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Abstract. In order to realize the automatic drilling in aircraft assembly, a drilling end effector
is designed by integrating the pressure unit, drilling unit, measurement unit, control system and
frame structure. In order to reduce the hole deviation, this paper proposes a vertical normal
adjustment program based on 4 laser distance sensors. The actual normal direction of
workpiece surface can be calculated through the sensors measurements, and then robot posture
is adjusted to realize the hole deviation correction. A base detection method is proposed to
detect and locate the hole automatically by using the camera and the reference hole. The
experiment results show that the position accuracy of the system is less than 0.3mm, and the
normal precision is less than 0.5< The drilling end effector and robot can greatly improve the
efficiency of the aircraft parts and assembly quality, and reduce the product development cycle.

1. Introduction

In the assembly of aircraft structures, all internal and external parts are fixed by solid rivets or
fasteners [1]. The quality of holes determines the final quality of the aircraft, manufacturing costs and
production cycle. Much of the assembly processes involved in creating high-level structures use
conventional manual drilling due to the high complexity of the parts to be processed. Such manual
drilling is frequently associated with risk of rework, reduction in the process capability range, and
structural impairment, resulting in extra costs [2].

Recently, industrial robotic applications are becoming widely used in the aviation sector [3]
because of its lower investment, increasing of automation degree, the table working performance and
the good accessibility. From the beginning of twenty-first Century, American GEMCOR, EI
(ElectroimPact), Italy COMAU, German BROETJE-Automation is committed to the design and
development of drilling robot system, and their drilling robot system production has been used in
aircraft manufacturing enterprises, such as F-16, F-22vertical wall, F-35 aircraft wing panel and A380
wing pane [4, 5]. S H Bi developed the drilling robot system, which uses industrial camera to
establish the relationship between the workpiece and the robot coordinate system [6].

The end effector is one of the key components of the drilling robot system. The performance of
drilling end effector will directly affect the accuracy and efficiency of drilling robot system. In this
paper, a drilling end effector is designed to realize automatic drilling of aircraft wing beam, which
integrates a variety of function, like as compaction, base detection, vertical normal adjustment, drill
and countersink.

2. The structure and principle of drilling end effector
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According to the requirements of automatic drilling process for aircraft assembly, the design for
automatic drilling end effector actuator includes the following functions: (1) the automatic clamping
function; (2) the precision drilling function; (3) high precision countersink function, which can be used
for drilling countersink hole of the spindle with the requirements; (4) release and grasp knife function,
which can realize the automatic tool changing with the pneumatic actuator and robot; (5) the base
detection function, which provide reference measurement data for drilling system; (6) the vertical
normal adjustment function, provide deviation data between tool axis and hole position vertical normal
for drilling robot system.

Based on the function and space layout, the overall structure of drilling end effector are detailedly
designed. The function modules are set as frame structure, pressing unit, drilling unit, robot flange,
measurement unit, integrated pneumatic signal unit and integrated electric control unit. The specific
structure of drilling end effector is presented in Figure 1.

Integrated Electric Frame Structure Integrated Pneumatic
Control Unit Signal Unit

Pressing Unit
Measurement Unit Robot Flange

Figure 1. The specific structure of drilling end effector

2.1. Design for Pressing Unit

With standard robotic manipulators, the system provides high degrees of flexibility to enable
functionality in large-volume processes, including those involving the manufacture of parts with
complex geometries. However, this flexibility causes poor stiffness of the robotic arm, and this
relatively lesser rigidity affects the relationship between the end-effector and the work piece, but this
low degrees of mechanical stiffness in robotic arms could be compensated by special features fixtures.

The main challenge to be overcome in making increased use of industrial robots in aircraft assembly
lines is the positioning accuracy required for these processes. During the entire drilling cycle, the
pressure force must be controlled in order to reduce the tangential forces’ potential to spoil the hole
quality. For instance, the sliding of the drilling tool on the surface during the operation can seriously
degrade both the position and other characteristics of the hole.

The whole structure of the pressing unit is shown in Figure 2, which is mainly composed of a
pressure nose, a pressure foot, a pair of earrings, a ball bearing, a compression cylinder, a guide rail
slide block and a vacuum bypass.

The pressure nose is fixed on the pressure foot, which is connected with the compression cylinder
by a pair of earrings and two ball bearings. The ball bearing can be completely connected in a certain
processing and assembly error by use the self-aligning function. The pressure foot is connected with
the bottom flame plate of the end effector by the high precision guide rail and slide block, and ensures
the rigidity of the other direction except the moving direction of pressure foot. The pressure foot end is
provided with a chip discharge hole, which is connected with the vacuum bypass.

2.2. Design for Drilling Unit

As shown in Figure 3, the structure of drilling unit includes integrated sliding table, synchronous
wheel, servo motor, spindle clamping seat, electric spindle, knife and handle. The servo motor could
actuate the integrated sliding table to achieve linear moving by using of synchronous wheel. The feed
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movement of electric spindle can be realized through the spindle clamping seat and sliding block. The
countersink sensor is mounted on the spindle clamping seat and is used for real-time monitoring the
depth of drill and countersink.

Pressure Foot Ball Bearing ~ Compression Cylinder Spindle Clamping Seat  Electric Spindle

Knife Tool
and Handle

“—»—%@‘ |

Integrated Sliding

A Pair of Guide Rail and .
Earrings ~ Vacuum Bypass Slide Block Countersink Sensor Servo Motor Synchronous Wheel

Figure 2. The integral structure of pressing unit Figure 3. The integral structure of drilling unit

The servo motor is installed on the left side of integrated sliding table, which will makes the drilling
unit structure is more compact and reasonable. The actuator power is transferred through the
synchronous belt wheel between servo motor and integrated sliding table. The electric spindle rotates
knife tool and handle to complete high quality drilling, while the depth of hole and the countersink is
critically controlled by countersink sensor which has high measuring precision and response speed.
The electric spindle adopts the way of circulating oil to ensure the continuous operation at high speed.

2.3. Principle of measurement unit-- the vertical normal adjustment
The vertical normal adjustment technology is using four laser displacement sensors installed on the
drilling end effector to detect and adjust the knife tool posture, which can maintain the deviation
between tool axial direction and vertical normal of work piece in a normal range. This technology is
one of the key technologies to improve the quality of making hole.

In this paper, the four point vertical adjustment algorithm is used to calculate the intersection angle
between tool axis and hole position vertical normal. The measurement principle is shown in Figure 4.

Four Laser
Distance Sensors

Workpiece Surface

Figure 4. Principle diagram of vertical normal adjustment in Drilling end effector

Four laser distance sensors is installed on the both sides of drilling end effector, and the projection
direction of the laser distance sensor and the actual position in reference coordinate system are already
calibrated as premise work [7]. In Figure 4, the position of four laser distance sensors are respectively
presented S, S,, S; and S4. Py, P,, P; and P, are the light spots on the surface of workpiece emitted by
the laser beam of four laser displacement sensors. Before the drilling-hole process, four laser distance
sensors are used to measure the distance the light spots and sensors. By using the distance data of four
sensors, the coordinate value of P;, P,, P; and P, in O-XYZ coordinate system can be calculated
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respectively. Since any three points of P, P,, P; and P, are not collinear, four points can be formed
around four micro processing plane (#,P,P;, P,P,P,, P,P;P,and P,P;P,). Four normal vectors (f,, ,,

f, and i, ) of four micro plane can be deduced with normal calculation mathematical model and

coordinate value of three point. By using the specific algorithm, four normal vectors are "weighted
average" to approach the actual normal vector of the machining point M.

In the vertical normal adjustment process, the measured data of laser distance sensors are assumed
tobe I, I,, I, and I,. Then, the coordinate value (x;, y,, z;), (X2, V2, 22), (X3, ¥3 z3) and (x4 y4 z4) of Py,

Py, P3 and P, in O-XYZ coordinate system can be written as:
x = (I, —17)cosa; cos B, +ax;
y, = (I, =17)cosq; sin B, +ay’ i=1,2,3,4 (1)
z,=(I, -I?)sing,

Where |, are the measured data of laser distance sensors, 1°, ax’ and ay; are the constant value,
which are determined in premise calibration procedure. ¢; are angles between the laser beam direction
of four laser distance sensors and the reference plane of the tool coordinate system. 3 are angles
between the projection line of the laser beam on the reference plane and the Coordinate axes Y. ¢,
and g, are already deduced in premise calibration procedure, too.

In each micro plane of P,P,P;, P,P,P,, P,P;P, and P,P;P,, the normal vector two of micro plane
can be cross multiplied with two vectors composed by three points:

ﬁ_@xﬁ ;_ﬁxﬁ F_ﬁxﬁ F_ﬁxﬁ
1~ |— —— v B 3 |— — 4 T | — ——
RP,xPP)| RRxPPR| " |RRxRP,

IR 2
AP, xRP,

The weighted average of four normal vector is obtained as the actual normal vector of the
machining point M:

ol = = = —
nzz(n1+n2+n3+n4) 3)
Then the angle 6 between the tool axial direction and actual normal vector i is:

@ =arccos([1 0 0]-n)=arccos(n(1,1)) 4)

If #<0.5, then there is no need to implement the vertical normal adjustment program. If 6>0.5",
the vertical normal adjustment diagram will be steadily carried out until meeting the requirements.

2.4. Principle of measurement unit-- the base detection

In the drilling process, the position of drilling holes is located with a high precision industrial camera
to identify the reference hole on the workpiece. When the robot arrive at the designated location, there
is a deviation between theoretical robot coordinate system and the actual robot coordinate system. On
the otherwise, the installation of processing parts may also produce deviation the workpiece and the
theory position, as shown in Figure 5.

Camera Coordinate

Coordinate

Theoretical Robot
Coordinate

X ro| Actual Robot Workpiece Surface
R Coordinate

Figure 5. Principle diagram of base detection in Drilling end effector
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These reasons will lead that the actual position relationship between the robot and processing parts
is different with the theoretical relationship. Therefore, the base detection program is necessarily
implemented to establish the base coordinate system and determine the actual position between parts
workpiece and drilling end effector.

The original point of camera coordinate system is define as POS. (x, Y, z, A, B, C) . (X, Y, 2)
means the coordinate value of POS,; in actual robot coordinate system, while A, B, C are the angles
of Euler transform from the base coordinate system O; - X;Y;Z, to the camera coordinate system

P.-X,Y,Z, . Then, the homogeneous matrix of Euler transform can be written as:

T,, =Trans(x, y, z)-Rot(z, A)-Rot(y, B)-Rot(x, C)

[1 0 0 x|[cosA —sinA 0 O][cosB 0 sinB 0][1 0 0 0
_ 010 y.sinA cosA 0 0. 0 1 0 0.0 cosC -sinC 0 5)
0 01 z 0 0 1 0f|-sinB 0 cosB 0||0 sinC <cosC O

0 0 01 0 0 01 0 0 0 1|0 o© 0 1

[cos AcosB cos AsinBsinC —sin AcosC  cos AsinBcosC +sin AsinC = x
sin AcosB sin Asin BsinC +cos AcosC  sin AsinBcosC —cos AsinC  y

“| —sinB cosBsinC cosBcosC z
0 0 0 1

Two base holes are pre-made before the base detection, then the drilling end effector is approach to
base hole P, by operating the robot arm and made the circle center of hole P, into the camera vision

center. At this moment, the base detection program will record point coordinates value P,

the camera coordinate system Xy, z, . According to the same process, point coordinates value P, of

of P, in

P,, in the camera coordinate system X,Y,z, will be accurately identified. The base coordinate system

XsYsZs Will be established on the basis of P, P,

, and T .

3. The experiment research

In this experiment, we have developed a Drilling End Effector system which is installed on Kuka KR-
500 robot as the experiment platform, as shown in Figure 6.

Drilling End
Effector

Figure 6. The experiment platform of Drilling end effector

The measurements and calculation results of vertical normal adjustment program are shown in
table 1, the angle error shows that the method to meet the accuracy requirements (less than 0.5 deg).

The robot and drilling end effector can realize auto-drilling for Aluminium laminated material, and
the efficiency can reach 6 holes / min. The parameters of holes can meet the drilling requirements,
which greatly improve the drilling efficiency and quality of aircraft components assembly. The results



ICMAE IOP Publishing
IOP Conf. Series: Materials Science and Engineering 187 (2017) 012032 doi:10.1088/1757-899X/187/1/012032

of drilling hole experiment and precision measurement are shown in Figure 7. The position error of
holes is less than 0.3mm; the diameter precision can reach H9; the vector normal errors of all the holes
are less than 0.5°, and the holes’ surface roughness is less than 1.6pm.

Table 1. The results of vertical normal adjustment program

Num Laser Laser Laser Laser Calculated angle  Actual Value Error
" senorl senor2  senor3  senor4 (Deg.) (Deg.) (Deg.)

1 135.90 138.60 136.50 134.30 0.106 0.063 0.044

2 144.23 146.93 144.83 142.63 0.086 0.062 0.025

3 144.07 146.77 144.67 142.47 0.098 0.073 0.025

4 135.74 138.44 136.34 134.14 0.112 0.103 0.009
5 139.74 142.44 140.34 138.14 0.050 0.063 0.112

6 135.64 138.34 136.24 134.04 0.097 0.061 0.036

Figure 7. The experiment and precision measurement: (a) countersink specimens; (b) diameter
detection; (c) countersink depth detection

4. Conclusion

A drilling end effector is designed for the robot automatic drilling system. Through the research of
pressing unit, drilling unit and measurement unit, the effective integration of each functional module
of drilling end effector is realized. The vertical normal adjustment is proposed to significantly improve
the vertical accuracy of the robot automatic drilling system and the base detection program can be
realize the automatic orientation of base coordinate system. The experiment research illustrate that
drilling end effector and robot can greatly improve the efficiency of the aircraft parts and assembly
quality, and reduce the product development cycle.
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