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1. Introduction

The connections between different segments of the

fuselage, fuselage frame and the skin, accessory parts

and fuselage are achieved by bolting or riveting. A

large number of joint holes have to be manufactured,

which is a critical and massive process in aircraft

assembly[1]. In traditional aircraft assembly, drilling

holes are mainly realized by manual processing, which

needs long hours attributed to the various steps and

huge quantity. It is also easy to cause defects and

demands high artificial technical skills of workers[2-5].

Flexible track drilling machine is one of the mainly
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ABSTRACT

Flexible track drilling machines are credited with important applications in the area of aircraft manufacturing

because of their portability, quick installation capabilities, and high efficiency. However, their structures are

special and the constitution principles and motion characteristics are difficult to control, increasing the

development costs and research cycle in the context of the technology blockade of foreign companies. The

simulation analysis of flexible track drilling machines can be conducted by applying virtual prototypes,

shortening the development cycle and reducing the cost. In this paper, a model of a machine is established

by using the SolidWorks software and imported into ADAMS to conduct kinematic and dynamic simulation

analysis. During the analysis, the feasibility of the configuration is checked, a reasonable driving motion is

chosen, potential deficiencies are found, and improvement actions are raised.

Keywords : 플렉시블 드릴링머신 가상 프로토타입 아담Flexible Drilling Machine( ), Virtual Prototype( ), ADAMS(

스 시뮬레이션), Simulation( )

- 1 -



Zhong-gang Zhu, Qi Zhang, Jian-Hua Lv, Zhen Qin, and Sung-Ki Lyu 한국기계가공학회지 제 권 제 호: 17 , 5

����������������������������������������������������������������������������������������������������������

used portable automation equipment for aircraft

assembly. Compared with the five-axis drilling machine,

flexible drilling machine has the advantages of light

weight, low cost, high automation and so on. So it has

been widely used in large aircraft manufacturing

companies, such as Boeing and Airbus[6-8]. The

traditional design method contains stages of drawing

design, physical prototype, testing, and then

improvement, which requires a great deal of working

time and money. With the development of CAD

technique, virtual prototype technology has been valued

in the design of equipment and products, especially in

the absence of long-term accumulation of technology. It

can help designers evaluate the feasibility of design

plan without adding too much cost.

In this paper, with the help of virtual prototype

technology and simulation software, the kinematic and

dynamic characteristics of the flexible drilling

equipment were achieved, and then the work of

evaluation and modification was carried out to get a

reasonable design scheme, providing a reference for

the development and application of flexible drilling

equipment.

2. Working Principle and 3D Model of

Flexible Track Drilling Equipment

The flexible drilling machine was attached to the

surface of the fuselage with the help of vacuum

chucks. The X-axis motion (parallel to the workpiece

surface along the guide rail) was achieved by a

mobile car mounted on the rail. The car was

mounted on the flexible guide rail by the scroll

wheel. The structure of the wheel can adapt to

different curvature of the surface, reducing friction in

the relative motion of two parts. The movement of

the X-axis car along the flexible rail was realized by

the electric drive system mounted on the frame of the

car. The motion was transmitted through a gear and

rack mechanism. The driving gear was connected to

the motor shaft and the rack was on the guide rail.

Drilling task was completed by the end actuator

which was mounted on a Y-axis (perpendicular to the

surface to be processed) bracket and driven by the

motorized spindle. The Y-direction feed of the end

actuator was realized by the roller screw. The

Y-direction motion mechanism was mounted on the

X-direction mobile car. There was a brake cylinder fit

on each of the four scroll wheel distributed on the

outside of the guide rails, which can compact the

scroll wheel and rails during the drilling operations.

In this paper, the kinematic and dynamic behaviors

of the whole system and the rail part were mainly

studied. To simplify the model, the end actuator was

replaced by a mass block with a certain weight and

volume. The three-dimensional (3D) model of the

system was established by using the software of

SolidWorks as shown in Fig. 1.

3. Preprocessing of Simulation Model

ADAMS(Automatic Dynamic Analysis of

Mechanical System) is the most widely used dynamic

analysis software[9]. Although the modeling function

of ADAMS software is not powerful enough, it has

strong data conversion function with other modeling

software. So the 3D model of the drilling machine

established by using the software of SolidWorks was

imported into the ADAMS to build virtual prototype

model.

Fig. 1 3D model of flexible track drilling machine
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Firstly, the model file in SolidWorks should be

saved as a parasolid format .x_t file. Then, it was（ ）

imported into the newly-built model file in

ADAMS[10]. After modifying the appearance and

material properties of the parts and merging the fixed

parts by Boolean operation, each member of the

component was connected by kinematic joints. Fixed

joints were used between tracks and the ground, gear

joint was used between the gear and the right rail,

revolute joint was used between the gear and the

support, revolute joints were used between the eight

connecting rods and the support, revolute joints were

established at the center of orbital curvature for the

guide wheels mounted on the connecting rods, fixed

joint was used between the middle tray and the

support. The mass block replacing the end-effector

was fixed on the Y bracket, and the translational

joint was established between the Y bracket and the

X-direction mobile car on the slide rails. Screw joint

was established between the mass and the screw rod

mounted on the X-direction car. The verification by

model simulation shows that there were two degrees

of freedom. The post-processing model was shown in

Fig. 2.

4. Simulation Analysis of the

Kinematics of Flexible Track Drilling

Machine Based on ADAMS

4.1 Simulation Conditions and the Driving

Speed Functions

Combined with the actual needs, flexible drilling

machine should meet the drilling actions as follows:

the spacing between the holes was 0.55°, the

horizontal distance between each hole was 50mm, and

the efficiency of the hole drilling was 5pcs/min. The

movement process was set as follows during the

simulation The machine rotated an integer times of：

0.55° along the guide track in the first 4s, and then

the first hole was drilled in the second 4s, the

actuator moved 50mm driven by the screw in the

third 4s, the second hole was drilled in the fourth 4s.

The above steps were repeated until ten holes

finished in recursively. Then the machine moved

along the guide rail to the next drilling position, and

the actuator was driven in the opposite direction and

completed the drilling of ten holes. By now, a

drilling cycle was finished within the time of 240s.

Rotation driving was applied on the gear shaft and

screw to replace the motor, then the degree of

freedom of the model was reduced to zero (DOF=0)

and kinematics analysis could be carried out.

Depending on the geometry size and kinematic

relationships, the gear should turn 20.71°when the

machine rotated 0.55° along the track. Three kinds of

speed curves which met the condition that the

displacement during 0-4s met the above requirements

were given. And these speed curves were written as

ADAMS function and added to the revolution joint

on the gear shaft. The ADAMS functions were

written as:

Speed 1:

if(mod(time,120)-2:10.3552/2*mod(time,120),10.3552,

if(mod(time,120)-4:10.3552/2*(4-mod(time,120)),0,0))

*1d

Speed 2:

8.1329*sin(pi/4*time) *if(mod(time,120)-4:1,0,0) *1d

Speed 3:

5.1776*(1-cos(pi/2*time))*if(mod(time,120)-4:1,0,0) *1d

Fig. 2 Flexible track drilling machine model after

preprocessing

- 3 -



Zhong-gang Zhu, Qi Zhang, Jian-Hua Lv, Zhen Qin, and Sung-Ki Lyu 한국기계가공학회지 제 권 제 호: 17 , 5

����������������������������������������������������������������������������������������������������������

4.2 Simulation Analysis

Firstly, the rotary drive function of the screw was

set as 0, the simulation type as kinematic, simulation

time as 10s, step size was 1000. Then, measurements

of angular velocity and angular acceleration were

applied on the rotate pair of the gear shaft. The

measurement results were as shown in Fig. 3.

By comparison, there were acceleration mutations in

the first and second functions. Sudden changes could

be avoided in the third function, which shown the

advantages of periodic and infinitely continuous

conduction of trigonometric functions in motion

control.

a（ ）

b（ ）

Fig. 3 Three different kinds of drive angular

velocity and acceleration

Fig. 4 Drive angular velocity of the screw pair

Fig. 5 Y component of displacement

In the same way, the angular velocity driving

function of the screw thread pair was given, as

shown in Fig. 4. Kinematics simulation was carried

out again, setting the simulation type as kinematic,

simulation time as 240s and step size as 10000. The

displacement curve of the end-effector in Y direction

was shown in Fig. 5. It was found from the figure

that the machine performed the required drilling

operations and avoided the impact during the

movement in the given angular speed.

5. Dynamic Simulation Analysis of the

Flexible Track Drilling Machine

When the degree of freedom of the system was

greater than zero (DOF>0), dynamic analysis, aiming

at researching the load conditions between the eight

guide wheels and the track and the engaging force of

the driving gear assembly, could be conducted.

5.1 Preprocessing of the Simulation Model

For the fuselage diameter was comparatively larger

than the drilling equipment in the study, the fuselage

was approximately replaced by its outer hexadecagon.

That’s to say, the circular arc was replaced by a

small straight section at the sixteen specific positions

of the fuselage. So that the movement of the guide

wheel was simplified as moving in the direction of

the linear guide rail, and the guide rail was taken as

the rack meshing with the driving gear, as shown in
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Fig. 6. Then the linear guide model when the

machine was in the bottom of the fuselages was built

in SolidWorks and imported into ADAMS, as shown

in Fig. 7. Removed the constraints between the eight

guide wheels and the track, and solid - solid form

contact force was respectively applied[11]. Then speed

driving was applied on the gear shaft.

5.2 Simulation Analysis

Set the simulation type as dynamic, simulation time

as 5s, and step size as 10000. After the simulation

was completed, each contact force could be obtained

in the post-processing module.

Fig. 6 Simplified schematic diagram of the model

Fig. 7 Drilling machine at the bottom of the

fuselage

a（ ）

b（ ）

Fig. 8 Z component of contact force

According to the results shown in Fig. 8(a), when

the driving speed of the gear shaft during 0-4s was

5.1776(1-cos( /2t)) (in degrees per second), theπ

contact forces fluctuated obviously in the first 0.02s

because the system was just started to accelerate.

There were also large fluctuations during other

periods, which must be related to the given velocity

amplitude. So the speed function was adjusted and

when the speed was 10 times larger, the results were

more ideal. The Z components of the 8 contact

forces were shown in Fig. 8(b) and the trend of the

other components, in X and Y directions were in the

similar case. By comparison, when the driving speed

was 51.776(1-cos( /2t)), the contact forces onlyπ

fluctuated slightly in a small period near the

beginning and ending of the movement.

From the above, increasing the moving speed could

improve the working stability. When the driving

speed function was selected as 51.776(1-cos( /2t)), theπ

drilling machine rotated 5.5°along the guide rail in 4

seconds while the required angle between two drilling

stations was 0.55°. So during the actual drilling

operation, drilling all the holes of the whole body

should be completed in ten times.
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Table 1 Component average of the contact force（ ）

(in N)

Drive Speed

5.1776(1-cos( /2t))π

Drive Speed

51.776(1-cos( /2t))π

Fx Fy Fz Fx Fy Fz

contact 1 49.03 0.23 306.94 32.73 3.26 289.77

contact 2 48.92 143.38 240.90 29.02 98.80 241.36

contact 3 30.71 1.15 203.47 22.54 -1.02 205.04

contact 4 51.73 -97.79 305.54 34.23 -92.47 288.63

contact 5 28.60 -16.12 169.03 19.34 -2.47 160.20

contact 6 20.04 51.49 113.61 13.32 50.19 120.49

contact 7 10.39 10.08 97.01 8.45 3.70 100.77

contact 8 19.94 -91.95 156.67 15.58 -59.57 154.51

contact 9 -261.73 0 -98.10 -177.24 0 -65.42

Fig. 9 Simplified schematic diagram of the equipment

structure

Table 2 Each component average of the contact（ ）

force (in N)

1 2 3 4 5 6 7 8

F=0 3.26 98.80 -1.02 -92.47 -2.47 50.19 3.70 -59.57

F=50N 2.57 36.40 -1.28 -34.98 -1.84 24.11 2.48 -27.02

F=60N 3.14 22.44 -1.03 -19.09 -0.47 16.45 2.47 -23.31

F=70N 4.30 7.90 -3.56 -7.28 -0.52 7.24 1.83 -10.06

F=80N 13.39 5.82 -9.07 -7.93 3.80 5.66 -3.87 -7.39

F=90N 24.34 4.30 -17.99 -5.90 8.47 4.74 -10.75 -6.80

F=100N 29.85 2.51 -25.95 -3.64 16.08 3.39 -16.72 -5.10

Table 3 Each component average of the gear（ ）

meshing force (in N)

Fx Fy Fz

F=0N -237.24 0 -89.42

F=70N -125.00 0 -46.11

F=80N -83.25 0 -32.52

That is to say, the machine had to be positioned

ten times. Components of the contact forces under the

conditions of two different driving speeds were listed

in Table 1. When the machine was at the bottom of

the fuselage, x axis was parallel to the direction of

its movement and Fx represented the friction force, z

axis was perpendicular to the top and bottom surface

of the guide rail and Fz represented the positive

pressure, y direction was perpendicular to the side

surface of the track and Fy represented the lateral

pressure. It could be found from the statistical results

that Fy on contacts 2, 4, 6, and 8 were much larger

than those on the other four contacts, and numbering

method of the guide wheels (contact number was the

same) was shown in Fig. 9.

The reason for the distribution of Fy was that the

driving gear meshed with only one of the guide rails

leading to the working condition of "one side drags

the other" when the system moving forward. Due to

inertia, the motion of number 5-8 guide wheels was

slower than the other four, which should be avoided

in practical work. To resolve these problems, a

scheme was proposed: a suitable force F acting along

the direction of movement was applied near to the

side of track 2 to make the lateral pressure Fy on all

the 8 guide wheels was as small as possible and

evenly distributed.

According to the structural dimension and

simulation results, the force F was applied on the

drilling machine with a distance of 900mm from the

coordinate origin which was set on the mid line of

track 1, as shown in Fig. 9. When the force F was

respectively set as 100N, 90N, 80N and 70N, the

magnitude of the components Fy (average value

within 0-4s) was shown in Table 2.

By comparison, with the increase of force F, Fy of

contact 2, 4, 6, and 8 gradually decreased and Fy of

contact 1, 3, 5, and 7 gradually increased. When

F=50N and 60N, the equilibrium effect was not

enough. When F=90N and 100N, the force was too

large and played the opposite role. When F=70N and
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80N, Fy values of 8 contacts were well distributed.

So the magnitude of force F was determined to be

70 to 80N. In addition, when F=70N and 80N, the

gear meshing force significantly reduced than

compared with when force F was not applied. The

size of each component was shown in Table 3.

6. Conclusion

In practical engineering application, it costs a lot of

time and funds and needs a long-term experiment and

improvement process to develop a set of equipment.

With the help of 3d modeling and kinematics and

dynamic simulation technology, unreasonable factors

in the design can be found and improvement scheme

can be proposed, which saves the development

expenses and shortens the development cycle. In this

paper, the following conclusions were obtained:

1 In order to meet the requirement of drilling, it）

was necessary to determine the reasonable motion

law of the drilling machine.

2) According to the dynamic analysis results of the

machine when it works at the bottom of the

fuselage, the problem of "one side drags the

other" during the movement of the drilling device

was found. It was proposed that adding a suitable

traction force to eliminate this situation.
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