial clearance between piston and cylinder bore. 

This can reduce the impact of the piston to the cylinder liner and reduce the vibration and noise of the 

engine. The method of cylinder deformation measurement be combined with the FEM calculations 

for the crankcase is an effective and cost-reducing tool. 
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The finite element calculation method is based on the three-dimensional solid models. The 

three-dimensional solid models are concluded by the bearing caps, crankshaft, main bearings, 

cylinder head, cylinder liner, cylinder head gasket, cylinder head bolts, bearing cap bolts and so on. 

The three-dimensional solid models are shown as figue1and figue2. The Combined model is shown as 

figure3. The component materials are shown as Table 1. 

 

Figure1. The cylinder head bolts model and  Main bearing model 
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Figure2.  The cylinder Head model  and cylinder head gasket model 
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It is important to provide accurate boundary conditions for a bore distortion calculation. Some 

simplifications are made to reduce the calculation time. 

2.1 The displacement boundary conditions  

The rigid body displacement constraints; body, cylinder, cylinder head, crankshaft, cylinder 

gasket, main bearing caps the cut surface of symmetry displacement constraints.  

2.2 The contact boundary conditions  

The model established the contact boundary conditions between the cylinder head and cylinder 

gasket, cylinder and cylinder gasket, cylinder liner and the body, the body with the main bearing caps, 

crank and block, crankshaft and main bearing caps and bolts and the body, cylinder head and main 

bearing caps. 

2.3 The force boundary conditions  

The loads acting on the liner come from a variety of conditions, for example: Assembly of the 

cylinder head and cylinder head gasket (assembly loads); Thermal expansion variations between the 

cylinder block and cylinder head; Gas pressure during fired operation Temperature gradients during 

fired operation. All of them are stated as Table 2 and Table 3. 

 

 

 Figure 3. The combined finite element model of half-body 
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Table1. The material of the solid models  

The part  The material  

Engine block  QT500-7 

Main bearing cap  42CrMo 

Bolts  42CrMo 

Cylinder liner Cr-Mo cast iron copper 

Rubber sealing ring Viton 

Cylinder head  Special cast iron 

Cylinder head gasket  ZL301 

Table 2 The size of the bolt preload (unit: N) 

The preload of the inside main bearing cap bolt 63269N 

The preload of the outside main bearing cap bolt 44815N 

Cylinder head bolt tightening force 134464N

Table  3 The forces of the left second cylinder when the engine outbreak (unit: N) 

 The first cylinder The second cylinder The third cylinder 

Gas pressure 2424 2.223e5 207.8 

Connecting rod force 19671.8 186078.2 20417.2 

Connecting rod force -4863.8 6905.9 4290.4 
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The temperature distribution along the height of the cylinder liner has regular. It is shown as formula 

1 and formula 2. 

( ) ( ) ( )
3

110
ββαα −

⋅+⋅= ���
�� ;

( ) ( ) ( ) ββ −
⋅+⋅= �����

������ 210
                       （1） 

Which: ( )10/ ≤≤= ββ �� ; ( ) 24.0

1 /573.0 �	� = ; 12 45.1 �� =                            （2） 

where is the average heat transfer coefficient of gas working cycle, is the average temperature of 

the gas work cycle ,β is the ratio of the axial position h to the stroke S, k1is the average temperature of 

gas equivalent,k2 is the average heat transfer coefficient of gas equivalent.  

All of the significant aspects of thermal heat flux and material behavior must be considered. The 

flux from the piston and gas to the liner–a combustion simulation program, that is based on the 

Woschni equations shown as formula 1 and formula 2, calculates the piston thermal load. The average 

gas temperatures shown as Figure4, and the heat transfer coefficients (HTC) from the gas to the liner 

as a function of cylinder height shown as Figure 5 [3-4]. These boundary conditions are applied to the 

gas side. The input data to the combustion simulation program are improved by the experience from 

measured and calculated temperatures. The assumed wall temperatures have a great influence on the 

resulting thermal heat flow. An iterative procedure is necessary. The temperature nephogram of the 

cylinder liner by simulating is shown as Figure6.The temperature distribution along the wall of the 

cylinder as shown as Figure7. 
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           Figure 4. The average temperature of the gas along the cylinder height.     Figure 5. The average 

heat transfer coefficient along the cylinder height . 

 
     Figure 6.The temperature cloud of the cylinder liner .      Figure 7.The temperature distribution 

along the wall of the cylinder . 
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The deformations of the engine body and cylinder liner under Thermo-mechanical coupling are 

calculated by finite element methods. Based on the Large-scale commercial software ANSYS .Take 

the temperature filed Calculated by the 3 as the boundary conditions in the computing environment. 

Set the relevant boundary conditions, such as 2.1-2.3 above. The deformation and stress of the engine 

body and cylinder liner are shown as Figure 8- Figure 11. 

 

 
Figure 8.The equivalent stress contour of cylinder.  Figure 9.The overall deformation cloud 

of       cylinder 
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Figure10. The maximum principal stress under thermo-mechanical coupling. Figure11.The 

deformation of the engine body under thermo-mechanical coupling. 
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The validation of Finite Element Analysis results by measurement is important with respect to the 

reliability of predictive thermo-mechanical analysis; therefore, verifications are indispensable. In the 

following text, the measurements are carried out on a 12V150 diesel engine. Strain gauges are 

attached to the corresponding position of the cylinder and the engine body. The strain gauges can 

measure the deformation, when the engine cold-static, tensioned. The measurement of the liner 

geometry is performed after assembling the cylinder head and the cylinder head gasket. This gives 

reference to the tension after engine assembly and enables one to evaluate the influence of the bolt 

forces on the liner distortion. They also can measure the deformation when the engine fired. The 

cylinder contour will be scanned, corresponding to the stroke movement of the piston. This requires 

the installation of up to 8 eddy current sensors in the production piston of the engine. The arranged of 

the strain gauges as shown in Figure12.  

  
Figure12. The arrangement of the strain gauges 

The method presented here for measuring cylinder deformation in operational fired engines 

represents a suitable tool for adapting the tribological system piston/piston ring/cylinder liner to 

future requirements [5]. These measurements are also of significant value in calibrating analytical 

models, enhancing the accuracy and reliability of subsequent analysis. The comparison of the 

Measurement results and FEA results are shown in Figure 13and Figure 14. 

The FEA results and experimental results show good agreement. In other words, the finite element 

model and boundary condition settings are correct. The trend that the results of the cylinder liner 

deformation performance are reliable. Analysis conclusion based on the results obtained by the finite 

element method is credible.  
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Figure13. Calculated and Measured Bore Distortion, Cold Assembly 

 
Figure14. Calculated and Measured Bore Distortion, Loads at 5000 rpm, WOT 
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1. Cylinder temperature decreased gradually from top to bottom, the maximum temperature of 200 ℃, 

the internal wall temperature is higher than outside. Heat transfer coefficient has important 

implications on the cylinder temperature distribution. 

2. Cold-static, and after assembling the cylinder head and the cylinder head gasket. The bolt forces 

depth has some influence on the deformation of the cylinder linger.  

3. Cylinder radial deformation increases, the coupling effect in the heat, when the engine fired 

under thermo-mechanical coupling.  The deformation of the piston thrust side significantly higher 

than the other side. 

4. Control the deformation of the engine block can reduce the deformation of the cylinder liner. 
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Abstract. CAD / CAE technology has led traditional product design and analysis to digital. However, 

commercial CAD / CAE software also has its problems. Problems in the application of commercial 

CAD / CAE software are summarized in these this paper. From perspective development of software 

engineer, new technology such as integrated design, design reuse, intelligence and automation, 

workflow customization, application development, experimental and simulation complement each 

other are introduced to overcome these problems in this paper.  

Introduction 

With the development and application of computer, CAD / CAE technology has led a revolution in 

product design and analysis. Traditional design–prototype performance testing- manufacturing 

techniques process is difficult to adapt modern production requirements. Using computer systems, 

CAD / CAE technology provides a reliable guarantee for enterprise to improve product design 

capabilities, shorten product research and development cycles, and improve product performance. It 

is an integrated environment oriented to product design, analysis and management, and also a new 

measure to reconstruct traditional industry and improve technological innovation as well as technical 

strength. From global R&D, simulation accounts for a significant large proportion and plays a more 

and more important role. Design and analysis of a great number of foreign companies rely on 

simulation. For example, Boeing has realized the digital design of Boeing aircraft.  

From the perspective of CAD / CAE users, many problems exist in the application of commercial 

CAD/CAE software for digital design at present. Problems in the application of commercial CAD / 

CAE software are summarized in these this paper. 

 From perspective development of software engineer, new technology such as integrated design[1], 

design reuse[2], intelligence and automation[3], workflow customization, application development 

[4], experimental and simulation complement each other are introduced to overcome these problems 

in the application of commercial CAD / CAE software in this paper.  

Problems in the Application of CAD/CAE Commercial Software 

Difficulties of Information Transmission among Software. The process of CAD / CAE is divided 

into several steps, and each different step uses different commercial software. In order to achieve 

efficient and fast access, most commercial software adopt private and incompatible binary file format 

to achieve efficient and fast access, which results in information transmission difficulty among 

different software. However, the same model needs to be modified in the application of different 

software, which brings forward heavy workload and is highly fallible.  

Difficulties in Guarantee Accuracy of Simulation Results Page. The core principles and 

algorithm of commercial software are trade secrets, and are not open to the public. The accuracy of 

simulation results depend on familiarity with software kernel. At the same time, in pursuit of 

general-utility, a lot of parameters need to be set in commercial software, but any parameter setting 
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mistake may greatly affect the simulation results, which is a too high starting point for an engineer 

who has rare experience.  

Difficulties in Fulfilling the Individuation Requirements of Enterprises. Commercial 

CAD/CAE Software pursues general-utility, while the actual situations of each enterprise and 

application requirements vary. It is very difficult to establish a unified platform to meet the 

application under various conditions. And the situations that commercial software does not meet 

demand of the enterprise frequently emerge. Because of the limitations of algorithm adopted by 

commercial software, there exists computing capability and suitable application bound limit in 

dealing with engineering practice issues; It is also very difficult to debug when error emerge. The 

situation of commercial software does not meet the enterprise demand must Emerge.  

Improvement Methods 

Integrated Design. CAD/CAE integrated design can realize the share of information and model, 

maintain the unity of data and improve the efficiency of information transformation. A CAD / CAE 

integrated software platform with unified file format standard and use style, groupware and modular 

design and sales mode, user-friendly, will be suitable for the working habits of the technical 

personnel. And it will also reduce the time to learn and get familiar with machinery construction and 

minimize the difficulty in training. The framework of CAD / CAE integrated software platform is 

shown as in Figure 1. 

  
Figure 1: CAD / CAE integrated design software platform   Figure 2: Integrated design flow of CAD / CAE  

CAD / CAE integrated design process is shown in Figure 2. Various performance, strength, 

reliability and durability of mechanical equipment can be calculated and analyzed as early as in 

product development stage. Possible problems can be discovered and solved in product research and 

development stage. This will shorten product design cycles, save development costs, improve product 

design quality and ensure product reliability.  

Cultivating Compound Talents. Elements of simulation design activities are shown in Figure 3. 

CAD / CAE software are used by engineers and researchers finally.  So the integrated design idea also 

needs to be implemented by them. Thus, the key factor of digital design is cultivating compound 

talents with plenty of relative knowledge and experience. 

 
Figure 3: Elements of simulation design activities 

Upstream Activities Design Activities Downstream Activities 

Input Output 

Commercial  Software Engineers 

Y 

N 

Design task decomposition 

Select model based design requirements 

Product Three-dimensional CAD Part Modeling 

CAE analysis for product components 

Meet the design requirements? 

Map the three-dimensional images into two-dimensional machining 

graph 

Archive Management 

Redesign 
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Integrated design requests engineers to perfect knowledge systems and accumulate experience. 

Take the servo valve CAD/CAE integrate design with computational fluid dynamics method for 

example. The designers are required to be familiar with operating performance and internal flow of 

hydraulic valve in the hydraulic system. 

Experimental and Simulation Complement Each Other. Known from figure 3, digital design 

cannot carry through  without experimental support, which is determined by the problem itself 

completely. Because digital design is the process of   accumulation of user's knowledge gradually, 

all-digital design is impractical and unnecessary. For example，input parameters of finite element 

model, such as damping coefficient, damping ratio must come from experimental or engineering 

experience.  

Experiment and simulation are complementary relationship: simulation can replace some 

experiments to some extent. Simulation could provide the basis for design and improvement of 

experiment. This will reduce costs and shorten the cycle of research and development. On the other 

hand, experiment provides input parameters and validates the results for simulation. In the future,   

experiments are not independent behavior but vital factor that will promote the whole R&D process. 

Design Reuse.  In new product development process, design reuse technology should be used to 

make full use of existing business design resources and reduce duplication of development work. For 

example, the designers could establish standard parts warehouse and the user model base, standard 

material library and user material library to avoid design duplication, such as: the establishment of 

bolted parts library, experiment shaking table model base and fixture warehouse. Engineering design 

and processing graphs should be managed on file. And it is also necessary to establish the user 

knowledge base. These activities will provide documentation for use restraint and guide the 

engineering experience. 

Intelligence and Automation. The aim of digital is to improve the design efficiency and release 

human from the heavy repeat work. Therefore, users should make full use of design approach 

supplied by intelligent, automatic and "fool-style" software. The design approaches include automatic 

optimization design, structure optimization, parameter optimization design, mesh generation 

optimization and dynamic stiffness optimization, and so on. With the assistance of these methods, the 

users will reduce the settings and operations and finally the possibility of making errors. Commercial 

software generally provides users with two different modes of common operations, as shown in 

Table 1. The common users firstly complete initial design through a GUI operation. Then experts 

execute professional optimization with the high-level commands.   

Table 1: Two different operation modes supported by commercial software 
operation mode GUI advanced command stream 

user features weak professional knowledge, less engineering 

experience, not familiar with software 

rich of professional knowledge and 

engineering experience，familiar 

with software 

operation features imagery, intuitive, easy to operate, fool-based GUI 

interface, little user settings and operation, user 

actions limited 

command-line operation, powerful, 

multi-user settings and operation, 

user actions unlimited, error-prone 

application scope  simple engineering problems,  suitable for 

beginners  

specific problems, professional 

design,, optimization 

Workflow Customization and Application development. Open Workflow Architecture of 

Commercial Software allows user to execute "individual customization" of process accordance with 

requirements. Enterprises can solidify engineering design, experimental results and parameter 

settings, and form a clear workflow.  

 According to characteristics and industrial application requirements, enterprise should make 

application development based on a full absorption of the introduced business software. It is known 

from table 2, as long as the choice and application of development method is proper, application 

development could not only absorb the latest achievements of engineering practice and scientific 
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research, but can also inherit the advantages ,while avoiding the disadvantages of complete 

independent software development.  

Table 2: Compared between application development and complete independent software development form 
development 

approach 

implementation method scope advantage disadvantage 

application 

development 

1)using the application 

development interface,  

tool and language, built 

based on commercial 

software ; 

2)according to user's 

needs, customizing  new 

module, and achieving 

new algorithm  

1)software localize 

and customization； 

2)applications 

extended,  

engineering practice 

experience  formal;  

3)implement and 

integrate new 

algorithms  

1)seamless 

integration with 

business software 

and exchange； 

2)operation stable;  

3)short development 

cycle, less technical 

and resource 

devotion  

functionality and 

performance largely 

depend on 

capabilities and  

openness of the 

commercial platform   

complete 

independent 

software 

development 

beginning from zero, 

completely building all 

modules with high-level 

language  

bringing the latest 

scientific research  

algorithms into 

application software 

1) suitable for highly 

complicated and 

exceptions 

2) complete 

intellectual property 

rights； 

3)professional, 

efficient;  

4)customizable 

output, debugging  

1)difficult 

comprehensive 

investigation;； 

2)difficult with 

commercial 

software, with weak 

market 

competitiveness； 

3)difficult 

realization of 

programming, 

4)poor  stability 

Conclusions 

The problems in use of commercial CAD / CAE software are summarized in this paper generally. 

Digitalization is a long and complex process which needs experience accumulation and perpetual 

improvement. Only with hard exploration and the aforementioned way of unremitting improvement 

according to actual circumstances, can CAD / CAE software meet individual requirements of 

enterprise and maximize its efficiency.       

Future research directions include a wider range of process integration and collaboration, 

development direction and technical difficulties of commercial CAD / CAE software.  
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Abstract. To satisfy the manufacturing requirement of tyre tread pattern mold, the problem of 

machining region planning in the computer aided manufacturing of tyre mold is introduced. And it is 

analyzed that the core technology is the definition of inner and outer contours for machining region 

planning and tool-path planning. According to the defect of traditional constructed way of machining 

region, an auto recognition method of inner and outer contour is studied based on the inclusive test 

method.The detail step of the method is illustrated.Thinking about the special condition of the 

method, corresponding strategy is given. This method is applied in the computer aided manufactuing 

of tyre tread mold, by which machining region planning can be solved effectively. 

Introduction 

Automobile tyre enterprises progresses with each passing day, and new product emerges one after 

another. Tyre mold is one important process equipment for tyre manufacturing, which plays very role 

for product quality. The manufacturing tendency of tyre mold is NC manufacturing, so only by the 

CAD/CAM can tyre mold succeed in improving the quality and cycle-time reduction. Relative 

paper,for examples, Cavity surface construction of tyre tread pattern mold and its finish 

machining[1], Application of CAD/CAM Technology in Engraving Letter on Tire Mold Sidewall[2]. 

In the current CAM software, machining region planning is done by the way of selecting the contour 

boundary one by one. Efficiency is low for this method, and it is easy to do wrong.In this paper, taking 

the case of tyre tread mold, a method of machining region planning is provided for tool-path planning. 

Tyre Tread Types and Its Machining Method 

Tyre tread types include letters, Chinese character, arabic number and company logo. There are two 

sorts of tread pattern in tyre mold, which include solid pattern and hollow pattern. According to the 

character of machining region, solid pattern can divided into single-line solid pattern and wide solid 

pattern. The same as solid pattern, hollow pattern can also divided into single-line hollow pattern and 

wide hollow pattern.The detail explain is as following. 

Single-line Solid Pattern. It consists of arabic number and letter. The pattern whose line-width is 

less than 1mm can be defined as single-line solid pattern. In CAD model, patter geometry model 

contains contour line and center line. Center line is basis of machining-path, and that contour line is 

only to check.The left part in the fig.1 is CAD model of letter “A”, in which the black line is contour 

line, and the red line is center line.The right part in the fig.1 is machining result(following is the same 

as).  

Wide Solid Pattern. The pattern whose line-width is more than 1mm belongs to wide solid 

pattern. Its geometry model includes inner contour and outer contour. In generally,tool-path planning 

of this pattern is by the way of inner contour offset and outer contour offset.Its CAD model and 

machining result are shown as fig.2. 
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Single-line Hollow Pattern. The width of machining region is less than 1mm in this pattern. And 

its machining method is to finish machining along with center line of pattern contour only once. 

Center line is basis of machining-path, and that contour line is only to check. Its CAD model and 

machining result are shown as fig 3. 

                         
Fig.1  Single-line solid pattern                        Fig.2  Wide solid Pattern  

 

                         
Fig.3  Single-line hollow pattern                   Fig.4  Wide hollow pattern 

 Wwide Hollow Pattern. Its geometry model consists of inner contour and outer contour. Inner 

contour and outer contour offset based on fix width. Inner contour offsets toward outer, and out 

contour offsets toward inner. Then new contour is got. Its CAD model and machining result are 

shown as fig 4. 

Description of Machining Region 

The machining way can be divided into the surface machining and the single-line machining, in 

accordance with the different machining methods. For example, number pattern belongs to single-line 

machining, that is to finish machining along with the contour only once. Otherwise, most solid 

patterns and wide hollow patterns adapt to the surface machining.Tool path planning can be satisfied 

for the single-line machining as long as the structure of contour is known. And for the surface 

machining,we should get the cutter location points and its step at first,then the tool path of outer 

contour offset inward and inner contour offset outward step by step.Therefore the core problem for 

tyre pattern machining is tool-path planning by  offset of inner and outer contour. 

Machining Region Recognization Algorithm 

In the field of computer graphics, contour is defined as suface boundary, and surface is the region 

encolsed by contour. A specific region is mostly enclosed by inner contours and outer contours or a 

single outline. In the fact process of mechanical machining, it aims at the maching region. The inner 

contour is the internal boundary of the machining region, the outer contour is the external 

boundary.So that,the identification of inner and outer contours is the basis of derminating maching 

region.  

A contour is an colsed loop, which consists of segments or curves connected one by one.Maybe it 

exists inclusion relationship or intersection relationship between contours, so it is not good to judge 

the location relationship among contours. In this paper , strategy is to select one point on one contour. 

Then,the mutual position relationship between contours is obtained by determining the inclusion 

relation of this point in another contour. There are many algorithm about point in polygon testing, 

such as point in polygon testing [3], Orientation and Point Inclusion Test for Planar Polygon[4], A 

New Method Deciding Whether a Point is in a Polygon or a Polyhedron[5]. Line cross-point method 

is presented in this paper to decide whether a point is in one contour. Steps of the algorithmare as 

follows:  
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Step 1. Taking some points 

A contour is an colsed loop, which consists of lines or curves connected one byone. So, the first 

step is to take one point from some line of two contours. 

Step 2. Getting a line from two points 

Let one point as testing point getting from step 1. Then it is regard as starting point, and a line will 

get by connecting these two poine 

Step 3. Counting the number of intersection points 

After calculating the intersection points between the line and the contour in which another point is 

in. the number of intersection points can be gotten. 

Step 4. Determining the parity of the number; 

Step 5.Determining whether the two related contours intersect or not; 

Step 6. Judgement . 

If the number of intersection points is the even,then the contour with the line starting point and this 

contour doesn't contain each other;if the number of intersection points is the odd number and the two 

contours don't intersect each other,then the contour with the starting point is the inner contour,the 

other related contour is the outer contour; If the number of intersection points is the odd number and 

the two contours intersect each other,then we define that the contour with the starting point and this 

contour doesn't contain each other. 

In this line cross-point method, there are two special conditions. One is the line go through the 

vertices of another contour, such as point D in the fig.5. Another hand is the line coincide with some 

edge of another contour, such as point C in the fig.5. It is hard to judge parity. 

For these two special conditons, in order to ensure the intersection between rays and  contours, and 

avoid lien through vertices or line coincide with some edge of contour polygon,points were selected  

the middle point of the No.1 line on each contours as test points,then auxiliary line for discrimination 

are made from one point as starting point to another one,the location relations are determined between 

every two contours. Another general strategy is to get another auxiliary line, connected by the middle 

points of No.2 line on each contour . Then the algorithm goes on from the step 3. 

                                                  B    
Fig.5  Sepcial conditons about point in                         Fig.6  one machining region consisting  

 polygon testing                                                    of one outer contour and two inner contour 

Application Example 

Machining region of some numbers and logo patterns are composed by a outer contour and some 

inner contours.As shown in figure.6. Aiming at these conditons, it is to view all groups' outer contours 

after the information of machining groups is obtained. If a contour is many groups' outer contour, at 

the same time these groups' inner contours don't compose groups each other,then all of these related 

groups are defined as a machining region.Marking the machinning region and recording its 

information,the single outer contour is the machining region outer boundary and the related inner 

contours compose its inner boundary.    
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Conclusions 

It is tendency to apply CAD/CAM in the process of mold manufacturing.The description of 

machining region recognization is explained , and it points out that the basis is the definition 

algorithm of inner contour and outter contour. Based on point in polygon testing, a line cross-point 

method is give. For avoiding two special conditions in this method, some effective strategies are 

provided. The method is applied into fact mold manufacturing. The result shows that it do well in 

recongizing inclusion relationship between contours, and it can judge among any comflex contour. 
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Abstract. The structural characteristics of a laminating press were analyzed, and the corresponding 

finite element model was built with some essential simplification. By structural analysis, the 

distributions of stress and strain were obtained, based on which the rationality of the frame design can 

be verified. According to the complex structure and loading conditions of the laminating press, four 

analytical schemes with different models and boundary conditions were adopted, then the results of 

different analytical schemes were compared, and the causes resulting in the calculation differences 

were analyzed. The result shows that in analyzing different parts of the laminating press frame, 

different models and boundary conditions were required.  

Introduction 

China is one of the countries with deficiency of forest resources. In recent years, as the architectural 

decoration and furniture industry grow fast, the domestic demand for lignum is increasing rapidly; as 

a result, the supply shortage of lignum becomes more and more serious. One of the effective ways to 

relieve such shortage is to depend on wood-based panel industry, which at the same time can save the 

lignum resources. With several years of rapid development, the domestic output of wood-based panel 

has been No.1 in the world for years. 

Although China has become a country with great productive capacity of wood-based panel, there 

still exists some problems , such as structural irrationalities, lower technology, shortage of resources, 

low industrial centralization etc.. Especially in the innovations of product, technique, equipment and 

process technology, there are big gaps compared with some foreign countries [1]. 

The laminating press has a major application in secondary working for surface decoration (paper & 

veneer) of OSB & MDF/HDF, and the panels treated with the press can be used on furniture, interior 

finishes, laminate flooring and building. The press is the last actuator of the forming process of the 

wood-based panel and the rigidity and accuracy of the parts of the press affect directly  the quality of 

the products. Therefore, the frame, one of the most important parts of the press, is the focus of the 

design in the entire assembly line. 

Structural analysis of laminating press frame  

The laminating press which bears the major load consists mainly of a frame, cylinders, a moving 

beam and hot pressboards. It has two types of structures:  the combined structure and the integral 

structure. The combined structure, including upper beam, lower beam and upright column in the 

middle, is connected by bolts to form a rigid frame, or called column frame. The integral structure is 

to use a block of steel plate, or to weld together some pieces of steel into an integral frame, or called 

frame structure [2]. 

The structure of laminating press frame is shown in Fig.1. The laminating press frame consists of 

six frame plates or three frame groups (each frame group is formed with two frame plates). The three 

frame groups, which are fixed to the base, are also joined together with some bolts, and this kind of 

installation brings the structure a higher lateral rigidity [3]. 
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Fig. 1 Schematic diagram of the laminating 

press frame 

1—Frame plate 2—A group of frame 

3—Connecting bolt  4—The foundation 

5—The upper beam of frame  6—Column of 

frame  7—The lower beam of frame 

 
Fig. 2 The finite element model of the 

laminating press frame 

(a) Model of analytical scheme 1 and 2 

(b) Model of analytical scheme 3 and 4 

 

Working parameter of laminating press frame is shown in Table 1. Some parts (such as hydraulic 

cylinder, hot pressing board, etc) are included to get good results corresponding to the actual solution 

smoothly in this paper. 

Table 1 Parameters of the laminating press frame 

Parameter Numerical Value 

Total pressure of the press/KN 14000  

Size of hot pressing board/mm 1400×2600 

Size of panel/mm 1220×2440 

Ram diameter of main hydraulic cylinder/mm 360 

Closing speed of the press/mm/s 120 

Opening speed of the press/mm/s 100 

Finite element analysis of laminating press frame 

Finite element model of laminating press frame. Due to the complicated structure and large size of 

the press, some simplifications are adopted in order to make the analysis more convenient [4-7]: 

firstly, ignore all screw holes, small holes and fillets, which will not affect the calculation results, and 

consider all welds in the actual model as an integral part; secondly, displacement constraints are 

imposed on some small areas of the frame bottom; thirdly, considering the performance of computer, 

the symmetries of structure, constraints and load, a half of the single group model is used for analysis, 

and symmetry constraints are imposed on the symmetry plane; fourthly, ignore the  thermal radiation 

of the hot pressboard. 

Four analytical schemes are taken in this paper and the comparisons of the analytical schemes are 

shown in Table 2. The differences of the different schemes depend on whether the contact analysis is 

taken and where the loads are imposed. 

Table 2 Comparison of the analytical scheme 

Scheme Scheme one Scheme two Scheme three Scheme four 

Contact analysis Yes No Yes No 

Breaking cylinder Yes Yes No No 

Panel included Yes Yes No No 

Load applied/ MPa 25 25 5.215 5.215 

The finite element model of the laminating press frame is shown in Fig. 2. Fig. 2(a) shows the 

model of Scheme one and two.The model of Scheme three and four is shown in Fig. 2(b). 
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Material property. Material property of frame, cylinder, hot pressing board and so on: Young's 

modulus is 206GPa and Poisson's ratio is 0.3. Material property of cushion plate which is made of 

bakelite: Young's modulus is 2.5GPa and Poisson's ratio is 0.35. 

Element. Solid95 element is adopted for the complex stress and strain condition. Solid95 is a 

higher order version of the 3-D 8-node solid element Solid45. It can tolerate irregular shapes without 

much loss of accuracy. Solid95 elements have compatible displacement shapes and are well suited to 

model curved boundaries [8]. 

Boundary Conditions. The horizontal displacement of the press is zero, symmetry constraints 

imposed by the symmetry plane. All displacements of the small area of the lower surface of the lower 

beam are zero. 

 
Fig. 3 Stress and displacement of analytical scheme 1 

(a) Distribution of Stress  (b) Distribution of X direction displacement 

 (c) Distribution of Y direction displacement 

 
Fig. 4 Stress and displacement of analytical scheme 2 

(a) Distribution of Stress  (b) Distribution of X direction displacement 

(c) Distribution of Y direction displacement 

 
Fig. 5 Stress and displacement of analytical scheme 3 

(a) Distribution of Stress  (b) Distribution of X direction displacement 

(c) Distribution of Y direction displacement 
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Fig. 6 Stress and displacement of analytical scheme 4 

(a) Distribution of Stress  (b) Distribution of X direction displacement 

(c) Distribution of Y direction displacement 

Result of the calculation. X direction lies along the width direction of the press, Y direction lies 

along the vertical direction and Z direction lies along the perpendicular direction of the press plane. 

The stress distributions and deformation of the press are shown in Fig. 3-6. From the figures one can 

see that each member has lower stresses regardless of local stress. As shown in Table 3, the maximum 

stress of the upper and lower hot pressboard is less than the counterparts of the frame, and the global 

analysis results are bigger than those in the contact analysis. 

Table 3 Maximum stress of each member (MPa) 

Scheme Scheme one Scheme two Scheme three Scheme four 

Frame 178 183 170 203 

The upper hot pressing board 25 26 44 30 

The lower hot pressing board 31 31 42 43 

The frame is made of A3 steel with yield stress 235MPa.The maximum stress of the frame, which 

is around  filleted corner, is in a small area and the stress of the rest is lower. But in general, the frame 

can meet the requirements of use. 

Table 4 Maximum displacement of frame (mm) 

Scheme Scheme one Scheme two Scheme three Scheme four 

The upper beam of frame 1.399 1.373 1.445 1.246 

The lower beam of frame 0.534 0.533 0.525 0.518 

Column of frame 0.641 0.627 0.687 0.612 

Rigidity analysis of the frame includes two parts: the deflection of the upper and lower beam along 

vertical direction and the maximum displacement of column along X direction. As shown in Table.4, 

the maximum displacement of upper and lower beam and the column by contact analysis is bigger 

than that by global analysis; for the reason that the rigidity of the frame with contact analysis is 

smaller. 

 
Fig. 7 The curve diagram of the frame deformation 

(a) The upper surface of the upper beam  (b) The lower surface of the upper beam 

(c) The lower surface of the lower beam  (d) The lateral surface of the frame column 

Advanced Materials Research Vols. 201-203 47



 

In Fig.7 (a) and (c), the displacement curves of the top surface of upper beam and the bottom 

surface of lower beam are plot by half due to their symmetry respect to Y-axis, which represent their 

symmetry plane. The displacement at the edge between the interface and non-interface of the cylinder 

on its installation plane, the bottom surface of upper beam, does not change consecutively, as a result, 

a inflexion point can be found in each displacement curve, see in Fig.7(b). From Fig.7 (d), one can see 

that the maximum displacement of column is in the symmetry plane of the inner window. 

The calculating results of lower beam and the column obtained in different schemes have no big 

difference, while the calculating differences of the top and bottom surfaces of upper beam in different 

schemes are obvious. 

For the deformation analysis of upper beam, the rigidity results of the third scheme are closest to 

the actual situation, and it is regarded as the optimum scheme. For other analysis, the differences of 

the results in different schemes are negligible, so the second or the fourth scheme can be regarded as 

the optimum one in consideration of improving efficiency. 

Conclusions 

The intensity and rigidity of the laminating press frame were analyzed based on four finite element 

analysis schemes. The following conclusions can be drawn: 

(1) According to the intensity and rigidity analysis of the press frame based on ANSYS, some 

optimizations can be made for reducing costs. 

(2) Though contact analysis was more accurate, the differences between contact analysis and 

global analysis were negligible. Therefore, in the perspective of efficiency enhancement and 

qualitative analysis, the global analysis was favored. The contact analysis will be used for better 

accuracy. 

(3) Due to the complexities of the structure and working conditions of the press, detailed analysis is 

needed instead of a general one. The result shows that different models and boundary conditions were 

required to analyze different parts of the laminating press frame. 
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Abstract. To reduce the weight of the electric scooter frame, magnesium alloy is used to replace the 

steel. At the same time, the frame structure and tube thickness are redesigned by using topology 

optimization and size optimization respectively. In addition, static analysis and mode analysis of the 

frame are carried out to realize the application capability and dynamic capability. Compared with 

the original steel frame, mass of the magnesium alloy frame after optimization has been reduced by 

60%, and the natural frequency has been improved greatly. The results show that the strength and 

the rigidity of the new structure can meet the designed demand. 

Introduction  

Recently, how to develop a structure with high strength and light weight has become one of the 

important duties of vehicle design. However, lightweight structure has a great impact on strength 

and rigidity of vehicles, so the structural strength and weight need to be coordinately handled. So 

far, optimization techniques have been applied in the initial stage of structural design. Compared 

with the method of trial and error, they have the advantages of high-efficiency and low cost. The 

traditional methods for optimum structural design include topology optimization, shape 

optimization and size optimization [1-4]. In addition, the high-strength light metal can be used to 

greatly reduce the structural weight. Magnesium alloy has been widely used in fields of aerospace, 

automobile, electronic communication due to its advantages of light weight and high specific 

strength[5,6]. In recent years, magnesium alloy components have been more and more widely used 

in electric scooter, with satisfactory results [7]. 

At present, large weight and short mileage are common problems in the electric scooter market. 

Lightweight design on a certain type of electric scooter can be carried out for developing high-end 

market. Although using magnesium alloy instead of the original steel frame that can reduce weight, 

redesigning the original structure to enhance the comprehensive performance of products is 

necessary. In this paper, the optimization module of finite element analysis software Hyperworks is 

used for carrying out topology optimization and size optimization to frame. At the same time, 

strength analysis and modal analysis are both achieved to get the structural sizes that could meet the 

designed demand.  

Analysis of the original frame structure  

General drawing of the original frame of electric scooter is shown in Fig.1. The load bearing 

structure namely the main frame is welded by 1.5-mm-thick steel tube, and diameter of the riser is 

40 mm and the others are 32 mm. Material is 45 steel, yield strength is 355 MPa, density is 7.85 
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g/cm
3
, elastic modulus is 210 GPa, Poisson’s ratio is 0.3. The main frame whose weight is 4.5 kg is 

in charge of loading the crew and the battery under the seat, the maximum designed load is 2000 N. 

Finite element model of the main frame of the electric scooter is shown in Fig.2. Static analysis 

shows that the maximum equivalent pressure in the joint between riser and the chassis U-tube is 

274MPa(as shown in Fig.3), the maximum displacement of load position is 5.2 mm. Lanczos 

method is used to solve unconstrained model, which results show that the first-order natural 

frequency is 489 Hz , the first-order vibration mode is shown in Fig. 4. 

               

Fig.1 General drawing of the frame          Fig.2 Finite element model of the main frame 

                  

Fig.3 Equivalent stress in the joint area      Fig.4 The first-order vibration mode of the frame 

Optimal design  

Topology optimization. The strength analysis shows that stress in the joint between riser and the 

chassis U-tube cannot reach yield strength, much higher than other parts. The main frame structure 

should be redesigned by topology optimization to reduce the stress concentration. The part 

surrounded by the chassis tube is the optimal design domain, shell elements are used to construct 

the models and the load and boundary conditions are applied to the main frame (as shown in Fig.5). 

The maximum structural rigidity is the design objective; the volume that is smaller than 0.25 times 

of the original volume is constraint after the optimization. Optimization technique of continuum 

structures is applied based on density method, and the optimization objective function and 

constraint function are:     

objective function   min  C(x) 

constraint function  s.t.   V(x)-V
U
≤0 

Among the formula, objective function C(x) is structural flexibility; constraint function V(x) is 

structural volume, V
U
 is upper limit of total volume that is 0.25 times of the original volume; and 

design variable x is unit density which represents the presence or deletion of the unit in 

microstructure, where density value of each unit should be taken as 0 or 1, so the lower limit is 0 

and upper limit is 1.0[8,9]. In this paper, using the density method, unit density is continuously 

changed between 0 and 1. 

Optimization results are shown in Fig.6, where the optimal material distribution of the structure 

can be seen in setting conditions. According to the results of topology optimization and considering 
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the processing conditions, the structure is shown in Fig.7 can be got. The frame is still welded by 

1.5-mm-thick 45 steel tubes, and its mass is 4.4 kg which is slightly smaller than that of the original 

structure. The load and boundary conditions is the same as the original frame when the new 

designed frame is carried on with finite element analysis. The maximum equivalent stress is still in 

the joint between riser and the chassis U-tube, however, the position has transferred from the inside 

to the outside in the riser(as shown in Fig.8), the maximum equivalent stress value decreases to 212 

MPa which is only 77.4% of that in the original structure and the maximum displacement of the 

position of the applied load is 5.4 mm. Compared with the original structure, the results show that 

the first-order natural frequency of the new structure is 1138 Hz which increases by 133%, the 

first-order vibration mode also changes from the original transverse swing into longitudinal buckle. 

          

Fig.5 Design domain for topology optimization    Fig.6 Distribution of material density  

                

Fig.7 Main frame after topology optimization    Fig.8 Equivalent stress in the joint area 

Size optimization. Strength and natural frequency of frame have been greatly improved after the 

topology optimization. The steel materiel is replaced by magnesium alloy AZ91 to reduce the 

weight significantly. Its density is 1.80 g/cm
3
, elastic modulus is 45 GPa, Poisson’s ratio is 0.35, and 

yield strength is 180MPa. The weight of the main frame is 4.5 kg, and all the thickness of the tube 

is still 1.5 mm. Static analysis shows that the maximum equivalent stress is 209 MPa and the 

maximum displacement is 25.4 mm, which means that strength and rigidity of the frame are both 

worsened. Size optimization analysis is carried out to quickly identify various sizes of the 

appropriate thickness of various parts of tube. Design objective is the smallest volume; constraint is 

the maximum equivalent stress and the maximum displacement is less than the set value. Objective 

function and constraint function of size optimization are: 

objective function     min  V(x) 

constraint condition    s.t.  g(x)-g
U
≤0 

design variables           x
L
≤xi≤x

U
 

Among the formula, objective function V(x) is structural total volume, constraint function g (x) is 

the response which is obtained from the structural analysis, where the constraint functions are 

defined as the equivalent stress and loading- point displacement, and g
U
 is the maximum equivalent 

stress and the upper limit of maximum displacement, respectively. Design variable x is the thickness 

of tube, and x
L
 and x

U
 are respectively the lower and upper limits. 
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For security reasons, the allowable stress of material is 144 MPa that is 80% of the yield stress of 

magnesium alloy, and the maximum displacement of position of the applied load is not more than 

10 mm. Optimized objects are the riser, U-tube and two horizontal tubes respectively. The 

optimized tube thickness is 1.9mm for riser, 3.3 mm for U-tube and 1.0 mm for two horizontal tubes, 

respectively. The maximum equivalent stress is 131 MPa and the maximum displacement is 9.7mm. 

Table.1 Results of finite element analysis 

Design scheme Materials 
Mass 
m / kg 

Maximum 
displacement 

d / mm 

Maximum 
equivalent stress 

σ / MPa 

The first-order 
frequency 

f / Hz 

Original 

structure 
steel 4.5 5.2 274 489 

Topology 

optimization 

steel 4.4 5.4 212 1 138 

magnesium 1.0 25.4 209 1 103 

Size 

Optimization 
magnesium 1.8 9.7 131 1 302 

 

The results of each analysis are summarized in Table 1. The weight of the main frame reduces 

from 4.5 kg to 1.8 kg, with losses of 60%.The maximum equivalent stress decreases to 131 MPa 

from 274 MPa, and natural frequency increases from 489 Hz to 1302 Hz. Although the weight has a 

significant decrease, the structural strength can still meet designed demand. The maximum 

displacement increases to 9.7 mm from 5.2 mm, which shows structural rigidity has a slight 

decrease. 

Supporting structure based on main frame is designed, and weak areas are increased stiffener 

plate by welding in order to further enhance its rigidity and strength. Frame of trial production is 

compact structure and light-weight. Products after assembly are carried out driving test. Finally, test 

results show that strength, rigidity and reliability of drive are good performance which can prove 

that the finite element optimization technique is an effective method for vehicle structural design.  

Conclusion 

Original steel materials are replaced by magnesium alloy, and the weight of main frame of electric 

scooter is only 1.8 kg and reduces by 60%, which achieves a substantial decrease. While replacing 

material, the main frame has been redesigned by using finite element analysis. Compared with the 

original steel structure, first-order natural frequency of the redesigned magnesium alloy main frame 

is increased by 166%, so structural strength and rigidity can meet the designed demand absolutely. 

A more reasonable mechanical bearing structure is attained by topology optimization, which can 

enhance the structure strength. On the premise of meeting the design demand of rigidity and 

strength, size of the minimum thickness of each component can be quickly obtained by size 

optimization, which improves the design efficiency. The design method may be applied to 

mechanical structure and design of lightweight components.  
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Abstract. An analysis feature-based CAD-CAE integrated approach was proposed to solve the 

problems of rapidly CAE modeling for static and dynamic analysis process of machine tool. Firstly, 

analysis features were defined in CAD system and analysis feature library was constructed for 

machine tool and its structural components. Secondly, analysis feature model was constructed by 

attaching analysis feature to CAD model interactively. Finally, ANSYS parametric design language 

(APDL) file was generated automatically by mapping analysis features to APDL codes, which 

realized the integration of CAD system and ANSYS system. Based on application programming 

interface (API) of SolidWorks, a parametric CAD-CAE tool oriented to static and dynamic analysis of 

machine tool was developed, which realized parametric modeling and automatic analysis of machine 

tool and improved design efficiency and quality of machine tool. 

Introduction 

The tight integration of CAD-CAE is widely adopted for modern product development. In the digital 

development process of product, CAD is applied to produce digital model, while CAE focuses on the 

analysis and simulation of product properties. For complex product design, the meaning of 

CAD-CAE integration includes: (1) product design model is reused in the process of CAE modeling, 

furthermore, the structure and function information of product included in CAD model will be reused, 

which realizes the integration of product information [1-3]; (2) the integration of analysis process, 

analysis knowledge and function is realized in the typical analysis process, which improves the 

efficiency and quality of CAD modeling and analysis [4, 5]. 

An analysis feature-based CAD-CAE integrated approach is proposed in this paper. The structure 

design of machine tool is completed in CAD system, then analysis feature model is established by 

defining analysis feature interactively. At last based on the type and specific parameters of analysis 

feature predefined, the APDL file will be generated automatically by mapping the analysis features to 

APDL codes, which finally implements the integration of CAD and CAE. 

Feature-based CAD-CAE integrated process of machine tool 

The CAD-CAE integrated process based on analysis feature can be seen in Fig.1. The main processes 

are as follows: (1) CAD model of machine tool is rapidly constructed with the aids of  modular and 

parametric design tools; (2) analysis features are added interactively to CAD model; (3) analysis 

features are extracted and the APDL file is generated automatically by mapping analysis features to 

APDL codes; (4) the CAD model is simplified and converted into CAE geometric model; (5) the CAE 

geometric model is imported into ANSYS and the APDL file is run, finally the CAD-CAE integration 

is implemented. 

Compared with others, this approach has the following advantages: (1) analysis features are added 

interactively, which makes the CAE modeling has greater flexibility; (2) APDL codes are mapped 

directly from analysis features, which make the model simplification, element generation, boundary 

constraint and load addition knowledgeable and intelligent. In addition, the CAE analysis automation 

is also implemented. 
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Fig.1 CAD-CAE integrated process 

Analysis feature modeling for static and dynamic property analysis of machine tool 

As it is difficult to extract analysis parameter from the design feature directly, the analysis feature 

model is constructed interactively, which is used for static and dynamic analysis of machine tool. The 

key issue of this approach is to construct the analysis feature library and define analysis model 

interactively for typical analysis process.  

Analysis feature model. The static and dynamic analysis of machine tool include: (1) strength and 

stiffness analysis of machine tool and its main structural components, which belongs to the static 

analysis; (2) modal analysis of machine tool and its main structural components, which belongs to the 

dynamic analysis. According to static and dynamic analysis requirements of machine tool, analysis 

feature is constructed with five such classes: Overall Analysis Feature, Material Feature, Boundary 

Constraint Feature, Load Feature and Interface Feature. The structure of analysis feature 

classifications can be seen in Fig.2.  

 

 
Fig.2 Structure of analysis feature class 

 

With the aids of SolidWorks API, the parameters of analysis feature are attached to geometric 

entities (point, line, face and feature) and other geometric entity through SolidWorks attribute. 

Attribute is a container of user-defined variables. With the help of it, user-defined variable can be 

stored in CAD model. After adding attribute to design feature, the specific information of analysis 

feature can be obtained rapidly by traveling instances of attribute, which is associated with analysis 

feature. The essence of analysis feature addition is the attribute addition for the design feature of CAD 

model, which is the binding of analysis feature and design feature [5]. For static analysis of the bed, 

Table 1 shows the major analysis features. 
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Table 1 Analysis feature of the bed 

Graphic Sample Feature Type Location Of 

Analysis Feature 

Feature Parameter 

 

 

 

Boundary 

Constraint Feature 

1. Cylinder of bolt 

hole 

Coordinate: (0.45, 0.03, -0.2) 

……. 

Load Feature 2. Endpoints of 

guide ridge 

Coordinate: (-0.42,0.53, 0)  

Load Direction: -Y 

Load Type: uniform 

…... 

Material Feature Attribute abstract of 

functional module 

Material Name: HT200 

Poisson Ratio: 0.25 

...... 

Overall Analysis 

Feature 

Attribute abstract of 

functional module 

Analysis Type: static 

Element Size: 0.3 

…… 

 

Interactive defining and modeling approach of analysis feature. To construct analysis feature 

model, the definition of analysis feature is accomplished by the way of interactive defining. The main 

processes are as follows: (1) selecting the type of analysis feature to be added; (2) selecting the 

geometric entities (point, line, surface and feature) according to the type of analysis feature; (3) 

inputting parameters of analysis feature; (4) attaching analysis feature to geometric entities and files 

so that the information of analysis feature can be stored in CAD model. 

In the interactive defining process, on the one hand, analysis feature can be added interactively; on 

the other hand, parameters of the analysis feature can be modified if it is necessary. For example, if the 

length of the bed needs to be increased when it can not meet the requirement after CAE analysis, after 

parameters of the CAD model is modified, the number of bolts is also changed, so it is necessary to 

attach analysis feature to those new added bolts. 

Mapping of analysis feature to APDL codes 

Document structure of APDL file. APDL is a scripting language for parametric design by ANSYS, 

which can be interpreted line by line. Inputting APDL codes of the model in a parametric way, 

ANSYS can accomplish the Finite Element Analysis (FEA) process automatically. There are three 

stages in the FEA process, including pre-processing, solution and post-processing. Pre-processing 

includes geometric model importation, material properties definition, boundary constraints addition, 

load addition, solution type definition and other universal processing modules. After combining these 

universal processing modules together according to the process of FEA, APDL file is generated. 

Automatic generation of APDL file. Based on the structure of APDL file, APDL codes can be 

generated automatically by establishing the mapping relationship between analysis features and 

APDL codes. For example, the mapping process of the boundary constraint features of the bed is 

shown in Fig.3. 

 
Fig.3 Mapping of boundary constraint features and APDL codes 
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The automatic generating process of APDL file is detailed in Fig.4. The main processes are as 

follows: (1) travelling the attribute information stored in CAD model and constructing the analysis 

feature model based on the type and specific parameters of analysis feature; (2) extracting parameters 

of analysis feature and determining key words and parameters of the APDL sentence related; (3) 

combining these APDL modules together according to the document structure of APDL file. Finally, 

the APDL file is generated. 

 
 

Travel and extract 

parameters of attribute

Create analysis feature instance by  

defining attribute to establish 

analysis feature model

Start
Extract 1st 

analysis feature

Are there other analysis 

features?

Reconfigure APDL 

module to create 

APDL file

Extract 

analysis feature
End

Analysis 

knowledge 

library

Y N

Determine key words and parameters related 

to APDL sentence according to analysis 

feature type

Combine APDL codes to establish 

APDL module

 
Fig.4 Generating process of APDL file 

Case Studies 

A modular rapid design system of machine tool was developed, based on the methods 

above-mentioned, with SolidWorks and ANSYS as the development platform, by means of 

development tool of VB.NET. It includes parametric design module, static and dynamic analysis 

module for machine tool and its structural components and automatic engineering formulation of 

drawing module, which is embeded in SolidWorks as an add-in. For example, the processes of 

parametric design and FEA for one type of milling planner are as follows: (1) searching for a suitable 

machine tool according to the requirement of customers; (2) by means of parametric design, product 

model satisfied with the requirements is generated, which is shown in Fig.5(a); (3) adding analysis 

feature; (4) simplifying and converting the CAD model, the simplifying process is illustrated in 

Fig.5(b); (5) mapping analysis features to APDL codes so that APDL file can be generated; (6) 

running the APDL file to implement the static and dynamic analysis of the milling planner and its 

structural components. The results of general deformation and modal analysis of the milling planner 

and its bed components are shown in Fig.6. The maximum deformation of the milling planner is 

78.5µm, the first order modal frequency of the milling planner is 38.4Hz; the maximum deformation 

of the bed is 1.55µm, the first order modal frequency of the bed is 336.7Hz. 

                                
(a)                                                                                              (b)  

Fig.5 CAD model of the milling planner and model simplification: (a) the model of milling planner (b) the process 

of model simplification 
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(a)                                                                                       (b)  

                       
(c)                                                                                       (d)  

Fig.6 Analysis results of milling planner and its bed component: (a) general deformation of the milling planner (b) 

the first order modal analysis of the milling planner (c) general deformation of the bed (d) the first order modal 

analysis of the bed 

Conclusions 

In this paper, a feature-based CAD-CAE integrated approach was proposed, which can realize rapid 

modeling and FEA analysis of machine tool. By adding analysis feature interactively, CAE modeling 

and analysis are more flexible. Furthermore, by the mapping of analysis features and APDL codes, 

static and dynamitic analysis of machine tool and its structural components is more knowledgeable 

and automatic, and the overlabored and time expended problem in the design and analysis process of 

machine tool is solved. Finally, the efficiency and quality of machine tool design is improved. 
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Abstract. Effective secondary development is the key process for CAD application. But as a 

cross-disciplinary problem and new software development mode, secondary development based on 

commercial CAD software has new features compared with complete independent software 

development. From angle of software engineering, this paper summarizes demand of software 

engineering, standards to observe, software development flow, configuration of development team in 

the process of commercial CAD software secondary development. Finally, this paper presents the 

case of secondary development of AutoCAD standard base parametric system to illustrate the specific 

application of software engineering in detail. 

Introduction 

A complete CAD process includes: introduction of CAD hardware and software, secondary 

development of CAD software, application in product design, extension applied to CAM. Although 

well-known international commercial CAD software basically covers the entire manufacturing 

industry, they are not aimed at any specific and dedicated requirements that exist in practical and 

specific industry [1]. For an enterprise that needs to introduce CAD comprehensively and effetely, 

different levels of secondary development should be carried out according to its industry 

characteristics and application requirements after it digested and absorbed commercial CAD software 

completely.  

However, main problems exist in current commercial CAD software secondary development, such 

as lack of unified organization and management in development process, no uniform standards or 

accepted norms to observe and guide, programs are often "written" according to software developers’ 

experience.  

Current research of commercial CAD software secondary development focuses on the realization 

technology of secondary development, such as COM [2], grid [3], object-oriented technology, 

database, interface [4] and parameter [5] technology. However, most of the formal researches are 

limited to technical details, and ignore that the entire secondary development of commercial CAD 

software is a new software development model and system engineering.  Application the idea of 

software engineering to organize the process of secondary development is a new way to overcome the 

current problems in commercial CAD software secondary development[6]. 

Application of Software Engineering  

Necessity of Application of Software Engineering into Secondary Development of Commercial 

CAD Software. (1) The second development project of commercial CAD software need the staff 

form different divisions to collaborate and to go through several stages of development phases during 

the developing process. And there are close contact among various parts of software and interface 

problems always come about to solve with urgency. A rule is highly required to coordinate the 

complex relationships and problems. (2) At all stages of CAD software development process, the 

software being developed needs reviewing, inspecting and testing. The problems encountered in 
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maintenance phase are also closely related to development work.  And the management work of 

software is infiltrated into every stage of the survival cycle of the software.  

Therefore, the second development project of commercial CAD software requires consistent and 

measurable criterion to coordinate the complex relationship.  And the idea and methodology of 

software engineering with systemic logic will be helpful for resolving the problems resulting from 

different parts of software and various development phases.  

Secondary Development Process of Commercial CAD Software. After setting purposes, 

development method, commercial CAD Software platform, programming language, tool, and mode 

of secondary development should be selected firstly. And a detailed development plan, including 

design objectives, design philosophy, and development process should be work out then. Detailed 

specific implementation technologies, such as front GUI research, back-end database and other 

enabling technologies should be assessed then. At last, secondary development process should follow 

the development process of demand research, demand analysis, system analyst and software 

architecture design, detailed design, programming implement, test (module test, unit test, system test) 

and modification according to the users’ feedback. Second development process of commercial CAD 

software should adopt human-computer interaction and rapid prototyping law to improve the system 

through constant communication based on the users’ feedback. 

Role Configuration of Development Team. Secondary developers do not only understand the 

machinery industry expertise, but also have capabilities of software development. Therefore, the 

scientific development team in secondary development process of commercial CAD software should 

include both professional and technical personnel and software developers, shown in Table 1. 

However, if the secondary development project is very small, a person may play more than one roles 

at the same time.  
Table 1: Role configuration of development team 

Role configuration Job description Professional skills required

Requirement analyst With a mechanical fields of knowledge, 

understanding of commercial software platform 

With a mechanical fields of 

knowledge, understanding of 

commercial software platform 

System analyst and 

software architecture 

designer 

Overall system design, system decomposition is 

determined based on the framework of the whole 

system to form a "system framework and 

module design specification" 

Have knowledge not only in software 

but also development technology, 

have the capability of comprehensive 

analysis 
Programmer Turning the framework of the system and 

module specifications into software program 

with commercial CAD development tools  

Familiar with the commercial CAD 

software secondary development 

tools and APIs, have experiences and 

skills of programming   
Data processing editor Mainly engaging in the data processing and data 

files input work 

Patient 

Software tester Module testing, comprehensive integration 

testing, performance testing, stability testing, 

found the problem program 

Extensive experience in software 

testing 

Experiencing member 

of new system 

Acceptance test, functional inspection, user 

simulation, experiencing feedback, consistency 

and integrity verification 

Extensive experience in the use of 

commercial CAD software platform 

Application Examples: Secondary Development of AutoCAD Standard library Parametric 

System 

During the mechanical drawing with AutoCAD[7], part drawings and assembly drawings of 

assembly and standard parts with a lot of nuts, bolts, screws, gears, springs, bearings are often need to 

draw.  These parts have the same shape in view and the only difference is the size. Therefore, 

establishing a scientific standard parts library system or providing development tools for standard 

parts development is an integral part of the CAD system.  

Design Objectives. (1)System can output calculation results directly, generate scale drawings and 

output generated products map. (2)System can query design of standard accordance with the basic 
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shape of the given parameters or models. (3)System can check design and finish calculation of 

non-standard bearing. (4)With database management function, system can maintain parameters of 

standard and all non-standard bearing.  

Design Philosophy Only when the composition of products is built based on combination-based 

general components, may CAD system achieve the goal of improving the design quality of new 

products and shorten the design and development cycle. Based on the modular design idea, the 

standard library parametric system is divided into three modules: database module, main parameters 

design and calculation module, parametric drawing module (as shown in Fig 1). 

 

Fig. 1 Standard library parametric system module diagram 

(1)Database module: These database tables store indicators related information about standard 

parts, types, models, geometry, performance and others in mechanical design handbook. And 

corresponding database maintenance is established to facilitate various operations on the database.  

(2)Design calculation module: This module performs the optimization design and calculation 

based on parameters from the bearing database, and then selects the tolerances of corresponding size 

and shape, and other auxiliary parameters according to the new gained optimized parameters. 

(3)Parametric drawing module: This module reads the main parameters of bearings from 

parameters optimization calculation module, and draws part drawings and assembly drawings using 

drawing development tools of AutoCAD ObjectARX.  

Process of Design. According to basic standardization and process of rolling design, ball bearing 

CAD system is made up of two modules: module selection and module check, shown in Fig 2. 

 

Fig.2 System architecture flow chart of ball bearing CAD system 
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Specific implementation technologies include: SML, GUI, database management, selection and 

check of rolling bearings, parametric and so on. 

Using software engineering to guide secondary development process of AutoCAD standardized 

library parametric system will lead to targeted development, clear and reasonable staff division and 

standard development process. With the guide of software engineering, the planning of development 

processes is long-term, the role configuration of development team is clear; the collaboration is close, 

and the exchange is smooth. So application of software engineering into secondary development of 

commercial CAD software greatly improves the success rate of software development, and assures 

the software quality of secondary development system. 

Conclusions 

Current research of secondary development of commercial CAD software focuses on realization 

technology of secondary development. This paper treats the entire secondary development process of 

commercial CAD software as a new software development model and system engineering. Secondary 

development based on commercial CAD software is a cross-disciplinary problem which covers the 

two fields of mechanical design and software development, and is of high technical complexity. 

Application of software engineering to commercial software secondary development can improve 

software quality and accelerate software development speed, reduce development costs and 

accelerate CAD technology application.  

 Moreover, the example of secondary development of AutoCAD standard library parametric 

system is presented to illustrate the process of secondary development with the guide of software 

engineering. This process can also be applied to parametric drawing and designing, information 

extraction off-line application form drawings, hydraulic machine design and other secondary 

development processes. However, as software engineering is a common and universal science, it can 

be used to guide secondary development processes of general commercial software platform.  
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Abstract: A new non-destructive measurement system of the homogeneous entity profiles was 

designed; it included the digitized minute entity cells and the delaminated measuring method for 

product profiles based on liquid. It is based on Archimedes' principle and lever principle and gravity 

moment, used optic system to collect images and calculated the verge profiles, combined the 

equations of the gravity moment and the equations of the center of gravity to reckon the 3D coordinate 

values of every minute entity cell in different layers by computer. By inputting the 3D coordinate 

values of the product into the related CAD software system, the 3D model could be obtained. The 

principles, hardware and software of the system were introduced in details about the measurement 

system of the homogeneous entity profiles.  

Introduction 

The earliest method of reverse engineering technology was the probe measure with contact, its typical 

representative was called Coordinate Measuring Machine (CMM), which was mainly used in the 

digitization process of the entity’s basic geometric shapes, suitable for measuring the external 

geometry of the entity. This method had high accuracy, but it was easy to fray the probe and mar the 

entity’s surface, it needs manual intervention, and it had high cost, slow measurement speed, the use 

environment had exacting requirements. The 3D optical non-contact measurement method, such as 

raster, holography and 2D images, came forth after 1980s. The projection raster method was usually 

used to measure the external geometry form of the entity, its measurement range was wide, the 

measure precision was low, the measure velocity was fast and the cost was low, but it can not measure 

entity that its surface transformation is very steep. The laser trigonometry measurement method, its 

measure precision is high, the measure velocity was fast, but the cost was high and the surface of 

measured entity could not be too smooth
[1]

. The precision of 2D image method was low and its 

processing arithmetic of the measured data was very complex. The above methods had the same 

limitation that they could not measure the interior figure. The current existing methods in 

international that can measure the interior of the entity are magnetic resonance imaging and CT 

scanning. But both of the two methods have high cost, the size of the entity is limited, the measure 

precision is low, particularly the material of tested entity is limited ,they can not measure metal 

materials used in the engineering field. The other method of measuring the interior of the entity is  

Automatic CT scan technology, although the precision of the method is high, but it has slow 

measurement velocity, high cost and long measurement time, and the method may undermine the 

tested components, so the application of it has been limited
[2]

.   

With the deep development of reverse engineering technology, the research of 3D entity 

non-destructive measurement and reconstruction has more practical significance. The study not only 

for the general homogeneous entity but also some homogeneous entities with interior contour, can 

achieve non-destructive measurement and reconstruction. There are not successful measurement 

methods at home and abroad for the non-destructive measurement and reconstruction of the entities 

with interior contours. The paper studies the non-destructive measurement method for 3D entities 

with internal contour by using the Archimedes' principle, the lever principle and the gravity moment, 
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through them they are worked out for the 3D coordinate values of the minute entity cells
[3]

. The 

method surpasses the traditional non-destructive measurement and reconstruction methods. This 

article describes the basic principle, hardware and software system of reverse engineering of 

homogeneous-entity product profiles.  

The basic measurement principle and the system constitution   

The basic principle of the measuring system. The basic principle of the measuring system in this 

program is shown in fig.1. According to the Archimedes' principle, the object immersed in liquid 

objects upward by the buoyancy, which equals to the liquid weight discharged of. That is to say, The 

Buoyancy has something to do with the density and volume of the liquid discharged of by the 

measured entity, but not the shape of the measured entity. This measurement supposes that the 

measured entity is an equal density and made up of very small square cube-unit entity, the 

liquid-selected density is known, according to connectors principle, the measured entity will immerge 

into the liquid completely in initial state,  small pipe of the connectors will be in downward movement 

driven by the precise motion platform, the liquid surface will decrease every isometric piece layer 

(usually adopts a small cube module entity length, that is, a small cube module entity length). The 

measured entity will expose the liquid level every piece layer isometric. Without considering the 

effect of the dampening and the surface tension and other factors, the volume of liquid discharged 

from each layer should be equal to the volume of the measured entity layer. The 3D entity can be 

dispersed into the small discrete cube assembly with the expression method of the 3D entity in the 

space unit. The square unit is fixed up alignment along the direction of the coordinate, if it is the real 

unit, its quality regards as 1 and 1 is expressed as that the square body unit is filled, the entity exists in 

the corresponding position of every piece layer of the measured entity, on the contrary, the empty unit 

expressed as 0
[4]

. The weight of every piece layer can be measured by the electronic scales and 

calculated the buoyancy changing value changed of the corresponding thin layers. Through surveying 

the three directions of X, Y, Z, combining parameters such as the liquid density, the torques of every 

thin layer, its quality and barycentre of the orderly every storey can be calculated. Changing the state 

of measuring, through data processing, utilize the algorithm of reconstructing to extrapolate the 

position of the small entity's unit in the three-dimensional coordinate system, obtain the 

three-dimensional information of the examined entity, and reconstruct its outline through CAD 

three-dimensional graphics processing software.  

 

 

The composition of the measure control system and the working process. The system 

constructed is a integration system that contains optical system, mechanical system, electrical system, 

hydraulic system, information system. It mainly includes the hardware composes of the balance 

system, the precise motion control system, the liquid level control system, the image acquisition 

system and the weight system and the software composes of the image acquisition control, the image 

processing and the data processing. Fig.2 shows the flow chart of the hardware system.  

Fig.1 The sketch map of the basic principle of reverse engineering 
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According to Archimedes’ law, the object immersed in liquid objects upward by the buoyancy, 

which equals to the liquid weight discharged of, the formula as follows:  

1111 gVGF ρ＝＝                                                                                                                             (1)   

Where F1 is the buoyancy objected by the measured entity immersed in liquid, ρ1 is defined as the 

liquid density, V1 is the liquid volume discharged of by the measured entity immersed in liquid. 

 

     

To achieve the measurement of the volume in each layer of the measured entity, use the precise 

measuring weight system 2(fig.1) directly to measure the weight of the liquid discharged of, and then 

calculate the volume of the liquid by Eq.1. In order to make compensation and correction for the 

effects of dampening and surface tension, the balance system is designed, then use the lever principle 

to measure the weight of the liquid discharged of and utilize the precise measuring weight system 

1(fig.1) to measure the changes of buoyancy after each layer liquid discharged, and calculate the 

volume of the liquid discharged of, combine the precise measuring weight system 1 and 2, give the 

compensation and correction to the measured entity. Meanwhile, the gravity moment of each layer 

can be measured by building the space coordinate system and using the balance system, then the 

center of the gravity in each layer can be calculated. According to the volume of each layer, the 

quantity of the entities’ unit cell can be calculated. Combine each layer’s information about the 

gravity moment and the center of the gravity and the verge profile, the space coordinates of each unit 

cell can be calculated. When measuring, the measured entity will be immerged into the liquid 

completely, the mixed configuration liquid with color and small surface tension coefficient should be 

used, the balance of the balance system should be adjust through the weighting system. Meanwhile, 

make sure the measuring force of the measuring weight system 1 is small, the computer software will 

record the above results automatically. Precise motion control system guarantees the top liquid level 

of the drainage tube and container 1 at the same level in initial state, precise measurement weight 

system 2 records the initial values with the computer, the camera prepares for working. When the 

precise motion control system drives drainage tube down a small displacement (e.g.0.05 mm), the 

liquid level of container 1 descends the same distance, discharged liquid inflows to the container 2, 

precise measuring weight system 2 sends the weight value of the liquid discharged of to the computer, 

and then computer calculates the volume of this layer and records it. Meanwhile, the liquid level 

changes, in order to maintain the balance of the balance system, the force on the precise measuring 

weight system 1 will be changed, the computer records the value while balance. According to the 

relationship between the force and the distance on each fulcrum, we can calculate this layer’s 

barcenter coordinate and volume. With the descend of the liquid level, when the precise measuring 

weight system is closing to its maximum measuring range, the system starts the injecting and 

pumping control mechanism respectively to balance weight, and record the various state values after 

balance, then repeat the measurement. In order to ensure the accuracy of measurement, the measured 

entity in three directions of X, Y, Z can be measured.   

Fig.2 The flow chart of the hardware system 
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The software System design  

The software system includes the initialization processing system, the measurement control system, 

the image acquisition and processing and verge detection system, the measuring and calculating 

system and the three-dimensional model reconstruction system.  

The initialization processing system mainly used to determine, adjust and calculate the various 

control parameters, then use these parameters to initialize the parameters of the software, the 

initialization processing system diagram shown in Fig.3. It mainly includes the drain pipe and tank 

level position and the balance system level adjustment, the run distance and the run times of the 

movement control system each time, calculate the drain interval, determine the time of image 

acquisition and the image acquisition parameters and sizes. The balance system level could be 

adjusted through the weighting system. According to the measured entity dimensions and 

measurement precision, each time the run distance and run times of the movement control system can 

be calculated. The drain interval and the time of the image acquisition can be estimated by the 

distance of the liquid level suck down, the size of the container 1 and the time of the liquid discharged 

from the drain pipe.  

The times of the image acquisition equal to the times of the motion control system operates. When  

the distance between the camera and the measured entity increasing during the acquisition process, 

the images are also changing. By setting acquisition four signs to deal with the captured images, the 

images achieve the same size through the image scaling processing. Then it is easy to deal with the 

contour tracing later.  

The measurement control system is mainly to ensure the system operate concordant, isometric and 

stability and control the image acquisition system acquire images synchronously (Fig.4). Meanwhile, 

to achieve the precise measurement instrument overload protection, when the system reaches set 

conditions, drive the weight system work, then record the values of the equipments before and after. 

The accuracy of the precise motion control system has great impact on the measurement results. This 

experiment uses the BAYSIDELM motion platform series made in America
[5]

. The repetitive 

positioning accuracy can reach 5 mµ . Tilt the table a certain installation angle to achieve the precise 

positioning. The measurement instruments uses the Swiss Metter-Toledo AB203-S Electronic 

Analytical Balance 1, the maximum weighing value is 220g, the precision arrives at 0.1mg, it is 

directly connected to the computer through the parallel interface and used to measure the changing 

force in the system. 

                                

 

Fig.3 The flow chart of the initialization 

processing system 

Fig.4 The flow chart of  the measurement 

control system 
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The image acquisition system is mainly used to control the image real-time and accurate 

acquisition coordinates all aspects of the computer, shown in Fig.5. During the measurement 

processing, the camera is arranged with a certain angle, the liquid color is black. The acquisition 

images are calibrated through the image scaling, so as to facilitate the calculation of every unit cell. 

The acquisition image does not require higher precision.  

The verge extraction processing and the measurement calculation system are used for the 

calculation of the position of the entities’ cells in spatial coordinates, that is, calculating all the spatial 

coordinates of the tested entities. The verge extraction processing system is to simplify the measuring 

and calculating system, the part calculation of the unit cells can be estimated by the verge extraction 

processing. The measurement calculating system combines the equations and the center of gravity 

coordinates equation of the every layer, the associated nature of the measured entity between two 

layers, and all the minute entity cells only can be regarded as 0 or 1. Through intelligent calculation, 

we can get the coordinate values of the minute entity cells in space coordination.  

Because the measurement system and the software system above have got all the coordinates of the 

points of the measured entities’ cells and processed the corresponding error points, the point cloud 

figure of the measured entities have been completed. Three-dimensional model reconstruction system 

only should analyze the point cloud data and reconstruct models from point to line, from line to plane. 

The usual commercial CAD software can be used as the reconstruction software of the measurement 

system. 

 

Conclusions 

To demonstrate the accuracy and the feasibility of the measurement method and the measurement 

system designed, take the thickness of 1mm measured entity as a example. The contour of the 

measured entity can be reconstructed and amended through the point cloud of the center coordinates 

of each entity cell and the images of very layer maps. During the measurement processing, in order to 

ensure the boundary accuracy of the subdivided cells and improve the reconstruction accuracy, when 

calculate the number of the entity’s cells, if a cell's volume is smaller than a whole cell but larger than 

its 1/2, then recorded as a whole cell; if it is smaller than its 1/2, then give it up. Take the length of 

1mm cell, the reconstruction accuracy of the measured entity is 0.5mm. Due to the effect of the 
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mechanical friction, the fluid stability, the environmental temperature and other effect, the 

measurement time of the length of 50mm × 50mm × 50mm entity is about 3 hours. The experimental 

system costs less than ￥50,000. To further reduce the impact of the above factors, the sensors and the 

mechanical property can be further improved, through theoretical analysis and the preliminary 

measurements of the complicated entity, the reconstruction accuracy is expected to reach 0.1mm, and 

the three-dimensional entity with some through-hole internal contour can be measured.  
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Abstract. With continuous expansion of manufacturing scale, the scene data that virtual prototype 

system has to deal with is far beyond a single computer's processing power. To meet the 

requirements of large-scale simulation, this study designs a virtual prototype system based on PC 

cluster. The problems including software architecture of virtual prototype system, transformation of 

CAD model, scene graph management, real-time rendering of huge dataset, and so on are 

investigated in detail in this paper. Finally a prototype system has been implemented. The system is 

constructed by PC cluster and gigabit LAN. The aim of the system is to build a large-scale, high 

resolution, immersive virtual environment supporting users' virtual design and manufacture. 

Introduction 

Virtual Prototype is a technology that uses computer models to do some experiments instead of real 

physical prototype. It is a computer-aided engineering, which developed rapidly with the 

development of computer technology in 1980s
 [1]

. The purpose of virtual prototype is to verify 

designing, to assist product selection, to test manufacturing and to display products ahead of time in 

digital method
 [2]

. Finally, it may replace the role of physical prototypes. Virtual prototype can 

significantly shorten the product design and manufacturing cycles, reduce the costs of product 

development and improve product design quality. 

With the further promotion and application of the virtual prototype technology, simulation scene 

has extended from the small and simple object to the large-scale and complex product 
[3]

. Due to 

increasing 3D scene data, the data need to be dealt with is far beyond the power of a single 

computer. Image generation speed becomes a bottleneck of real-time simulating. Apparently, 

advanced hardware is helpful to solve the problem of large scene rendering. It should be noted that 

there are conflicts between infinite data and limited processing power that current hardware has. So 

it requires the virtual prototype system to use a variety of new technologies to solve this problem.  

In this paper, we describe a virtual prototype system based on parallel computing, and then give 

the architecture of this virtual prototype system. At last we show some techniques used in the 

system, such as CAD model transformation, mesh model segmentation, parallel rendering based on 

PC-cluster. With high performance 3D graphics card and high-speed gigabit Ethernet, we developed 

a prototype system based on parallel computing. 

Related work 

It’s relatively simple to realize the single-PC-based virtual prototype system, which has been 

extensively studied at home and abroad. With the quality of 3D scene data increasing, if not 

decrease the graph quality and complexity of 3D scene, parallel computing under cluster can be the 

only way to solve the problems in virtual prototype system. 

Parallel computing in large-scene rendering has been extensively studied at home and abroad. 

Some general concepts applicable to cluster parallel rendering have been presented in[4-5] 

(sort-first architecture). Some generic APIs parallel rendering systems exist which include VR 

Juggler
[6]

(and its derivatives), Chromium
[7]

, OpenGL Multi-pipe SDK
[8]

 and Equalizer
[9]

. VR 
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Juggler is a graphics framework for virtual reality applications which shield the application 

developer from the underlying hardware architecture, devices and operating system. Chromium 

provides a powerful and transparent abstraction of the OpenGL API, which allows a flexible 

configuration of display resources. OpenGL Multi-pipe SDK (MPK) implements an effective 

parallel rendering API for a shared memory multi-CPU/GPU system. The Equalizer parallel 

rendering framework differs in that it supports a fully distributed parallel rendering paradigm and 

features an extremely flexible task decomposition approach.  

However, the targets for these approaches above are different for ours. Instead of parallel 

rendering only, we should like to devise a more scalable and affordable approach to support 

large-size scene simulation in virtual prototype system. 

Architecture of virtual prototype system 

The main features of the system are as follows: 

Parallel and distributed computing: This virtual prototype system using the C/S architecture, all 

modules can be run on the remote server. It provides high-performance parallel numerical libraries, 

parallel program debugging, trace, and performance analysis tools. All the compute-intensive 

modules are implemented in parallel computing. MPI (message passing interface) is used as a basic 

interface for parallel communication. 

Scalability: The system only implements the core modules and data management, and all other 

specific modules can interact with the core modules through TCP/IP dynamically. Problems could 

be solved collaboratively. All modules can be executed stand-along. In the system four 

communication methods are supported, including shared memory, pipes, socket and documents. 

According to the location of module running, the amount of data to be exchanged and the feature of 

the problem, the system can choose different methods to communicate between different modules. 

Wealth of computing technology support: According to current needs, our system has 

implemented some function modules such as geometric modelings, geometry repairing, mesh model 

generation, mesh model segmentation, scientific data visualization and remote job submission, task 

submission, resource management and so on. 

Visualized manipulation: The virtual prototype system provides a friendly graphic interface, all 

the modules provide graphic interface. Users can control the whole process of calculation 

interactively. The calculation or manipulation result can be rendered by parallel rendering and 

displayed in 3D display-wall. 

Cross-platform: The core and main modules of the system can run on the most common 

operating system such as Linux (IA32/IA64), Windows, Unix family platforms (SGI Irix, IBM 

AIX, etc.); It should support all major hardware platforms, such as shared memory architecture 

SMP and distributed memory architecture MPP, cluster and so on. Figure 1 shows the architecture 

of virtual prototype system. 
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Fig. 1 Software architecture of high virtual prototype system 
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Important technologies in the system 

4.1CAD model transformation 

Virtual prototype system uses triangle or polygon to represent product, whereas CAD systems 

use accuracy math method such as B-Rep and CSG to represent product. Therefore it is necessary to 

transform data information from CAD model to mesh model. Because most of CAD systems could 

save the product information as STEP (Standard for the Exchange of Product model data) format. 

Therefore, we could realize the data transformation from STEP format. A method based on STEP 

neutral file is proposed in this paper. 
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Fig. 2 CAD model transformation flowchart 

The transformation flowchart is shown in Figure 2. First, we build the product model in any 

CAD systems, and export it with STEP format. Then we analyze the file with data interface which 

includes file scanning and information translation two parts. The data interface is constructed based 

on the ISO 10303. And the data dictionary is produced based on the analysis of the definition of 

entities which are defined with EXPRESS language. At last we get the geometry information, 

hierarchical structure information, and useful information which are necessary in simulation 

environment. 

4.2 Mesh Model Segmentation 

In parallel rendering module, if the size of the geometric model is so large, that it will cross 

several screen areas. The model will be rendered repeatedly in differently rendering nodes. 

Therefore, these large models will cause serious loss of efficiency. In order to solve this problem, 

we need to pre-segment the model and divide the whole model containing large facets into several 

sub-models which contains smaller facets. With the help of frustum cutting, only the sub-model 

within corresponding screen could be rendered. Thus the number of facets been rendered repeatedly 

could be reduced. The detail algorithm flow is shown in figure 3. 
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Fig. 3 Flow of mesh model segmentation 

4.3 Scene graph management 

This virtual prototype system runs in retained model. User node and compute nodes within the 

system store the entire 3D mesh model. These mesh models can be organized as a scene tree. The 

scene tree is also stored in distributing compute nodes. In logic, these scene trees can be looked as 

global scene tree. Any change in the global scene tree should be broadcast to all nodes in the system 

real-time to ensure the consistency of the rendering result. Global scene tree management focused 

on model loading, distributing information of the models, updating of the scene tree properties and 

deleting nodes of scene tree, etc.. In this system, all the model loading function is executed in every 

parallel computing node in the system, and it saves filename and pointer of the model in the global 

model library, and then takes a global identification for the mesh model. According to the 

identification, the address of model in the memory could be found out. 

After system initializing, user node will broadcast information of models being loaded to all 

rendering nodes, then a copy of global model library will be generated according to the information 

received in every rendering node. With the global model library, mesh model can be loaded 

dynamically. During process of simulating, user nodes collect information of scene tree in every 

Advanced Materials Research Vols. 201-203 71



 

frame, and send the information to other nodes, so as to keep content consistency of the scene tree 

property. Adding or deleting a mesh model in any parallel computing node will be broadcast to the 

other nodes, and the structure of global scene tree will be updated. 

4.4 Parallel rendering 

4.4.1 Architecture of parallel rendering 

Figure 4 illustrates the principle of parallel rendering. The parallel rendering architecture is 

based on a master-slave model. It has an event loop which redraws the scene; update data based on 

received events, and eventually redraw a new frame. The master is responsible for managing the 

visualization system. It controls and launches the application’s rendering clients. The render client 

implements the rendering part of an application. Its execution is passive. It has no main loop and is 

completely driven by the master. It executes the tasks received from the server by calling the 

appropriate task methods in the correct thread and context. The application either implements with 

application-specific code. 
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Fig. 4  Architecture of parallel rendeing 

4.4.2 Load balance 

Load balancing is important for parallel rendering. In generally, the smaller the task is divided, 

the easier the system is to obtain load balancing. However, too smaller task dividing will bring huge 

information communicating. Therefore, for a parallel computing system, we must make a choice 

between task dividing and amount of communication data.  

With respect to the principle of load balance, there are two methods in frustum division. The first 

one is to divide frustum statically. It means that when the program starts, dividing strategies and 

methods have been determined, and no longer changed during program execution. This algorithm is 

simple, and can reach a certain balance effect. In our system, we divide frustum dynamically. Our 

algorithm compares the number of triangular in each rendering node, and then take load balancing 

algorithm for the task dividing, to make sure that the task of each rendering node is relatively 

equal ,and the performance of the system is better. Thus, the system could avoid the problem that a 

large number of geometric data be processed on a certain rendering node. 

4.4.3 Off-screen rendering 

Our virtual prototype system is based on parallel rendering. If we adopt the traditional CPU 

rendering pipeline without modification, there will be some problems. Firstly, each rendering node 

must render online, which means rendered image must be displayed, and can not be covered. Due to 

the reason of the operating system, the covered part may not be updated. Secondly, MPI process in 

slave can not be started in standard windows service mode. So in this MPI environment, the started 

windows programs will not appear on the screen. We use the latest OpenGL extension technology. 

It provides off-screen rendering function. In 2005, the OpenGL added a new expansion 

GL_EXT_framebuffer_object. Using this extension, you can create a Frame Buffer Object (FBO) 

and Render Buffer Object (RBO). This technical performance is greatly improved compared with 

the original PBuffer. Through this extension, we achieve off-screen rendering. If we simply use 
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FBO objects for off-screen rendering, the rendering process will not support anti-aliasing function, 

and the serrated phenomenon on the edge of rendering image will be serious. In order to achieve 

high-quality rendering of FBO, in 2007, OpenGL added two new extensions, 

GL_EXT_framebuffer_multisample and GL_EXT_framebuffer_blit. By using these two 

extensions, we can achieve smooth edges. 

Experiment result and analysis 

We have tested the virtual prototype system on a cluster composed of 5 computers. All computers 

are connected by gigabit LAN, and each computer is equipped with one core2 CPU, 2G DDR1 

system memory and one graphic card of NVIDIA GeForce 7900 GS. 

5.1 Communication Proficiency Test 

This test is carried out between two nodes to test the transmission speed. We send the amount of 

data ranging from 100 Byte~5×106 Byte in one time. Result shows that the maximum transmission 

capacity is about 900Mb/s. Consider that we use resolution 1024×768, then each frame size will be 

1024 × 768×3=2 359 296Byte. Suppose that the efficiency of network transmission is 83%, and the 

transmission capacity will be about 740MB/s , and it will take 26ms to transmit on frame data. 

5.2 Analysis of parallel rendering 

In this test, we use one computer as user node and other 4 computers as render nodes. Each 

render node works as a projection channel and outputs frame images separately. All the system 

works as a sort-first rendering cluster. Projection channels setup their view frustum as their 

corresponding display portals and perform frustum clipping. Figure 5 shows the displayed image on 

the screen, and figure 6 shows the performances of the cluster comparing with single workstation. 

Figure 6 indicates that with lower triangle number, time consumed by rendering nodes swap-sync 

can’t be neglected so that clusters run at a speed lower than single workstation; but as triangle 

number increased, swap-sync latency become negligible and the clusters become more efficient 

than single workstation. The speedup doesn’t increase linearly, which is due to the subsistent 

latencies and the load imbalance of sort-first rendering structure.  

  
Fig.5 Sample image of virtual prototype system                 

Conclusions 

Virtual prototype is a comprehensive technology. It has been used to achieve optimal design and 

manufacturing. With the expansion of manufacturing, the object is simulated from simple scene to 

massive complex one. This paper presented a parallel computing method for interactive rendering 

of massive complex scene on PCs cluster. The proposed method include: CAD model 

transformation, mesh model segmentation, management of mesh model, and parallel rendering. 

CAD model transformation implements conversion method from CAD system to integrated virtual 

simulation environment. Mesh model segmentation cut the mesh model into smaller one to avoid 

rendering repeat. Scene graph management ensures the consistency of the scene tree in every 
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calculating node of the system. Parallel rendering performs the drawing of the whole scene. 

Experimental results have shown that our prototype system can achieve good performance for 

rendering massive complex scenes.  
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Abstract: This paper presents the models for the ultraviolet (UV) lithography of thick photoresists 

such as thick SU-8. Simulations for various lithography conditions have been conducted using these 

models based on the improved dynamical cellular automata method. Some experiments on SU-8 2075 

layers under UV source with 365nm wavelength have been implemented to verify the simulation 

results. The results confirm the validity of the proposed models. 

Introduction 

Ultraviolet (UV) lithography of thick photoresists such as SU-8 photoresists is increasingly adopted 

to manufacture novel and complex high aspect-ratio Micro-Electro-Mechanical Systems (MEMS) 

elements [1-3], since relatively simple and inexpensive lithography equipments are utilized compared 

to X-ray or laser systems. The UV lithography process of the SU-8 consists of several steps. The SU-8 

is firstly spin coated onto a substrate and soft baked to evaporate the solvent. Then the SU-8 is 

exposed to the UV light, the photoacid generator (PAG) decomposes and generates photoacid within 

the SU-8. During the subsequent post-exposure bake (PEB) process, the photoacid catalyzes the 

reaction between the resin and the cross-linking agent to afford a highly cross-linked polymer network 

which is significantly less soluble than the polymer resin without cross-linking reaction. At last, the 

unexposed SU-8 is dissolved by an organic solvent, leaving only the cross-linked SU-8 

microstructures on the substrate. Many factors affect the final development profiles of the SU-8. It is 

not practical to determine the best fabrication parameters for the UV lithography process of thick 

SU-8 using the traditional repeated experiment method. Simulation is acknowledged to be efficient 

for predicting and optimizing the lithography process. 

In this paper, the models for the UV lithography of thick photoresists such as thick SU-8 are 

presented. A series of simulations for various lithography conditions have been conducted using these 

models, based on the improved dynamical cellular automata method [4]. Some experiments on SU-8 

2075 layers under UV source with 365nm wavelength have been implemented to verify the 

simulation results. The results confirm the validity of the proposed models. 

Simulation models  

Ideal contact exposure without any gap between the mask and the SU-8 is not practical for inevitable 

errors such as surface flatness, surface roughness, etc.. Air gaps from 10µm to over 100µm are very 

common for UV lithography process of thick SU-8. The thicker the SU-8 layer is, the larger the gap 

may be. Because of the high viscosity of the SU-8, it is difficult to obtain uniform spin-coat. For thick 

SU-8 layer, the UV light diffraction effect of the mask pattern will lead to severe profile distortions. 

To reduce the diffraction effects, different index matching materials such as water and glycerol have 

been adopted as index matching materials to fill the air gap [3, 5].  

To simulate the light intensity distributions for the UV lithography of thick SU-8 with index 

matching materials, we define some parameters associated with the calculations of the UV light 

intensity distribution. 1n , 2n , 3n  and 4n are defined as the refractive indices of air, index matching 

materials, SU-8 photoresists and wafer, respectively. 1λ , 2λ , 3λ  and 4λ stand for the UV light 
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wavelength in air, index matching materials, SU-8 photoresists and wafer, respectively. 1R , 2R  and 

3R are the reflection coefficients at air/index matching materials, index matching materials/SU-8 and 

SU-8/substrate interfaces, defined by 2

1 2 1 2 1(( ) /( ))R n n n n= − + , 2

2 3 2 3 2(( ) /( ))R n n n n= − +  and 
2

3 4 3 4 3(( ) /( ))R n n n n= − + , respectively. 

 

Fig. 1 Schematic of the UV light transmission in a single long slit 

For the UV light from S reaching P through a hole, as shown in Fig.1, the Fresnel-Kirchhoff 

diffraction integral formula has the following form utilizing paraxial approximation technique [5] 
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where A is the incident light wave amplitude. r and s stand for the distances of a point on the aperture 

relative to the observation point and the source, respectively. 2k π
λ

=  is the incident wave number,  

where λ is the wavelength of incident UV light in the exposure medium. 2
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where z is the vertical distance from the mask plane to the calculation point in the SU-8, x1 and x2 

represent the horizontal coordinates of the left and right edges of the mask, respectively. 

Thus the light intensity distribution equation considering the reflection at the air/index matching 

materials and index matching materials/SU-8 interfaces can be expressed as 
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where 
lamp

I  is the original intensity of the UV light from the UV source . 

During the propagation of the incident UV light, the UV light will be refracted on the index 

matching materials/SU-8 interface. When the UV light transmits into the SU-8 from the index 

matching materials, the wavelength, phase, and other relevant information will be changed. The effect 

of light refraction effect on the final development profiles can not be neglected for soft contact 

lithography because of the gap between the mask and the SU-8, as shown in Fig.2. However, it is 

difficult to deal with this refraction in Fresnel integral equation, so the refraction effect has not been 

considered in current SU-8 UV lithography simulation. This paper presents a method to incorporate 

the refraction effect into the Fresnel diffraction integral for the UV lithography processes of the SU-8 

in two steps. 

Fig.2 shows the UV refraction modeling at the index matching materials/SU-8 interface. Firstly, p1 

represents the gap thickness between the mask and the SU-8. Secondly, the mask plane is vertically 

shifted in such a way that the same field distribution results at the interface between the index 

matching materials and the SU-8. The gap between the mask and the SU-8 is assumed to be 
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homogeneously filled with SU-8, and the propagation of the field inside the original SU-8 is now 

treated as if there were no step in the refraction index behind the mask. In this way, diffraction and 

refraction effects can be handled simultaneously. p2 represents the gap thickness after shifting the 

mask.  

               
Fig. 2 The aerial image modeling for the UV         Fig. 3 Schematic of the UV reflection at 

lithography of the SU-8                                                     the SU-8/substrate interface 

Before shifting the mask, for the observation point P(x, z) at the index matching materials/SU-8 

interface, the scalar field is  

[ ] [ ]{ }2 1 2 1( , ) ' ( ') ( ') ( ') ( ') (1 )
P

U x z B c u c u i s u s u i= − + − ⋅ +                                                                (4) 
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ik r siA
B e

r s

+= −
+

, and the Fresnel number 
2 1

2
' ( ), 1 2i iu x x i

pλ
= − = , . k1 stands for the 

wave number in the index matching materials. 

After shifting the mask, for the same observation point, the scalar field is 

[ ] [ ]{ }2 1 2 1( , ) '' ( '') ( '') ( '') ( '') (1 )
P

U x z B c u c u i s u s u i= − + − ⋅ +                                                            (5) 

where 2 ( )''
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r s

+= −
+

, and the Fresnel number 
3 1 2

2
'' ( ), 1 2

( )
i ix x iu

z p pλ
− ==

− +
, . k2 

stands for the wave number in the SU-8. 

For r s<< during the UV lithography process of SU-8, the modulus of 'B is approximate to ''B . 

When computing the intensity of the UV light, we only need the modulus of 'B and ''B . In order to 

insure that the field distribution at the index matching materials/SU-8 interface after shifting the mask 

is the same as the original one, '
i

u should be equate to ''
i

u . So we can obtain 2 1 3 2/p p n n= ⋅ . 

Therefore, the propagation of the light field inside original SU-8 can be treated as if there were no step 

in the refraction index behind the mask 
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i i

n n
x x iu

z p pλ
= − =

− +
                                                                                      (7) 

Generally, the incident UV light will be reflected by the SU-8/substrate interface, and the reflected 

UV light will pass through the SU-8. Thus besides the diffraction and refraction effects, it is important 

to incorporate the effects from the reflected UV light on the light intensity distribution into the SU-8. 

To understand the reflection effect, we mirror the SU-8 at the SU-8/substrate interface. As shown in 

Fig.3, the reflected intensity at point Q1 can be calculated out by the Fresnel reflectance at the 

SU-8/substrate interface and the incident intensity at point Q2 (the symmetric point of Q1). 

Based on above analysis, the final equation with diffraction, refraction and reflection effects for the 

intensity distribution pattern calculation at point p, can be finally expressed as 
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where d represents the thickness of the SU-8 layer. 

After the light intensity distribution into the SU-8 is obtained using aerial image simulation, the 

exposure simulation model is used to express the exposure kinetics in the SU-8. Now the problem is 

that the Dill model [6] originally developed for thin photoresist lithography is insufficient to describe 

the nonlinear effects in the thick SU-8 layers. Unlike the thin photoresists, the nonlinear effects in the 

thick photoresists, such as the concentration distribution of photoresist components, will significantly 

affect the exposure processes. To solve the problem, an improved Dill model [4] is developed to 

describe the exposure kinetics in thick SU-8 exposure processes.  

During the PEB process, the photoacid induces chemical reactions in the SU-8, resulting in 

cross-linking of epoxy resin. Since the photoacid concentration is not uniform in the SU-8, there is a 

photoacid diffusion process while the catalytic conversion is undergoing. The chemical reactions and 

diffusion of species happen simultaneously and couple with each other. The coupled reaction- 

diffusion kinetics [7] can be employed to describe the PEB process for the SU-8.  

For the development process simulation, the Notch model [8] is employed to describe the 

relationship between the etching rate and cross-linked site concentration. Furthermore, the photoresist 

etching rate will be significantly increased, because agitation methods are usually adopted for high 

aspect ratio and/or thick film microstructures during the development processes. Since the etching 

processes of the SU-8 are depth dependent, and the swelling effect will significantly affect the 

development profiles of the SU-8. The above Notch model, however, should be modified to 

incorporate the depth-dependent dissolution rate effect, and the swelling model should be adopted to 

obtain the final development profiles [4]. 

 
Fig. 4 Simulated light intensity distribution into the SU-8 at the beginning of the exposure process 

under 280s exposure for 35µm/70µm line/space: (a) the light intensity distribution at the beginning, 

(b) Fresnel diffraction pattern for different depth in the SU-8 at the beginning 

Simulations and Discussions 

Combining the above models and the surface movement algorithms for etching simulation, the UV 

lithography process simulations of the SU-8 can be implemented. Based on the improved 2D dynamic 

cellular automata method [4], developed from the original 2D dynamic cellular automata method [9], 

above mentioned aerial image simulation model, exposure simulation model, PEB simulation model 

and development simulation model can be used for the simulation of the UV lithography of thick 
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SU-8. To verify the simulation results, some experiments have been performed using SU-8 2075 

under UV source with 365nm (2.6mW/cm
2
) radiation.  

Fig.4 shows the simulated light intensity distribution into the SU-8 at the beginning of the 

exposure process for 35µm/70µm line/space microstructure. Here the thickness of the SU-8 layer is 

240 µm and the SU-8 is exposed for 280s using the contact exposure method (assuming the air gap 

between the mask and the SU-8 is about 15µm). Fig.5 shows the simulation and experimental profiles 

of the UV lithography of thick SU-8 for 13min development. The line width at different depth of the 

SU-8 microstructure was measured, and the variation from the top to the bottom is less than 2.01µm, 

and the largest line width variation between the simulation result and experimental result is less than 

1.49µm.  

 
Fig. 5 Simulation result (a) and experimental result (b) for the UV lithography of the SU-8: exposure 

time=280s, development time=13min, line/space=35/70µm. 

Conclusions  

The models for the UV lithography of thick photoresists have been presented. Combining the models 

and the improved dynamical cellular automata method, the UV lithography process simulations of the 

SU-8 have been implemented. The simulations have been verified by the experiments on SU-8 2075 

layers under UV source with 365nm wavelength. The results confirm the validity of the proposed 

models. 
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Abstract. The method of computer-aided design oriented to requirement configuration is present for 

the palletizing robot. Index of design requirement is quantified hierarchically. The whole function of 

palletizing robot is decomposed according to the working plane. The various kinds of attributes of 

function carriers are digitized and the consistency is kept with the index of design requirement. 

Optimal design scheme can be gotten by the computation of evaluation function constructed in this 

paper. The software of computer-aided conceptual design for palletizing robot is developed. 

Introduction 

Conceptual design is very important stage in the whole design process of product and innovation, 

fuzziness and diversity are its features. Computer aided technology of conceptual design is a 

important research field at present. For mechatronic product, for example, the palletizing robot, the 

market requirements are diversified and there is an intense competition. The design scheme should be 

provided agilely according to the individual requirements. Such theories as Theory of the Solution of 

Inventive Problems (TRIZ) and Quality Function Deployment (QFD) support the process of 

conceptual design effectively and many papers about these research fields can be found [1]. Some 

researchers also do lots of works on the automatic generation of design scheme. For example, genetic 

algorithm, evolution strategy and ant algorithm are applied to the solution of conceptual design 

scheme [2] [3]. The solution of design scheme should be connected with design requirements from 

the market with individual requirements.  

To meet the costumer requirements as much as possible, computer technology should be used to 

support fully the process of conceptual design and efficiency will be improved. For the studying 

object of palletizing robot’s conceptual design, a method of digitized design is present in this paper. 

The requirements index and the attributes of function carriers are quantified, and evaluation method is 

constructed to select the optimal design scheme of palletizing robot meeting the customer 

requirement. 

Analysis of conceptual design of palletizing robot 

The general model of conceptual design.  The process of conceptual design of mechatronic 

products includes several steps as requirement analysis, function decomposition, scheming solving 

and evaluation [4]. The process model of conceptual design is shown in Fig.1. Firstly the design 

requirements of product are analyzed and the whole function is defined. Then the whole function can 

be decomposed into several sub functions. Feasible structure will be found out to realize every 

subfunction. Finally all function carriers are synthesized and evaluated and the optimal design scheme 

is obtained. Conceptual design of palletizing robot is based on the model shown in Fig.1 and 

computer-aided design process is realized in this paper.  

Function decomposition of palletizing robot. The task of palletizing robot is transportation of 

goods from some position to another position and generation of regular stack in accordance with a 

certain pattern, and goods has no rotation around horizontal axis in process of motion. The whole 

function can be decomposed by working plane, as shown in Fig.2, after analyzing various kinds of 

structures and working characteristics of palletizing robot. Palletizing robot implements the elevation 
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and lowering motion in YZ-plane and movement to the position of stack in XY-plane. Solving of 

scheme are done separately in these two motion plane. Function carriers meeting the requirement of 

movement in single working plane is very much, and structure form are various, so computer-aided 

technology is needed to assistant the rapid searching of optimal solution.   

 

Fig.1. Process model of conceptual design 

 

Fig.2. Function decomposition by working plane 

Application of computer- aided technology oriented requirement 

To support the computer-aided conceptual design, digitization of design process is need to be realized 

which includes the digitization of design requirement, field knowledge and so on. 

Index of customer requirement. Because of different environment and working object, there is a 

great difference in performance requirements of palletizing robot. For example, the palletizing object 

may be box with 5 kg medicine, or bucket with 100 kg liquid, but the demand for size and efficiency 

of palletizing robot are very different. So the optimal design scheme must be based on the analysis of 

individual customer requirement. Five main indexes of requirement are considered on the basis of 

analysis of working environment for many kinds of palletizing robot. The indexes are cost, size, load, 

efficiency and mass and they constitute the synthetic requirement index vector R 

{ }54321 ,,,, RRRRRR =                                        （1） 
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where, 1R is index of cost， 2R  is index of load， 3R  is index of efficiency， 4R  is index of size，

5R  is index of mass. 

Consideration degree of these five requirement indexes are varied in different working 

environment, and the weight of requirement index is digitalized necessarily to support the application 

of computer-aided design. The numerical value on interval [0, 1] is used to define the consideration 

degree of every requirement index. If the value is 0, it indicates that there is no consideration on this 

requirement index. The value is bigger, this index is more important and the value 1 indicates that this 

index is the most important one compared with other indexes. Requirement weight vector W is 

composed of all weights of requirement index.  

{ }54321 ,,,, WWWWWW =                                          (2 ) 

where,  iW ( 10 ≤≤ iW ，i=1,2,3,4,5）is the weight of corresponding iR . 

Digitalization of function carrier attributes. To fully realize the computer-aided conceptual 

design for palletizing robot, the related field knowledge also needs to be digitalized. The whole 

function of palletizing robot is decomposed into subfunctions in XY-plane and YZ-plane, and 

function solutions in two planes are combined into the whole design scheme of palletizing robot. 

Solutions in every plane have various kinds of principles and structures and these function carriers 

constitute solution space.     

To support the application of computer aided technology, attribute vector is constructed in which 

elements corresponding to requirement index are included. The attribute vector P is defined as follow. 

{ }87654321 ,,,,,,, PPPPPPPPP =                                 (3) 

where, the meaning of every element is shown in Tab.1. 

The value of attribute is quantified as five grades so that difference in attribute of individual 

function carriers can be specified. The value of five grades is defined as 1, 2,3,4,5 and the meanings of 

quantified value for elements in attribute vector are shown in Tab.1.   

Table.1. Meaning of function carrier attributes 

symbol element meaning of attribute value 

P1 cost 1-very high, 2-higher, 3-general, 4-lower, 5-very low 

P2 load capacity 1-very strong, 2-stronger, 3-genera, 4-weaker, 5-very weak 

P3 efficiency  1-very high, 2-higher, 3-general, 4-lower, 5-very low 

P4 size  1-very big, 2-bigger, 3-general, 4-smaller, 5-very small  

P5 mass 1-very heavy, 2-heavier, 3-general, 4-lighter, 5-very light 

P6 input power 1-electric, 2-mechanical, 3-hydraulic, 4-phneumatic, 5-other 

P7 output power 1-electric, 2-mechanical, 3-hydraulic, 4-pneumatic, 5-other 

P8 movement type 1-rotation, 2-translation, 3-other 

Attributes from 1P  to 5P  are consistent with elements in requirement index vector. Attributes 6P  

and 7P  indicate power type of input and output port. They ensure the matching of upstream or 

downstream function carrier’s port so that the combined function solution is feasible. The power 

types include electric, mechanical, hydraulic, pneumatic power and so on. 8P  indicates type of output 

motion which includes rotation and translation.    

Scheme generation based on evaluation function 

Definition of evaluation function. Function carrier library is composed of lots of carriers and their 

attribute vector. It is the solution space for subfunctions of palletizing robot. For a specific design 

requirement, many feasible solutions can be found. The evaluation function is needed to determine 

every design scheme good or bad. Comprehensive evaluation is suitable for conceptual design. 
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Combined with requirement index stated in previous part, the evaluation function is defined as 

follow.  

( )∑∑
==

−⋅=
5

11 j

ijjj

n

i

PRWE                         (4) 

where, n is total number of function carriers in whole design scheme. 

jR  is element of requirement index vector in Eq. 1, where jR  should be the quantified value 

corresponding to requirement index. It indicates the different demand for individual index, and its 

value is1,2,3,4or5, where its meaning is consistent with the value in Tab.1. jW  is element of weight 

in equation (2). ijP is element of attribute vector and it indicates the jth attribute value of ith function 

carrier. This evaluation measures the consistency between design requirements and attribute vectors 

of all carriers in whole design scheme.  The value of E is smaller, the design scheme is more 

consistent with design requirement. 

Searching of optimal scheme. The generation process of design scheme is shown in Fig.3. The 

computer-aided conceptual design is a process of man-computer interaction, and design procedures 

are based on function decomposition of palletizing robot. In XY-plane or YZ-plane, basic motion is 

further divided into rotation and translation and so on according to movement type. These parameters 

can be configured in man-computer interaction module. Every motion type can be mapped into many 

kinds of specific function carriers. For example, translation motion can be mapped into 

rack-and-pinion, lead screw and hydraulic cylinder and so on. According as parameters set in 

man-computer interaction module, computer searches the solution in function carrier library for 

single plane motion. Then the function solutions are combined and port matching of upstream and 

downstream carriers is ensured. All feasible combined solutions are found out and evaluated by 

evaluation function respectively. The design scheme whose value of evaluation function is the 

smallest is the optimal solution.    
 

 

Fig.3. Process of scheme generation 

Software prototype 

Software system of computer-aided conceptual design for palletizing robot - PRCAD is developed. 

Java program language and database management system MYSQL are used as development tools. 

Several modules are included in PRCAD, such as requirement design module, database management 

module, scheme solving module, result display module and so on. 

Up to now tens of carriers is collected into the function carrier library. The library keep to be open 

and carriers can be added, edited or deleted. Optimal solution set can be provided by PRCAD 

according to the parameters in requirement design module. The solution set is composed of several 

optimal solutions whose value of E is minimum or second minimum.  
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Conclusions 

Palletizing robot is complex mechatronic product and scheme of conceptual design has the feature of 

multiplicity of solutions. Technology of computer-aided conceptual design can be applied to find out 

optimal scheme quickly. The method of computer-aided conceptual design for palletizing robot is 

present in this paper and is oriented to requirement configuration. Requirement index and attribute of 

function carrier are digitalized, and the optimal solution can be found out in lots of feasible solutions 

by evaluation function. Software system of is developed based on this method proposed in this paper. 

The software is used for conceptual design of palletizing robot and the method is reasonable and 

feasible.   
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Abstract: The article introduces three design techniques of variable pitch & groove depth & groove 

width screw. We found parameterized mathematical model of the type of heterotypic screw by 

analyzing and computing. Then it can realize to CNC machining of variable pitch & groove depth 

& groove width screw on lathe. 

Introduction 

Molding screw is the essential part in the nylon zipper molding machine. In the waterproof of nylon 

zipper molding machine, the temperature is changing constantly and leading to change nylon 

diameter and elongation constantly during molding process of sprocket. So the type of heterotypic 

screw should have groove with variable pitch & groove depth & groove width. Besides, this type of 

heterotypic screw is providing device of various extruding machine. It was widely used for the 

processing of raw material and delivery process in petroleum, chemical industry, steel rolling, oak 

plastic, light industry, and machine industry and so on
 [1]

. Therefore, we have found the 

corresponding mathematic model by researching on the relationship between basic theory and 

parameters of the heterotypic screw. It can offer theoretical basis for optimized design and CNC 

machining of the heterotypic pitch screw. Then we developed special CNC machining program of 

variable pitch & groove depth & groove width screw. 

Design of heterotypic screw 

A whole heterotypic screw is composed by export segment, middle segment and import segment. 

Then export segment and import segment usually are isometric spiral line. However, middle 

segment is variable spiral line which can be used variety of ways, such as steady accelerated spiral 

curve, sine or cosine accelerated spiral curve, polynomial accelerated spiral curve and so on. The 

distance from arbitrary point on spiral curve to initial point on screw is supposed as L. In the export 

segment, initial pitch is R0, groove depth is H0 and groove width is d0. In the middle segment, 

variable pitch length is Lm, pitch variation is △R, groove width variation is △d, groove depth 

variation is △H and circle number of screw thread is i. If total circle number of variable pitch in 

middle segment is im, then in the import segment, pitch should be Rm, groove depth should be Hm 

and groove width should be dm. If rotational speed of screw is n, axial velocity of spiral curve can 

be expressed as V=R*n. After derivation calculus to velocity V, we can get acceleration equation as 

a=V′. Therefore, we can deduce mathematic equations of steady accelerated spiral curve, sine 

accelerated spiral curve and polynomial accelerated spiral curve respectively, as shown in Eq.1, 

Eq.2 and Eq.3
[2]

. 
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We take blank for example, which is roughing column with diameter Φ10mm. Then the total 

length of screw thread is 151mm, variable pitch length is 18mm. In the export segment, the length is 

60.5mm, initial pitch R0 is 1.70mm, initial root diameter D0 is Φ8.84mm and initial groove width d0 

is 0.75mm. And then from export segment to import segment, screw thread pitch gradually 

increases to Rm. In the import segment, the pitch Rm is 1.88mm, root diameter Dm is Φ8.30mm and 

groove width dm is 0.83mm. The above-mentioned screw parameters were respectively substituted 

into Eq.1, Eq.2 and Eq.3. We have found that the minimum theoretical error was Eq.1 of steady 

accelerated spiral curve model. The absolute error of screw pitch was -0.00007mm and relative 

error was 0.03889%. 

Mathematic analysis of variable pitch & groove depth & groove width screw 

1) For Eq.1 of steady accelerated spiral curve model, axial velocity of spiral curve can be expressed 

as V=R*n=R0*n+△R*n(2i-1). After derivation calculus to velocity V, we can get acceleration 

equation as a=V′=2△R*n. So axial displacement of arbitrary point on spiral curve is uniformly 

accelerated rectilinear motion. The velocity is increasing along with a sloping line. However, 

acceleration is constant, which has a finite value mutation only at starting and ending point. It will 

come into being flexible impact. In the product line of high speed, flexible impact will lead to 

material running over by shaking. But if the device speed is not high, flexible impact will not affect 

the transmission stationarity. So this method is more applicable in low or middle speed motion 

control
[3]

. While using steady accelerated spiral curve model in the CNC machining control of 

variable pitch & groove depth & groove width screw, the transition of variable screw pitch is rather 

smooth and the cumulative error is minimal. 
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2) For Eq.2 of sine accelerated spiral curve model, acceleration equation can be expressed as 

0 sin( )
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i i

π
π

−
= . The acceleration line is a smooth and continuous sine curve in the accelerated 

segment, which is zero at starting and ending point.  By using motion law of sine accelerated spiral 

curve, acceleration changes continuously during the whole process of screw transmission and it 

won’t bring any impact even in high speed. It can satisfy the request of stationarity in high speed 

screw. So this method is suitable for high speed motion
[4]

. However, it requires a higher processing. 

Besides, the displacement changes slowly in the starting and ending segment, so the cumulative 

error is relatively large. 

3) For Eq.3 of polynomial accelerated spiral curve model, acceleration equation can be expressed 

as 
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continuously in the accelerated segment, which is zero at starting and ending point. This method 

can design different spiral curves according to different boundary conditions. And it can fulfill the 

requirement of displacement, velocity and acceleration to make material transmission steadily and 

accurately. However, there is some reasonless that it may occur interference when speed is too high 

or too low. 

Therefore, we adopt steady accelerated spiral curve model to control screw machining. 

CNC program development of variable pitch & groove depth & groove width screw 

In CNC lathe, we take single stroke thread cutting instructions G32 to machining variable pitch & 

groove depth & groove width screw. The instruction format is G32 X (U)   Z (W)   F   , in 

which X (U) and Z (W) is screw thread terminal point coordinate, F is pitch of screw thread
[5]

. We 

use Visual Basic6.0 to develop CNC program. In Visual Basic6.0, we add program codes about 

mathematic equations of variable pitch & groove depth & groove width screw, and then run 

program VB to acquire CNC machining codes of heterotypic screw
[6]

. By CutViewer Turn V3.0 of 

CNC lathe simulation software, we input NC codes and simulated. Then we measured the simulated 

machining screw. The result shows that in the export segment, initial pitch R0 is 1.70mm, initial 

root diameter D0 is Φ8.846mm and initial groove width d0 is 0.752mm; in the import segment, the 

pitch Rm is 1.88mm, root diameter Dm is Φ8.34mm and groove width dm is 0.828mm; and then in 

the middle segment, the changes of pitch, groove depth and groove width were according with Eq.1. 

The simulation result indicates that the CNC machining program of variable pitch & groove depth 

& groove width screw is reasonable and feasible. 
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Conclusions 

This article has deduced and analyzed three parameterized mathematic model of variable pitch & 

groove depth & groove width screw. It can provide theoretical basis for machining control system 

about this type of heterotypic screw. And it will also offer a feasibility method to design or 

machining variable pitch screw. However, it still needs further research about practicing on CNC 

lathe to machining variable pitch & groove depth & groove width screw which tallies with size 

precision. What’s more, as pledging machining precision, it also need perfect machining parameters 

by different machine to achieve more high efficiency machining. And that it can carry out to 

machining various heterotypic screws with complex structure and high precision. 
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Abstract: Three-dimensional Reynolds-averaged Navier-Stokes simulations have been performed 

to explore the aerodynamic characteristics of ramjet projectiles. The turbulence model used is the 

RNG k-ε model. The numerical algorithms termed total variational diminishing (TVD) was 

adopted. The complex wave structures of ramjet projectiles with different architecture at different 

inflow Mach number were achieved by numerical simulation. The influence of inflow Mach 

number on aerodynamic characteristics and pressure center of ramjet projectiles were analyzed. 

Results show that lift coefficient and pressure center increase with the argument of inflow Mach 

number. Ramjet projectiles with different architecture have different drag coefficient trend. 

Introduction 

Due to predominant performance of simpler structure, lower cost, higher assisted range efficiency, 

and smaller decreasing of warhead mass, various ramjet projectiles have been developed all around 

the world, including USA, South Africa and et al. One typical product is American TGTR for the 

105-mm M68 tank cannon. Nowadays, by using ramjet to assisted range, the effective range of 

projectiles can be doubled. 

Lots of researches have been done on ramjet projectiles. Chen Xiong has done investigations of 

ramjet inlet [1]. Ronald revealed the working on solid fuel ramjet propulsion for gun launched 

projectiles in the Netherlands Organization [2]. Guo Jian has studied flight performance of solid 

fuel ramjet [3]. Xiao Yinli et al. has done investigations of scramjet isolator [4]. Wang Yufeng has 

researched the inner flow of ramjet engine [5]. The TNO Defence, Security and Safety and 

DRDC-Valcartier have worked on the improvement of modeling and simulation tools for the 

functioning of supersonic air intake for realistic ramjet engines of tactical missiles [6]. 

As a key segment of research on ramjet projectiles, numerical simulation on aerodynamic 

characteristics are very important. The second-order implicit TVD scheme was adopted in this 

paper. And the RNG k-ε model was used to represent turbulence. Finally, the influences of Mach 

number on aerodynamic characteristics of ramjet projectiles were revealed. 

Computational Approach 

With decades of development, present CFD approaches can predict the aerodynamic characteristics 

of vehicles accurately. Still, it is very hard to build a mathematical model which contains all kinds 

of factors. In this paper, gas-solid two-phase, multi-component and chemical reactions were 

neglected.  

Governing Equations. Governing equations used here are the compressible, Reynolds-averaged 

Navier-Stokes equations in generalized coordinates. These equations are written in the following 

conservative form: 
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Detailed formulation form could be found in [1]. 

Turbulence Model. According to the former experience, computational results verify with 

changes of turbulence model. An appropriate turbulence model helps to improve computing 
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accuracy. The standard ε−k  model was very popular in the past. The RNG ε−k  model is 

brought forward by modifying the standard ε−k  model. The model comes from the strict statistic 

method. It is very similar with standard ε−k  model, but it has been ameliorated. These characters 

make the RNG ε−k  model more accurate and reliable than the standard ε−k model in more 

complex flow. 

The RNG ε−k  model is adopted as turbulence model in this paper. Neglecting influence of 

buoyancy, dissipation rating and turbulence energy are described as follow: 
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where, Gk stands for turbulence energy caused by mean velocity gradient. YM is the influence on 

total dissipation rating by pulse expansion of compressible turbulence. αk is reciprocal of valid 

turbulent Prandtl number of turbulence energy k. αε is reciprocal of valid turbulent Prandtl number 

of dissipation rating ε. For high Reynolds number, ερµ µ
2kCt =  and 0845.0=µC  are suitable 

for the above equations. 

Numerical Algorithm. By using implicit second-order TVD scheme, the discrete form of 

governing Eq. 1 could be transferred as follow: 
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where, Vi,j,k is cell volume, 2/1

~
+iR  is the convective fluxes of kjiR ,,2/1

~
+ , 2/1,

~
+ivR  is the viscous 

fluxes of kjivR ,,2/1,

~
+ , and so on. Considered face i+1/2, by updating the convective fluxes, the 

second-order TVD scheme is achieved as follow: 

( )
( )

)(
( ) ( ) ( )[ ]{ }













=

∆Λ∆Λ=

∆Λ∆Λ=

+++=

+
−
+

−
++

−
+

−
+

−
+

+
−
+

+
+−

−
+

+
+

+
+

−
+

+
++

+
+

+
+

xyxxyx

URUR

URUR

RHHR

iiiiiii

iiiiiii

iiiiii

sgn,min,0maxsgn,modmin

,modmin

,modmin

2

1~~~

2/3

1

2/12/12/1

1

2/12/12/1

2/1

1

2/12/12/1

1

2/12/12/1

2/12/12/112/1

φ

φ

φφ

                            (5) 

After linearization and splitting by ADI method, the final numerical scheme is shown as Eq. 6. 
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Modeling and Boundary Conditions 

Four kinds of ramjet projectiles analyzed in this paper are shown in Fig. 1.  type and  type of 

ramjet projectile each have a centre wimble.  type and  type of ramjet projectile get ride of 

the centre wimble based on  type and  type, respectively. There are a few differences between 

 type and  type, such as structure of inlet and exterior structure of projectile. For the  type 

projectile, cylindrical part is connected with arc part by tangent, so its head is fat in some sort. For 

the  type projectile, cylindrical part is connected with arc part by secant, so its head is a little 

thin. In addition, some small holes are dig on stern parts of  type and  type. 

  
(a)  type (b)  type 

  
(c)  type (d)  type 

Fig. 1 Structures of each kind of ramjet projectile 

Three-dimensional models were built for the aerodynamics analysis, with 6° angle of attack for 

lift coefficient analysis and no angle of attack for drag coefficient analysis. Inlet boundary and far 

field boundary use the conditions of far field of pressure. The temperature and static pressure of far 

field of pressure boundary is 288K and 101325Pa. Mach numbers of inflow are respectively 2.13, 2, 

1.6, 1.4, 1.1 and 0.9. 

Results and Discussion 

The typical character of flow field of ramjet projectile is the wave structure at base. Owing to the 

structure similarity, external flow structures of  type and  type of ramjet projectile are similar 

with  type and  type of ramjet projectile, respectively. Wave structures of these four kinds of 

ramjet projectile at M=2.13 without angle of attack are shown in Fig. 2. 

  
(a)  type (b)  type 

  
(c)  type (d)  type 

Fig. 2 Wave structures of ramjet projectiles at M=2.13 without angle of attack 
At M=2.13, due to the center pipe of ramjet projectile, jet flow structure appears at the base of  

type, Arch bridge type of shock waves form at the exit of nozzle, intersect shock waves appear at 

the base of  type. Two titled shock waves will emerge in the combustion chambers of these two 

types of ramjet projectile. Comparing to the  type, due to the thin head, titled shock wave at 

outboard of inlet of  type became weaken obviously. Internal flow field of  type and  

type is obviously different. The reason is their different inlet structures. 

Influences of Mach number on these kinds of ramjet projectile are shown in Fig. 3. For the lift 

coefficient, all kinds of ramjet projectile show the same trend that the coefficient rises with the 

increasing of Mach number. As shown in Fig. 3, lift coefficients of ramjet projectiles without centre 
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wimble are bigger than those with centre wimble. For the drag coefficient, the trends are conversely 

different with lift coefficient. And drag coefficients of ramjet projectiles without centre wimble are 

smaller than those with centre wimble. As increasing of Mach number, these gaps become obscure, 

especially between  type and  type of ramjet projectile. 
 

 
Fig. 3 Influences of Mach number on aerodynamics 

 

In this paper, definition of pressure center is relative to the head of projectile. As shown in Fig.3, 

the faster inflow is, the bigger pressure center is. Pressure centers of ramjet projectiles without holes 

at the stern part are bigger than those with holes. That means base wave structures have great 

influence on the pressure center. 

Conclusions 

Aerodynamic characteristics of ramjet projectiles were numerically analyzed. Drag coefficient 

characteristics were achieved with no angle of attack. Lift coefficient and pressure center 

characteristics were achieved with angle of attack equaling to 6 degree. Results show that lift 

coefficient and pressure center increase with the argument of Mach number. In fact, lift coefficients 

of ramjet projectiles without centre wimble are bigger than those with centre wimble. Owing to the 

great influence of wave structures at base, pressure centers of ramjet projectiles without holes at the 

stern part are bigger than those with holes. Meanwhile, drag coefficients decrease with the argument 

of Mach number. 
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Abstract: The study of parametric die-base developed on SolidWorks is presented in this paper. 

Here Visual Basic 6.0 is selected as the development tool, and the handle of a die is taken as an 

example to describe the design process with dimension driving. Users may create a series of 

standard-parts automatically by inputting different parameters through the application interface 

developed with VB.  

Introduction 

Currently, a great variety of CAD software is used in the three-dimensional design in our country’s 

mold enterprises. SolidWorks is quite widely used. 

The standard-parts of ramming molds include guide pillars, guide sleeves, mold bases, mold 

handles, throwout levers, roof bars, educing material pins, blocking material pins, discharging bolts, 

bolts, positioning pins, compression springs and so on, which are transferred repeatedly in the mold 

design process. Since there is no standard-parts base meeting China’s GB codes in SolidWorks, 

some designers have to consult GB codes frequently and revise some specific sizes repeatedly when 

they transfer standard parts of different specifications in order to renew the entire accessory model. 

This revision process is extremely tedious and requires massive duplication work, resulting in a 

long design cycle and low efficiency. Therefore, in order to enhance the application effect of 

SolidWorks in China’s mold enterprises, we must localize and specialize our re-development of 

SolidWorks to establish a new ramming mold standard-part base. 

SolidWorks re-development methods 

The model created by SolidWorks is an entirely parametric three-dimensional model, and the 

re-development of SolidWorks is based on the parametric design to the accessory model. 

The concept of parametric design. The parametric design is a highly effective design method 

which realizes the shape control of the accessory through geometric constraints. 

The parametric design process first carries on the parameterization modeling, namely 

establishing the initial geometry model of the accessory, defines the size of the controlled model 

shape structure as the variable parameter, and then actuates the parametric model by assigning 

different values to the variable parameter using the data in the parameter base to restructure the 

model. This size of the controlled accessory model shape structure is called the characteristic size. 

The parametric design process of die-base is as shown in Fig. 1. 

SolidWorks re-development methods. At present, SolidWorks re-development methods used 

by enterprises include programming method and size actuation method. 

a.Programming method 

The programming method means transcribing the entire modeling process while modeling the 
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initial accessory, revising the transcribed macrocode, changing the constants to variables, and 

finally playing the modeling process back. 

 

Fig. 1. The parametric design process of die-base 

Although the programming method principle is relatively simple, and the macro-tool can be very 

conveniently transferred, it requests designers to be familiar with C + +, VB, VC and other 

high-level programming languages, and also grasp a great deal of SolidWorks API functions. 

Because some functions may be left out when transcribing accessory models with macro-tools, the 

developer has to intentionally compile procedure codes using SolidWorks API function to make it 

up, thus result in additional difficulty in its realization. 

Moreover, the model creation process needs to be executed from beginning to end when the 

accessory model is renewed, resulting in the long design time and low efficiency. 

b. Dimension driving method 

The dimension driving method maintains the accessory model structure unchanged, assigns 

different values to the characteristic size parameters by compiling procedure codes, and then renews 

the entire model according to the new size values. 

The model recreating process in the programming method can be omitted by using the dimension 

driving method. It only needs to control the changes of the characteristic size based on the original 

accessory model and renew it. 

Therefore the compiled program codes customizable and their total quantity is limited, with a 

high speed of graph renewal and high efficiency. It is more advantageous that designers can be freed 

from numerous massive SolidWorks API functions and may even complete the re-development 

without knowledge of SolidWorks API. Dimension driving method may be the application direction 

in die-base development, and a very high potentional application value in mold and die industry. 

Developing the die-base with dimension driving method 

This paper introduces the development process of die-base with Visual Basic 6.0 as the 

development tool and the rimmed mold handle accessory as an example. 

Establishing the initial accessory model of the rimmed mold handle. Taking A30×75 

JB27646.3-1994 rimmed mold handle Type A as an example, we’ll establish an accessory model on 

SolidWorks interface, as shown in Fig.2, preserved as “rimmed mold handle Type A. sldprt”. There 

are five characteristic size controlling this accessory model, namely the mold handle diameterφ30, 
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the rimmed diameter φ75, the rimmed height 16, the hitting pole aperture 11, the total height 64 

(note: the size unit is mm). The mold handle accessory structure will change along with their 

different values. 

Editing size names. When the model of rimmed mold handle Type A is established, SolidWorks 

system can assign a default size name for the labeled sizes: D1, D2, D3, D4, D5, D6, as shown in 

Fig.2. But this kind of size naming is extremely irregular without explicit significance, and may be 

shared by many characteristic sizes. In the parametric design, there is no special request for size 

naming, but in order to avoid confusion in transferring variable parameter values when the program 

is compiled, the labeled sizes should be renamed according to its need. 

For example, double-click “sketch 1” in the characteristic manager and then click the right key 

on the size φ30 (size name is “D1”), choose “attribute” from the pop-up shortcut menu. When the 

“size attribute” dialog box appears, change the size name to “d”, and then confirm. Likewise, 

change the other specification size names to D2, h, HH, and DD respectively, as shown in Fig.3. 

             

Fig.2. Accessory model of rimmed            Fig.3. Size names of rimmed mold  

mold handle Type A                           handle Type A 

Designing the window interface for VB documents. Establish a VB project document, then 

open the menu item “project”→ “part”, and then append an outside control: Microsoft FlexGrid 

Control 6.0. 

Append an image control on the VB window, a Data control, an MSFlexGrid1 control, and two 

Command controls. The VB window's interface design is as shown in Fig.4. 

 

Fig.4. The VB program window interface design of rimmed mold handle Type A 
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Establishing the database file of variable parameters for the accessory model. Because 

rimmed mold handle Type A is a standard-part, its characteristic sizes are bundled with some serial 

of the mold standards. Here the database technology might be used, storing the characteristic size 

values in the database according to certain data structure forms to be managed by the database 

system in unification. 

This paper adopts Microsoft Access 2003 as the database management system, taking the mold 

handle diameter d, the rimmed diameter DD, the rimmed height h, the hitting pole aperture D2, the 

total height HH as the variables, and establishes the data sheet as shown in Fig.5. 

  

Fig.5. Datasheet of A              Fig.6. File “rimmed mold handle Type A. exe” 

rimmed mold handle 

Compiling VB program codes. The main VB program segments are as follows: 

Private Sub Command1_Click() 

   Set swApp = GetObject(, "SldWorks.Application") 

   Set swPart = swApp.OpenDoc(App.Path & "\ A rimmed mold handle. sldprt", 1) 

   swPart.Parameter("d@ sketch 1").SystemValue = d / 1000 

   swPart.Parameter("DD@ sketch 1").SystemValue = DD / 1000 

   swPart.Parameter("HH@ sketch 1").SystemValue = HH / 1000 

   swPart.Parameter("h@ sketch 1").SystemValue = h / 1000 

   swPart.Parameter("D2@ sketch 2").SystemValue = D2 / 1000 

   swPart.EditRebuild 

   swPart.ViewZoomtofit2 

End Sub 

Private Sub Form_Load() 

   Image1.Picture = LoadPicture(App.Path & "\ rimmed mold handle Type A. jpg ") 

   Data1.DatabaseName = App.Path & "\ rimmed mold handle Type A.mdb" 

   Data1.RecordSource = " table1" 

End Sub 

Private Sub MSFlexGrid1_SelChange() 

   MSFlexGrid1.Col = 2: d = CDbl(MSFlexGrid1.Text) 

   MSFlexGrid1.Col = 3: DD = CDbl(MSFlexGrid1.Text) 

   MSFlexGrid1.Col = 4: HH = CDbl(MSFlexGrid1.Text) 

   MSFlexGrid1.Col = 5: h = CDbl(MSFlexGrid1.Text) 

   MSFlexGrid1.Col = 6: D2 = CDbl(MSFlexGrid1.Text) 

End Sub 

Creating file “rimmed mold handle Type A.exe”. File “rimmed mold handle Type A.exe” is 

as shown in Fig.6. 

The EXE file in fact provides a man-machine conversation window which may be conveniently 
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run right in Windows. 

When the EXE file is executed, the different specification standard code numbers and the 

characteristic size values of rimmed mold handle Type A set by JB27646.3 can be shown in the 

window, and users may choose different standard-part code numbers directly and specifically to 

obtain the corresponding model of rimmed mold handle Type A. 

Expanding standard-part base of the rimmed mold handle. The rimmed mold handle falls 

into three types in JB27646.3, Type A, B, and C, types B and C with 3~4 countersunk head screw 

holes on the rimmed end face bare based on Type A. When accessories are modeled, the screw hole 

needs to be driven by five characteristic sizes. Therefore, more size variables are needed to control 

rimmed mold handles Type B and Type C, as shown in Fig.7. 

 

Fig.7. Size names of B rimmed mold handle 

Firstly increase a screw hole based on the model of rimmed mold handle Type A, and distribute 

equally it to three. Then standard-part bases for rimmed mold handles Type B or C may be 

developed with the same method as A, only increasing some sentences in the original procedures. 

The main VB program segments developing rimmed mold handle standard-part base are as 

follows: 

Private Sub Command1_Click() 

    …… 

       swPart.Parameter("hole diameter @ sketch 6").SystemValue = D4 / 1000 

       swPart.Parameter("pillar countersunk head hole diameter @ 

sketch6").SystemValue = D3 / 1000 

       swPart.Parameter("D1@ sketch3").SystemValue = D1 / 1000 

       swPart.Parameter("pillar countersunk head hole depth@ sketch6").SystemValue 

= H1 / 1000 

       swPart.Parameter("n@ array (circle)1").SystemValue = Text1.Text 

…… 

Private Sub MSFlexGrid1_SelChange() 

…… 

       MSFlexGrid1.Col = 7: D4 = CDbl(MSFlexGrid1.Text) 

       MSFlexGrid1.Col = 8: D3 = CDbl(MSFlexGrid1.Text) 

       MSFlexGrid1.Col = 9: D1 = CDbl(MSFlexGrid1.Text) 

       MSFlexGrid1.Col = 10: H1 = CDbl(MSFlexGrid1.Text) 

End Sub 
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Problems may appear in this program development. The unit controlling characteristic sizes of this 

accessory model is length unit, and therefore the parameter values corresponding to GB can be 

directly put into database files, while the parameter n showing the number of the screw holes is not 

measured by the length unit, so it should be distinguished from the other characteristic size 

parameter set. 

This paper adopts an extremely simple method. It does not list the parameter n showing the 

number of the screw hole into the database, but sets another sentence for users to choose the number 

of the screw freely.  

swPart.Parameter("n@ array (circle)1").SystemValue = Text1.Text  

Meanwhile a Label control and a Text control are appended on the VB window. Users may 

choose the number of screw flexibly according to their needs when running the program, breaking 

through the 3 or 4 number limit in GB code. 

The created file “rimmed mold handle .exe” is as shown in Fig.8. When executing the 

customized module, first choose the code number of the rimmed mold handle to be found in the 

data sheet, then manually input the screw hole number, and then click the “modeling” button; the 

corresponding rimmed mold handle accessory model can be obtained. 

 
Fig.8. File “Rimmed mold handle. exe” 

Conclusions 

The application of re-development on SolidWorks to creat die-base can thoroughly save users time 

in manually revising the size value repeatedly in the SolidWorks interface, effectively reduc 

redundant work in the mold and die design, and enhanc the design automation. 

Meanwhile, the created die-base conforms to China’s project charting standard and 

three-dimensional modeling provides a friendly man-machine communication interface, which can 

meet the needs of mold designers, and therefore is especially valuable in middle and small mold 

enterprisees.  
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Abstract: A method of the digital simulation for the sheet metal CNC incremental forming was 

proposed based on the Z-map model. The tool extrusion movements were divided into two types 

according to the principle of sheet metal CNC incremental forming, i.e. vertical movement and 

horizontal movement. The vertical and horizontal swept volumes of the tool were built to intersect 

with the Z-map model of sheet metal respectively and the simulation models were generated. The 

thickness of deformed sheet metal was predicted and the thickness distribution chart was 

generated. The case studies show that the method can be applied to NC code verification, forming 

parameters optimization and formability prediction, moreover the system runs stably and reliably 

in the whole simulation process.  

Introduction 

Sheet metal CNC incremental forming is an innovative flexible forming technology developed 

recently[1]. In this technology, the forming is realized by the extruding of tool along the outline of 

the part[2], so the toolpath and forming parameters that are used for controlling the tool 

movements have enormous effects on the forming accuracy and time[3]. The simulation 

technology is a powerful tool for the optimization of forming parameters and reasonable toolpath 

planning for CNC incremental forming. However, the researches on the simulation for CNC 

incremental forming are not fully done. There has not been special simulation software developed 

for CNC incremental forming by now. Most of researches adopts the commercial FEM(finite 

element method) software such as ANSYS, ABAQUS etc[4,5,6,7]. Since the FEM software 

cannot directly describe 3D curve, they cannot be suitable for the simulation of the tool 

movements whose path is complicated 3D curves[8]. 

CNC incremental forming technology is mainly to face the forming of sheet metal parts with 

complicated surfaces whose forming paths are complicated curves. Due to its complexity, there 

must be some errors in the NC code and forming parameters. Therefore, it is necessary to check 

the NC code, optimize the forming parameters and predict the forming results through simulation 

before the actual forming process. Thus, the research on the method of simulation for CNC 

incremental forming is very imperative.  
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Digital Simulation of CNC Incremental Forming  

The sheet metal CNC incremental forming adopts the layered manufacturing technology of the 

rapid prototyping. The sheet metal is fixed on the backing plate which can slide up and down 

freely along the guide, and a support is put under the sheet metal to hold up the sheet metal. The 

sheet metal and tool have a longitudinal feed under the control of the computer, and then the tool 

extrudes the sheet metal along the contour path. After that, the tool has a longitudinal feed and 

extrudes the sheet metal along the next contour repeatedly.  

In the developed simulation system, support, sheet metal and tool are represented by using 

STL, Z-map and spherical equation respectively so as to calculate the deformation of the sheet 

metal expediently. Z-map is a lattice vector model that represents surface with the height values 

at grid points on the XY plane. The Z-map model can be represented as ( ),
i i i

Z x y
��

, where ( ),
i i

x y  

represent the positions of grid points on the XY plane. 
i

Z
��

are the vectors along z axis at grid 

points. 
i

Z
��

 are the height values along z axis at the grid points, i.e. Z-map values, where 

0,1, 2,i n= � . The simulation for the forming process is divided into two parts: one is the 

simulation for the downward moving process of sheet metal under the control of clamping plate 

and backing plate; the other is the simulation for the forming process of the sheet metal by the 

extruding of the tool. 

Simulation on the Downward Moving Process of Sheet Metal. In the process of sheet 

metal CNC incremental forming, the sheet metal moves down a longitudinal feed depth under 

the drag of clamping plate, which coincides with the downwards movement of the tool. 

Simulation of the process is realized by the intersection between the Z-map model of sheet 

metal and the STL model of support. The upper surface of the sheet metal is used in the 

intersection calculation. The detailed process is as follows:  Extracting the upper surface of 

the support. The extracting algorithm is first to find the signs of the z coordinate of the normal 

vectors of the triangular facets, then extract the facets whose z coordinate of the normal vectors 

are not negative. Building the model of sheet moved down. The model of sheet moved down 

can be built by modifying the values 
i

Z
��

 at grid points of the Z-map model of sheet metal.  

Intersecting between sheet metal and support. In order to construct the model of the upper 

surface of the sheet metal after moving down, the intersection between sheet metal and the 

upper surface of support should be done. Then the Z-map values of sheet metal are updated to 

the sum of z values of intersection points and the thickness of sheet metal. 

Simulation on the Extruding Process of Tool. This paper adopted the concept of tool swept 

volume which is used in the CNC milling simulation. The real-time simulation for the 

incremental forming process is carried out by updating the deformed shape through calculating 

the intersection between the tool swept volume and Z-map model of sheet metal. The structure 

of tool swept volume is related to the tool type and the toolpath. As mentioned above, the 

movements of the tool have two types: longitudinal feed along the vertical direction and lateral 

feed along the contours. Therefore, the tool swept volume referred in this paper can be divided 

into longitudinal feed swept volume and lateral feed swept volume according to the styles of 

toolpath, as shown in Fig. 1(a), where 
0 1v v  indicates the toolpath. According to the feed styles 

of tool, there are two cases about the intersection between the Z-map model of sheet metal and 

the tool swept volume: When the tool extrudes the sheet metal along the contour on a layer, if 

the grid points 
iZ  are in the XY plane projection area of the tool swept volume, they must be the 

points extruded by tool. Computing the intersection between 
iZ  and the tool swept volume, and 

comparing the z values of intersection points with the z values of grid points. If the z values of 
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intersection points are less than that of grid points, this means the sheet metal is extruded by the 

tool, and then z values of ( ),i i iZ x y
���

 are updated to the z values of intersection points. As shown 

in Fig. 1(b), the projection area of the tool swept volume on XY plane is divided into A, B and C 

three portions. Where, v0 0 0 0( , , )x y z and v1 ( )1 1 0, ,x y z  are two adjacent points of the contour on a 

layer, r is the radius of the ball-end tool, 
ip′ 0( , , )i ix y z′ ′ is the projection of 

iZ  on the line 
0 1v v , d 

is the distance from 
iZ  to the line 

0 1v v . If 
0iZ v r≤  and 

ip′  isn’t on the line segment 
0 1v v , 

then 
iZ  is in the area A, and the intersection between the vectors 

iZ
���

 and the tool swept volume 

can be calculated by using Eq. 1.  When the tool moves down from one layer to the next layer, 

as shown in Fig. 1(a), the effective tool swept volume is its ball-end. Ascertaining whether 
iZ  is 

in the projection area of the effective tool swept volume by judging if they satisfy the 

condition
1i

Z v r≤ . For the grid points in the projection area, Eq. 2 is used for computing the 

intersecting points and the z values of 
iZ  are updated using the method mentioned above. 

( ) ( ) ( )2 2 2 2

0 0 0

0

x x y y z z r

z z

− + − + − =

≤





 (1) 

( ) ( ) ( )2 2 2 2

1 1 1

1

x x y y z z r

z z

− + − + − =

≤





 (2) 
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d

ip ′ 1v

r

CB
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0v

r
1v

i
Z

 

(a)                                (b) 

Fig. 1 (a) Tool swept volume (b) The projection of tool swept volume  

Deformed Sheet Metal Thickness Prediction and Its Distribution Chart Visualization. The 

deformed sheet metal thickness is predicted according to the sine’s law of thickness change in 

CNC incremental forming[9]. The sine’s law can be described as 
0 sint t θ= , where t is the 

deformed sheet metal thickness, t0 is the initial sheet metal thickness, θ indicates the angle 

between the forming plate and vertical direction. In order to observe the change of sheet metal 

thickness, thickness change of sheet metal is needed to be represented by using different colors. 

Therefore, the Z-map model was converted into STL model and was visualized by OpenGL.  

Case Studies 

The simulation platform was established using VC++ and OpenGL graphics library on the 

Windows XP. The user interface of the simulation software, the sheet metal, support, tool and 

the inputted NC code are shown in Fig. 2, in which the initial thickness of sheet metal is 2 mm, 

the radius of ball-end tool is 5 mm, the longitudinal feed depth is 0.4 mm. The simulation of the 

sheet metal CNC incremental forming process is shown in Fig. 3(a). The distribution of sheet 

metal thickness and the value of sheet metal thickness acquired from simulation are shown in 

Fig. 3(b). 
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Fig. 2 Simulation software system 

  
Fig. 3 (a)Simulation process (b)Sheet metal thickness chart 

Conclusions 

The method of simulation for the CNC incremental forming was studied based on the Z-map 

model, and the related software system was developed. The system can realize the real-time 

simulation on CNC incremental forming according to the NC code inputted and runs stably and 

reliably, which can be used not only to verify the forming NC code and optimize the forming 

parameters, but also to predict the thickness of formed parts and then estimating the formability, 

thus can save the cost and time than the actual trial forming. 
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Abstract. A new efficient interpolation algorithm for multi-axis linear linkage is proposed in this 

paper, which uses the principle of DDA algorithm, its function be extended and improved. the left 

normalized data is used in this algorithm, the maximum amount of movement is used as the basis for 

the calculation of speed, the efficiency of the interpolation is improved and the uniformity of speed is 

ensured. At last machining result are presented, which shows that this algorithm is powerful to 

machine spherical surfaces and planes. 

Introduction 

The interpolation principle is a very important component of CNC technology, there are a variety of 

interpolation methods, such as data sampling interpolation method, point by point comparison, the 

digital integration method (e.g. DDA interpolation) and other interpolation methods, each 

interpolation method has its advantages and disadvantages. 

DDA interpolation method is characterized by its function can be expanded easily, is very 

convenient to achieve the second curve and multi-axis linear interpolation[1], so the DDA 

interpolation get  widely applied in CNC contouring control , but the drawback is that the feed rate 

fluctuations, the error is large also. A new efficient interpolation algorithm for  multi-axis linear 

linkage is proposed in this paper, which uses the principle of DDA algorithm, its function be extended 

and improved,  so the uniformity of machine speed can be ensured and the efficiency of interpolation, 

the machining accuracy of work piece increased. 

Efficient DDA interpolation algorithm for spatial line 

Mathematical model. Without loss of generality, set the intersecting line L of any two space planes, 

as shown in Fig. 1. 

Set the equation of plane П1 is: 

A1 x +B1y + C1z = 0                                                                                                        

Set the equation of plane П2 is: 

A2 x +B2y + C2z = 0                                                                                                                                                

Therefore, the general form equation of line L is:                                                                        

A1 x +B1y + C1z = 0                                                                                                               

   A2 x +B2y + C2z = 0       

 

(1) 

(2) 

(3) 
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If  the starting point of spatial line doesn’t coincide with the origin of coordinate system, we can 

translate the xyz axes[2], so that the spatial line become a line through the origin in the new 

coordinate system X'Y'Z', as shown in Fig. 2, this form of spatial line is called the desired standard 

form. 

Fig. 1 Description of the spatial line       Fig. 2 The standard form of spatial line 

Interpolation algorithm for spatial line in standard form. We have gotten the standard form of 

spatial line which discussed above, suppose that we want to make pulse distribution along a line in the 

X'Y'Z' coordinate system, the starting point of the line is the coordinate origin O, end point is E (xe, ye, 

ze),  as shown in Fig. 3.  

 

 

 

 

 

 

 

Fig. 3 The interpolation process of spatial line 

Assume that vx, vy and vz represent the speed of dynamic point N in X, Y and Z direction 

respectively, therefore the small increment of moving distance ∆x, ∆y, ∆z in the X, Y and Z direction 

should be: 

∆x = vx ∆t 

∆y = vy ∆t                                                                                                                               

∆z = vz ∆t 

 

                                                                                                                                         

                                                                                                                                                        

Where, K is proportional coefficient, in the time ∆t, Parametric equation of displacement 

increment in x、y and z direction is : 

∆x = kxe ∆t 

∆y = kye ∆t                                                                                                                               

∆z = kze ∆t 

The process of the dynamic point N moving from the origin to the end point E can be considered  as 

the cumulative results of each coordinate with increment of kxe, kye and kze every ∆t time interval, 

after summing up m times, x, y, z reach the terminal E (xe, ye, ze) respectively, the following equations 

established: 
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Therefore mk = 1, Eq. 7 shows that the proportion coefficient k and the time of accumulation m is 

a reciprocal relationship. Because m must be an integer, so k must be a decimal. The main 

consideration in selecting k is that increments ∆x or ∆y, ∆z is less than 1, in order to ensure that  the 

feed pulse distributed to each axis every time does not exceed one unit step, e.g. 

 

 

 

 

 

 

Where, the maximum allowable value of xe, ye and ze are limited by bits of controller and bytes in 

which coordinate values are stored. In general, if we suppose the register is n-bits, the maximum 

allowable value of xe, ye and ze shall be 2
n
-1 (bits are all 1), if we take: 

 

This will meet the requirements of Eq. 8, so that, not only the coefficient K can be determined , but 

also the requirement of ∆x, ∆y and ∆z is less than 1 can be ensured. Therefore, the time of 

accumulation m which the tool from the origin to the end point will be: 

 

 

 

     The key components of DDA interpolator are accumulator and integrated function register. An 

accumulator and a integrated function register are required in each coordinate direction. In general, 

before the start of interpolation, the accumulator is cleared, xe, ye, ze are stored in the registers 

respectively; after the start of interpolation, the contents stored in the integrated function registers will 

be added once in the corresponding accumulator with the arrival of each pulse ∆t, the overflow after 

adding be regarded as feed pulse ∆x (or ∆y, ∆z) that driving the corresponding axis, while the 

remainder are still stored in the accumulator; when the cumulative number of pulses m sent by  the 

pulse source is just equal to the integrated function register’s capacity of 2
n
, the overflow pulses is 

equal to the end coordinate value measured by pulse equivalent (the smallest unit ),the tool run to the 

end point. 

Discussions 

During the process of DDA linear interpolation, the time interval of each program segment is fixed , 

This is because the accumulate operations(m=2
n
 ) must be finished, regardless of the length of 

Processing travel, so when the stroke is long , the tool run quickly, when the stroke is short ,the tool 

run slowly, the feed rate of each program segment is inconsistent, this will affect the quality of 

machining surface, the productivity of program segment which has short stroke is very low especially, 

in order to overcome this drawback, make the overflow pulse uniform, improve the overflow rate, the 

following two measures are taken in the efficient DDA interpolation algorithm. 

Left normalized data. When the value of the integrated function is small, the there are i zeroes  

before the decimal point , these zeroes should be removed from the integrated function register, this is 

the process of left normalized data stored in the register. 

The definition of normalized data: the MSB(Most Significant Bit) of number stored in register is 1; 

The definition of non-normalized data: the MSB of number stored in register is 0. 

When the value of the integrated function along  X, Y or Z axis is small, shift these data left, when 

one of the coordinate values becoming normalized data, stop shifting left, when one bit of  the  data be 

shifted left, the value of the data will be doubled,  p-bits be shifted left, the value will be 2
 p

 times. 

Because ∆x=kxe, k=1/2
n
, when p-bits have been shifted left, ∆x = k xe2

p
 =xe /2
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the time of accumulation m=2
n-p

, the integrated function be shift left p-bits, the time of accumulation 

be reduced p times[3]. In order to ensure the integrated function which has been shifted left can reach 

the end point, the counter determining the end should be shift right at the same time. After the process 

of left normalized data, not only the overflow rate has been improved , but also the overflow pulse has 

become more uniform. 

The maximum amount of movement is used as the basis for calculation of speed. During the 

process of conventional DDA interpolation, the synthesis feed rate fluctuations often, even if the data 

is normalized left, the speed fluctuations still exist. This is mainly due to there are some NULL 

operations during the process of interpolation operation, that is, in some interpolation cycle, the 

accumulator does not overflow, there is no feed axis, there is big variation in axis’s speed, the 

efficiency of interpolation is low. 

During the process of efficient DDA interpolation, the maximum amount of movement is used as 

the basis for calculation of speed, in each interpolation cycle, the axis having the maximum amount of 

movement has a pulse output, there is no phenomenon of NULL operations, so the interpolation 

efficiency is improved, the uniformity of speed is ensured. 

If three are three movement axes, the amount of movement were ∆x, ∆y, ∆z respectively. Write  

M = max (∆x, ∆y, ∆z), M = M +1. The accumulators were assigned initial value of u = ∆x, v = ∆y,  

w=∆z  respectively. 

    The contents stored in the integrated function registers will be added once in the corresponding 

accumulator with the arrival of each pulse ∆t, then compared these values with M, if they are greater 

than or equal to M, the corresponding shaft output a pulse, while minus M from the data stored in the 

accumulator, to prepare for the next operation. At the same time, the interpolation pulse count minus 

1, while the interpolation is not completed, this process is repeated until the interpolation complete. 

When the interpolation pulse count is reduced to 0, the interpolation complete. 

If  there is a line OE, it’s starting point is the origin O (0,0,0), end point is E (4,3,4)., Assuming the 

number of bits for the accumulator and registers is 3, the maximum storage value is 7 (J ≥ 8 overflow). 

If using the conventional DDA linear interpolation, it will requires 8 cycles, of which three cycles is 

NULL operations, there is no pulse output, interpolation calculation process is shown in Table 1, JE 

represents the counter determining the end, JVX, JVY, JVZ represents the integrated function register of 

x, y, z direction respectively, JRX, JRY, JRZ represents the accumulator of the x, y, z directions 

respectively. 

While using the high efficient DDA linear interpolation algorithm, it requires only four cycles and 

each cycle has pulse output, so that a smooth tool movement can be obtained. Interpolation 

calculation process is shown in Table 2. 

 

Table 1 Conventional DDA linear interpolation 

calculation process 
 

X Integrator Y Integrator Z Integrator JE 

JVX JRX ∆X JVY JRY ∆Y JVZ JRZ ∆Z  

4 0  3 0   0  8 

4 0+4  3 0+3  4 0+4  7 

4 4+4 1 3 3+3  4 4+4 1 6 

4 0+4  3 6+3 1 4 0+4  5 

4 4+4 1 3 1+3  4 4+4 1 4 

4 0+4  3 4+3  4 0+4  3 

4 4+4 1 3 7+3 1 4 4+4 1 2 

4 0+4  3 2+3  4 0+4  1 

4 4+4 1 3 5+3 1 4 4+4 1 0 

Table 2 Efficient DDA linear interpolation 

calculation process （M=5） 

 

 

 

  

X Integrator Y Integrator Z Integrator JE 

JVX JRX ∆X JVY JRY ∆Y JVZ JRZ ∆Z  

4 4  3 3  4 4  11 

4 4+4 1 3 3+3 1 4 4+4 1 8 

4 3+4 1 3 1+3  4 3+4 1 6 

4 2+4 1 3 4+3 1 4 2+4 1 3 

4 1+4 1 3 2+3 1 4 1+4 1 0 

When using high efficient DDA interpolation method, before the interpolation operations, firstly 

determining  the movement direction of each axis according to the tool’s current position and the end 

position of interpolation,  then the result is delivered  to the motor driver of the corresponding shaft ; 
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secondly comparing the distance of each axis interpolation with the pulse equivalent, make a 

conversion, that is to say converting the distance to the corresponding number of pulses, then all 

movement axes’ numbers of pulse involved in interpolation are added, their sum is regarded as an 

input parameters of the interpolation calculation (initial value of JE). By comparing table 1 and 

table 2,  we can see that using efficient DDA interpolation not only the interpolation speed is 

improved , but also the machine run smoothly,  at the same time the interpolation accuracy is 

improved. 

Features of the hardware for realization of efficient DDA interpolation algorithm 

Dual-CPU system has been used in the hardware system[4,5],the main CPU (MB90F346RSA) 

calculate the pulse period and the maximum amount of movement M, then The amount of movement 

of each axis and the value of M are transmitted from the main CPU to the Subordinate CPU 

(STC12C5404).The main CPU output fixed pulses which doesn’t take up the resources of the main 

CPU, the Subordinate CPU make the interpolation calculation in each pulse cycle. 

Conclusion 

The algorithm above has been realized by C programming language, we machining planes and 

spherical surfaces in vertical lift axis CNC milling machine( KRN XK5025), achieved good results. 

Machining results show that the efficient DDA algorithm for multi-axis linear linkages proposed in 

this paper is very effective, it has high efficiency of interpolation , smooth running during the process 

of machining, high precision of machining work piece, it is a interpolation algorithm that suitable for 

implementation in the NC system.  
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Abstract. Based on viscoplastic Anand’s model, the structural stress of 8×8 InSb infrared focal plane 

array (IRFPA) detector is systemically analyzed by finite element method, and the impacts of design 

parameters including indium bump diameters, heights and InSb chip thicknesses on both Von Mises 

stress and its distribution are discussed in this manuscript. Simulation results show that the maximum 

stress existing in InSb chip reaches minimum with indium bump diameter 32µm. Under this condition, 

for the fixed indium height, as the InSb chip thickness reduces from 21µm to 9µm in step of 3µm, 

Von Mises stress maximum values of InSb chip seems increases gradually, and when the indium 

bump height reduces from 21µm to 9µm in step of 3µm, its maximum Von Mises stress increase at 

random increment, do not show certain rules, and indium bump height seems to have a comparable 

effect on stress value with InSb chip thickness. When indium diameter, height and InSb chip 

thickness are set to 32µm, 15µm, and 12µm, respectively, the maximal Von Mises value existing in 

InSb chip reaches minimal value 628MPa, simultaneously the stress distribution at the contacts areas 

is uniform and concentrated, and this structure is promising to avoid device invalidation.  

Introduction 

Indium antimonide (InSb) pn junctions are widely used as infrared photovoltaic detectors and 

imaging sensors for the 3-5µm spectral range [1,2]. To increase sensitivity and spatial resolution, 

photovoltaic diodes are usually placed in rectangular array or square array, then via indium bumps, 

assembled to a silicon readout integrated circuits (ROIC), after that underfill is dispensed between 

InSb die and Si ROIC substrate for increasing the reliability of flip-chip packaging. To obtain the 

lowest level of electronic noise possible to approach the photon noise limit, it is necessary to 

cryogenically cool the infrared focal plane array (IRFPA) to liquid nitrogen temperature (77K).  

Therefore, fracture in InSb chip usually occurs with the rapid temperature dropping process, due to 

the mismatch in the coefficients of thermal expansion between the silicon multiplexer and the InSb 

detector array, which will cause shearing mechanical strain on the bumps as the array is cooled to 

cryogenic temperatures. In order to reduce the InSb chip fracture possibility and improve the 

producibility, it is necessary to analyze the induced thermal strain and stress values and its distribution 

in InSb chip. At present time, the thermo-mechanical reliability of flip-chip assemblies is usually 

assessed by finite element simulations in conjunction with experimental verification, that is, basing 

on the strain and stress analysis, the structure reliability is assessed [3,4]. 

In 2009, Rui Wu Chang research group delivers the constitutive relations of indium in 

extreme-temperature in Anand’s model [5], a rate and temperature dependent constitutive model, 

applied to represent the inelastic deformation behavior of indium at low temperatures down to    

-150℃. Based on the above research results, the structural stress of 8×8 InSb array detector with 

underfill dependent on both indium bump sizes and InSb thickness is systemically researched by finite 

element method, all these for finding the optimal structural sizes to avoid thermal stress concentration 

in InSb chip. 
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Model Creation and Parameters Selection 

When creating the finite element analysis model of InSb IRFPA detector, indium bumps are assumed 

to be octagonal prisms, and no defects existing in the whole device. InSb IRPFA is composed of InSb 

photodiode arrays, indium bumps array, Si ROIC and underfill encapsulant materials, just as shown in 

Fig. 1. InSb chip dimensions are 400µm×400µm×(9~21)µm, and attached to Si ROIC substrate with 

8×8 indium bumps array, Si ROIC substrate dimensions are 500µm×500µm×300µm, indium bumps 

diameter has fixed at 32µm with 50µm pitch, and its height increases from 9µm to 21µm in step of 

3µm. When the diameter of indium bump height is set at 32µm, the maximal Von Mises value 

existing in InSb chip reaches minimal values and its stress distribution is uniform at contacting areas 

between InSb chip and indium bump [6]. Here underfill encapsulant is dispensed between InSb die 

and Si ROIC substrate for increasing the reliability of flip-chip packaging. In order to describe the 

mesa structure locating between neighboring detectors elements, a triangular prisms, whose cross 

section area sides length are 2.83µm, 2.83µm and 4µm, respectively, are employed. Just as shown in 

Fig.1. Using the geometrical symmetry, only one eighth of the overall package is modeled. One eighth 

models contain 6 full and 4 half indium bumps.  

InSb IFFPA finite element analysis model is created by top down method, that is, model is made up 

of block volume, then Booleans operation is used to divide the block, after than the glue command 

realizes the contacts between any neighboring components.  

 

 

Fig. 1. Three dimensional model of infrared 

focal plane array device. 

 

Fig. 2. Von Mises stress distribution of 3-D 

indium bumps. 

Table 1 Liner elastic material parameters 

Materials 
Elastic modulus 

[E/Mpa] 

Poison’s 

ratio [µ] 

CTE 

[α1 ppm/K] 

Si ROIC 

InSb chip 

Indium bump 

underfill 

163000 

409000 

10600 

9000 

0.28 

0.35 

0.45 

0.3 

2.50 

5.04 

33.00 

26.00 
 

InSb chip, Si ROIC substrate and underfill are all considered to be linear elastic materials. All the 

employed parameters listed in table 1, E is the Young’s modulus, µ is the Poisson’s ratio, and CTE is 

the coefficient of thermal expansion (CTE). Flip chip process is completed at 370K, at this 

temperature, no residual stress is assumed to exist within the package. In the simulation, the 

temperature is gradually reduced from 370K to 77K, which causes thermal stresses to develop. 

Throughout the temperature drop, no transient heat transfer is considered and the temperature within 

the model is assumed to be uniform. About 71 seconds increments are taken to lower the temperature 

to ensure the accuracy. Horizontal displacements normal to the symmetrical surfaces are set to zero, at 

the same time, the displacement of Si ROIC substrate bottom surface center point remains zero. 
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Indium bump deformation is strongly temperature and time dependent, and associated with the 

irreversible, temperature and rate dependent inelastic characteristics, which are known to be 

viscoplastic [7-9]. Here Anand’s viscoplastic constitutive model has been used to describe mechanics 

of constitutive relationship of indium bump [10, 11].  

Simulation Results Analysis 

When temperature of InSb IRFPA is gradually reduced from 370K to 77K in 71 seconds, Von Mises 

stress distribution of indium bumps is illustrated in Fig. 2. The maximal Von Mises stress difference 

(1.6MPa) among indium arrays is so small that the Von Mises stress distribution is assumed to be 

uniform. The maximal Von Mises stress locating on the indium bump bottom surface locating at the 

second row and eighth column intersection, which neighbors on the indium bump with the longest 

distance to neutral point on the chip, so has almost the largest induced thermal stress. 
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Fig. 3. Von Mises stress maximum values of InSb chip as a function of InSb thickness with varied 

indium bump standoff height. 

In order to learn the effects from both indium bump height and InSb chip thickness on Von Mises 

stress value and its distribution in InSb chip, here the height of indium bump reduces from 21µm to 

9µm in step of 3µm, and InSb chip thickness also decreases from 21µm to 9µm in step of 3µm. For 

any structure, model meshing, constraints, loading are identical for comparison of simulation results, 

just as shown in Fig. 3. For a fixed indium height, as the InSb chip thickness reduces from 21µm to 

9µm, Von Mises stress maximum values of InSb chip seems increases gradually for indium bump 

height with 21µm, 15µm and 9µm, yet for indium bump height with 12µm, when the  InSb chip 

thickness reduces from 12µm to 9µm, the Von Mises stress increases sharply, besides, the stress 

seems to have nothing to do with InSb chip thickness, and fluctuates at 800MPa, for indium bump 

height with 18µm, when the InSb chip thickness reduces from 21µm to 18µm, the Von Mises stress 

also increases sharply, besides, the stress also seems to have nothing to do with InSb chip thickness, 

and also fluctuates at 800MPa. When the indium bump height reduces from 21µm to 9µm in step of 

3µm, the maximum Von Mises stress values increase at random increment, do not show certain rules, 

and indium bump height seems to have a comparable effect on maximal stress value with InSb chip 

thickness. To take account of the absorption coefficient for InSb material in middle wavelength 

infrared changes between 2×10
3
 cm

–1 
and 3×10

3
 cm

–1
, thus the corresponding light penetration depth 

is about 5µm and 3.3µm [12], according to absorption rule, once light transmits in the media for three 

penetration depths, it will be completely absorbed, so in this paper, we focus on InSb chip thickness 

from 9µm to 15µm. Apparently when indium diameter, height and InSb chip thickness are set to 

32µm, 15µm, and 12 µm, respectively, the maximal Von Mises value existing in InSb chip reaches 

minimal value 628MPa. And now Von Mises stress distribution of InSb chip, underfill and Si ROIC 

are shown in Fig. 4 to Fig. 6, respectively.  
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Apparently, Von Mises stress existing on contact areas between InSb chip and indium bumps is 

concentrated and uniform, its stress value is about 300MPa, larger than that of its surrounding areas. 

The maximal stress value about 610MPa situates at the edge far away from neutral point, where the 

InSb chip is confined by its surrounding underfill encapsulant and does not shrink freely. The minimal 

stress value about 23MPa locates on the trough intersection zones. There is an obvious stress gradient 

from contact section center to non-contact region.  

 

 

Fig. 4. Von Mises stress distribution of InSb chip bottom surface. 

 

Fig. 5. Von Mises stress distribution of underfill. 

 

Fig. 6. Von Mises stress distribution of Si-CMOS readout integrated circuit. 

Underfill encapsulant is usually dispensed in the gap between InSb chip and Si ROIC to provide 

mechanical reinforcement and reduce thermal stresses on indium bumps, all these for avoiding fatigue 

and crack growth during temperature cycles. When the temperature of 8×8 InSb IRFPA drops from 

370K to 77K, Von Mises stress distribution in underfill is shown in Fig. 5. On the whole region under 

InSb chip, the stress distribution is uniform, and its stress value is about 120MPa, but around indium 

bump octahedral shell, the stress is apparently enlarged with maximal value 165MPa, and its 

minimum appears on the intersect region of convex triangular prisms, which is made of underfill 

locating in the troughs etching in InSb chip for isolating the neighboring detector cells.  At the four 

corners of underfill top surface, Von Mises stress is small and no more than 20MPa, here the underfill 

can shrink freely, as for the four corners of underfill bottom surface, Von Mises stress is 
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correspondingly enlarged for underfill is glued with Si ROIC and do not shrink freely. On the whole, 

the stress on underfill bottom surface is larger than that on its top surface, which comes from the 

larger thermal mismatch existing between underfill and Si ROIC. Compared with indium bump array, 

apparently the underfill bears most thermal strain, for its stress is almost tenfold as large as stress in 

indium bump array. 

Von Mises stress distribution in Si ROIC is almost concentrated strongly on the contacting areas 

between indium bumps and Si ROIC, around the contacting areas, the Von Mises is so small that it is 

ignorable, besides, on the quadrilateral borders of Si ROIC top surface, there are several 

non-continuous spots where Von Mises stress are the largest, especially near the corner of Si ROIC 

top surface, just as shown in Fig. 6. This is distinctly different from the stress distribution in the 

structure without underfill, where the stress distribution on the quadrilateral borders of Si ROIC top 

surface is ignorable [13]. 

Conclusion 

Crack appearing in the InSb chip limited the InSb IRFPA final yield. Basing on finite element analysis, 

impacts on Von Mises stress and its distribution in the InSb IRFPA from the structure parameters, 

including indium bump diameters, heights and InSb chip thicknesses, are completely discussed in this 

manuscript. Simulation results show that as the indium diameter, standoff height and InSb thickness 

are set to 32µm, 15µm and 12µm, respectively, the maximal Von Mises value existing in InSb chip 

reaches minimal values 628MPa, and its stress distribution is uniform at all the contacting areas.  

These are favorable to reduce the crack happening in InSb chip, and improve the yield rate. 
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Abstract: According to the surface integration of laser technology and computer-aided design and 

computer-aided manufacturing technology (CAD & CAM), a method that is rebuilt surface of 

three-dimensional facial reconstruction has been explored. A laser scanning system is used to collect 

the 3D discrete point data of the facial model, which will be cut up by their characteristics and 

curvature in order to make a 3D face reconstruction. The maximum reconstructive error is 

0.2174mm. Application results indicate that the proposed method is quite satisfactory for facial 

reconstructive surgery, rehabilitation design and plastic surgery. 

Introduction 

With the scientific and technological development, more and more advanced manufacturing 

technology participate in the medical technology field, such as reverse engineering, rapid prototyping 

technology and laser digitizing technology. Laser digitizing technology brings a particularly wide 

range of applications, which can provide modeling support for the medical industry. At present, 3D 

surface reconstruction of the face for many researchers has become the challenging subject [1]. The 

model can be used to simulate oral and maxillofacial surgery plastic surgery. Using rapid prototyping 

technology to create the complex surface models of human face, the communication between doctors 

and physicians, or doctors and patients, can not only be finished by the computer virtual technology, 

but also the 3D simulated surgery. 

In this paper, based on the research of 3D Data acquisition method, a feasibility plan has been 

proposed that the point cloud is divided according to the characteristics of facial features and 

curvature. This method is fully different from the traditional way constructing patches from mesh 

lines and blending [2]. After analyzing the error between the original data and the reconstruction 

model, the results show that the method proposed in this paper can meet the clinical medicine 

requirements of Oral and Maxillofacial Surgery, facial plastic surgery on the precision and error. 

Data Acquisition 

System Composition and Working Principle. The 3D surface reconstruction system mainly 

consists of two parts: A, data acquisition section. JS654N-type coordinate measuring instrument, with 

the Japanese origin of pairs of CCD, the U.S. imported laser generator, measurement accuracy is 

0.02mm, working distance is 150mm, resolution is 768 × 576PAL, and scanning speed is 1500 points 

/ sec. B, the data processing section. Computer ASUS (Intel Duo T6400, Memory 2G, Hard disk 

320G), Windows XP OS, reverse engineering software (installing Scan Manager and Imagerware 

V12.0).  
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Fig. 1 shows the use of triangulation to obtain the basic principles of three-dimensional 

coordinates  [3, 4]. The light issued by the laser passes through the amplitude grating components 

paralleling like the equidistant straight lines or interferometer, and forms a linear interference fringes 

projected onto the object. Because the changes of surface curvature or depth bring stripe 

deformation, the use of CCD (Charge Coupled device image sensor) camera could get the picture of 

this deformed fringe images. The data, such as measured point distance or location coordinates, can 

be obtained by the triangular geometric relations according to the laser beam’s angle and imaging 

position in the CCD.  

 

Fig. 1 Principle of 3D coordinate measurement 

The figure above, the origin of measurement coordinate system is the center point of CCD camera 

lens, (x, y, z) is an arbitrary point on the surface, (u, v) is imaging point of (x, y, z) in the CCD camera, f 

is the camera focal length, b is the distance between laser projection center (light source) and the 

camera center, θ is the angle between the X-axis and a straight line which is formed by the measured 

point and the light source center. b, f, θ are the system parameters which are obtained through the 

calibration, u and v are the coordinate figures of image points on the sensitive surface of the CCD 

camera. 

In the X-0-Z plane: 

f z

u x
= , cot

b x

z
θ

+
=                                                        (1) 

In the Y-0-Z plane: 

f z
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x u
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=                                                             (2) 

Therefore, 3D coordinates (x, y, z) of the measured points can be obtained: 
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b
x y z u v f

f uθ
=

−
                                                 (3) 

Facial Three-Dimensional Data Acquisition. Because the existing laser scanning range is 

limited, a facial surface model by 1:3 scaled down becomes the object of data acquisition in this 

paper. The scan parameters, the scan range and accuracy of the images acquisition can be set up 

according to clinical needs. Being selected the front of the face model as the main scanning direction, 

the mainly scan range is between the two ears and between chin and forehead. The scanning result is 

shown in Fig. 2 which is formed by 49954 points, and the file format is " *.asc ". The process of 3D 

surface reconstruction is shown in Fig. 3. 
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Fig. 2 Point cloud of        Fig. 3 Process of 3D surface        Fig. 4 Result of curvature 

facial 3D coordinate             reconstruction                 analysis of point cloud 

Facial Surface Reconstruction and Error Analysis 

In this paper, reverse engineering software Imageware is used to carry out data processing and 

analysis. Throughout the measurement process, there are some random factors in addition to the 

accuracy of machine itself, such as some miscellaneous points. Therefore, before restoring into the 

CAD 3D model, it’s necessary to process the point cloud, such as cutting, filtering, simplification, 

sorting and noise reduction. After processing, the curvature analysis of point cloud is shown in 

Fig.4, the left shows curvature changes and the right is original points which are shown as the 

polygonize cloud. 

 

Fig. 5 Divided curves of facial point cloud according to characteristics of facial features  

On account of the facial surface being a symmetrical model, only half of the point cloud need to 

process on the process of cutting and 3D reconstruction, and the whole 3D model can be 

reconstructed with the image method. According to the curvature difference, point cloud is 

classified into one group whose curvature changes smoothly, such as the head, forehead, cheeks and 

chin. In this way, it will be a great increase of accuracy, because the eyes, nose and mouth have 
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