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Abstract

Purpose — Aircraft structures are mainly connected by riveting joints, whose quality and mechanical
performance are directly determined by vertical accuracy of riveting holes. This paper proposed a combined
vertical accuracy compensation method for drilling and riveting of aircraft panels with great variable
curvatures.

Design/methodology/approach — The vertical accuracy compensation method combines online and offline
compensation categories in a robot riveting and drilling system. The former category based on laser ranging is
aimed to correct the vertical error between actual and theoretical riveting positions, and the latter based on
model curvature is used to correct the vertical error caused by the approximate plane fitting in variable-
curvature panels.

Findings — The vertical accuracy compensation method is applied in an automatic robot drilling and riveting
system. The result reveals that the vertical accuracy error of drilling and riveting is within 0.4°, which meets the
requirements of the vertical accuracy in aircraft assembly.
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Originality/value — The proposed method is suitable for improving the vertical accuracy of drilling and
riveting on panels or skins of aerospace products with great variable curvatures without introducing extra
measuring sensors.

Keywords Automatic drilling and riveting, Vertical accuracy compensation, Online and offline correction,
Variable-curvature panels
Paper type Research paper

1. Introduction

Nowadays aircraft components such as fuselage skins, wing panels and stringers are
dominantly connected by riveting in assembly, thus the riveting quality directly determines
the mechanical performance of assembly structures (Li et al., 2022). Commonly the riveting
joints are achieved by drilling with subsequent riveting process, and the vertical accuracy of
riveting holes has always been the research focus in the aerospace manufacturing industry
(Gao et al., 2017; Mei et al., 2018; Lee and Shiou, 2010). Studies have shown that if the vertical
accuracy of the riveting hole fails to meet the vertical precision, the connector would be
inclined to produce bending stress, and the structural strength is greatly reduced (Prakash
et al., 2016). When the inclination angle of the fastener along the direction of the external load
is greater than 2°, the fatigue life is reduced by about 47 %. If the inclination angle is greater
than 5°, the fatigue life is reduced by 95% (Mei et al, 2018). It can be concluded that the
vertical accuracy of drilling and riveting is crucial for the aircraft quality and service life.

In aircraft assembly, the drilling and riveting processes are often achieved by automatic
drilling and riveting equipments (Hu ef al, 2022). After decades of development, the drilling
and riveting equipments for aviation products has been able to complete a series of functions
such as positioning, pose adjustment, drilling, rivets feeding, riveting, inspecting, etc (Jin
et al., 2022). For example, the G-series automatic drilling and riveting system developed by
GEMCOR (Rummell, 2000) and the robot drilling and riveting system cell developed by
Broetje-Automation GmbH (Wang ef al, 2010; Alici and Shirinzadeh, 2005) are the
representatives. In order to ensure the vertical accuracy of riveting holes, these automatic
drilling and riveting system need to employ vertical accuracy compensation technology to
adjust the vertical accuracy of the tool axis to ensure the normal vector of riveting holes in
workpiece surface.

Actually a certain degree of progress has been made in the vertical accuracy
compensation technology in automatic drilling and riveting field. The vertical accuracy
compensation technology for automatic drilling can be divided into mechanical contact type,
eddy current type, laser non-contact type and visual non-contact type according to the
measurement method (Zhang et al, 2018). The mechanical contact type generally uses a
contact linear displacement sensor for surface measurement, and it has a good effect on the
measurement of the plane normal vector with advantages of high measurement accuracy and
low budget cost (Jin ef al., 2022). The vertical accuracy of riveting holes in workpiece surfaces
which possess plain and constant curvature are easily achieved by this kind of compensation
technology in aerospace assembly (Lee and Shiou, 2010; Cao et al.,, 2018). Universite Lund in
Sweden realizes the pose correction of the robot’s end effector using a pressure sensor
arranged around the pressure foot (Olsson ef al, 2010), which also belongs to mechanical
contact type. The eddy current type adopts eddy current sensors which could measure the
surface of metal workpieces and obtain the distance through the change signal of eddy
current intensity, so as to calculate the normal vector of the measured surface (Su et al, 2017).
The laser non-contact type uses laser displacement sensors for non-contact measurement,
which has the characteristics of high measurement accuracy, non-direct contact with the
surface of the workpiece and high safety (Cao ef al, 2018; Lee and Shiou, 2011). The
Electroimpact company has studied the error correction compensation technology based on
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linear displacement sensors, which is then integrated into the ONCE robot automatic drilling
system (DeVlieg et al., 2002) and the automated wing drilling system for the A380-GRAWDE
(Hogan et al., 2003). The visual non-contact type is difficult to guarantee vertical accuracy
requirements in complex operating environments due to the factors such as shooting angle,
light condition, processing algorithm, etc (Tian et al, 2013).

The above methods can obtain high-precision normal measurement results when
measuring planes of workpieces have approximately or exactly constant curvature surfaces
(Tian et al, 2013). But it is difficult to meet the perpendicularity precision of riveting holes in
the cases when the measured normal vectors do not coincide with the actual normal vectors
because of the variable curvature surface. In this research, a vertical accuracy compensation
method based on both online calibration and offline prediction is proposed. The proposed
method first corrects the normal vector of drilling and riveting points online using a fitting the
plane normal vector with data of laser ranging. Then it predicts the inherent theoretical error
of normal vector offline caused by fitting curved surfaces with plane ones. These two kinds of
errors are quantified and employed to adjust the pose of the end effector so as to realize high
vertical accuracy for the automatic drilling and riveting of the variably curved surface.

2. Establishment of vertical accuracy compensation method

2.1 Problem configuration

The verticality error limit of riveting holes in aircraft panel assembly is within +0.5°. Due to
manufacturing errors in workpieces, calibration errors of coordinate systems, and the local
deformation introduced by gravity and clamping forces, the actual surface of the workpiece is
different from the theoretical model when automatic drilling and riveting equipments are
employed to conduct drilling and riveting operations (Hu et al, 2022). The pose of robot
machining planned offline according to the three dimensional (3D) theoretical models is
unable to satisfy the vertical accuracy of riveting holes. Therefore, it is necessary to adjust the
pose of the end effector to make the drilling and riveting axis perpendicular to the workpiece
surface. In order to redefine the normal vector of the drilling position for drilling and riveting
equipments, a fitted plane on the drilling spot of the actual workpiece is used for vertical
accuracy compensation to replace the theoretical normal vector from 3D models in
consideration of that the small area around the drilling spot is approximately regarded as a
plane. However, it is not the case for a cured surface of the aircraft panel with small variable
curvature radiuses. There is a deflection angle between the fitted and the actual normal
vectors when plane fitting is employed to obtain the normal vector of workpiece surface with
variable curvatures. Thus, the vertical accuracy of drilling and riveting holes is not only
corrected by online compensation but also further amended by offline compensation
according to the theoretical model of the workpiece surface.

2.2 Vertical accuracy online compensation based on laser ranging

Before the drilling operation, it is necessary to modify the posture of the end effector so that
the axis of the tool is perpendicular to the surface of the workpiece, and the verticality of the
drilling hole is guaranteed. The workflow of the laser non-contact normal measurement for
online vertical accuracy compensation of drilling on workpiece with variable curvature
surface is shown in Figure 1. Firstly, in order to determine the pose of the robot end effector,
four laser displacement sensors are employed to measure the distance of the curved surface to
obtain the position information of the four projection points on the curved surface, as shown
in Figure 2, and the plane is fitted by the plane fitting algorithm. Then the actual drilling pose
is updated by using the normal vector of the fitted plane as that of the drilling hole. Finally,
the end effector adjusts its posture to complete the vertical accuracy compensation.
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2.2.1 Calibration of displacement sensors. The position of the laser displacement sensor and
the specific location of the workpiece surface in the tool coordinate system can be obtained
through the sensor calibration. As shown in Figure 3, the tool center point (TCP) coordinate
system is located at the drilling tool tip. There are six axes in the TCP, among which X, Y, Z
are translational axes and A, B, C are rotational axes around them as presented in Figure 3a.
The laser displacement sensors (Baumer CH-8501) are installed around the press foot of the
end effector as presented in Figure 3b.

The measuring instrument used in the calibration is an API-T3 laser tracker, and the aided
calibration tool is a standard calibration plate. The standard calibration plate is fixed in a
suitable distance directly in front of the end effector, that is, the plate and the end effector
under multiple measurement poses should be within the measurable range of the API-T3
laser tracker, as shown in Figure 4. Meanwhile, the base coordinate, the flange coordinate and
the tool coordinate are also established. The robot base coordinate is established by rotating
axes Al and A2 under the laser tracker coordinate system. The flange coordinate FLAN is
established by reading the robot flange coordinate (x,y, z, A, B, C) through the robot control
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Figure 1.

The workflow of the
vertical accuracy
online compensation
based on laser ranging

Figure 2.
Projection points of
laser displacement
sensors




JIMSE panel. The tool coordinate TCP is established by placing the target ball on the spindle handle
4.1 equipped with the target holder, that is, the main spindle axial is measured by feeding a
’ certain distance along its axial direction, and this spindle axis is regarded as the X-axis of
TCP. The Y-axis of TCP is the normal direction of the plane determined by the Z-axis of the

robot coordinate system and the X-axis of TCP. The position at a distance of 10.0 mm in front

of the pressure foot along the main axis is taken as the origin. The TCP of the end effector in

68 the flange coordinate FLAN is established in SpatialAnalyzer software environment. By

reading the matrix relationship ;LCENT between the tool coordinate system and the flange
coordinate system and inputting it into the robot control pane, TCP of the robot is finally
created in the robot control system.

After establishment of the coordinate systems, the laser tracker is employed to measure
the surface of the standard calibration plate in the tool coordinate TCP. According to the
measured point cloud data, the plane equation of the standard calibration plate is fitted by:

ax+by+cz=d @

where a, b, ¢ are three components of the plane normal unit vector in the tool coordinate
system, respectively, and d is the distance between the origin of the tool coordinate TCP and
the plane.

Figure 3.

The end effector used
for drilling and
riveting: (a) tool
coordinate system
(TCP) of end effector
and (b) laser
displacement sensors
on end effector
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The pose of the four laser displacement sensors in the tool coordinate TCP is supposed to be
(7,1, 2, m;, n;, pr), and the measured value is J;, in which 7 € (1,2, 3,4), then the intersection
point between the projected light of the laser displacement sensor and the standard
calibration plate can be expressed by:

i X; m x; + bm;
vil=\w|+il m|=1y+in (%)
z Zj bi zi + Ip;

By substituting the coordinates of the intersection points into the plane Equation (1), there is:
a(x; +lmy) + b0 + ) + ez + i) = d &)

Equation (3) can be put in the following format:
ax; + by; + ¢z + alm; + blin; + clip; = d )

There are six unknown parameters in Equation (4), namely (x;,;,2;, m;, n;, ;). They are
exactly the position and direction vector of the laser displacement sensor that needs to be
calibrated. By adjusting the pose of the robot end effector several times (within the
measurement range of the laser displacement sensors), multiple sets of the laser displacement
sensor values are obtained to create six equations to solve the unknown parameters in
Equation (4). The equation group is expressed as follows:

a1 %; + byyi + a1z + all'mi + bl + aill'p; = dy
ao%; + boyi + cozi + Clzlz-zmz' + bzlf n + Czlz-zﬁz' =dy
as%; + bzy; + c3z; + d3ll-3mz' + bslf "+ 6311-3171' =ds
asx; + by + cazi + aulim; + bilin + cillp; = dy
asx; + bsyi + ¢sz; + aslom; + bsln; + cslp; = ds
agX; + bey; + Cozi + aslomy; + belon; + colp; = ds

©)

where ZZ is the jth group testing value of the ith laser displacement sensor, j € (1,2, 3,4, 5, 6).
Equation (5) can be expressed in the form of a homogeneous linear equation group:

(e by o al' bl ol . i
@ b @l b of || dy
as b3 ¢ aglf‘ bslf cglf‘ Zi | _ ds )
ay by oo aldt bl el || ds
a5 bs o5 asl bl ol || ds
a5 b5 o5 al® bl cl) Lt -

According to Equation (6), the position vectors and direction vectors of the four laser
displacement sensors can be obtained. In calibration process, the collected calibration data
are generally much larger than six groups to ensure calibration accuracy, and the calibration
data are solved by the least square method to finally determine the values of x;, v;, z;, m;, n;, p;
for the four laser displacement sensors in the tool coordinate TCP.
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2.2.2 Online correction of drilling and riveting verticality. The positions of four projection
points in the tool coordinate system TCP can be obtained by Equation (2). A plane and its
normal vector N = (i,7, k) can be obtained by plane fitting through four projection points of
laser sensors with the least square fitting method. The drilling pose of the robot end effector is
resolved according to the fitted normal vector.

In order to adjust the pose of the robot end effector according to the fitted normal vector, it
is necessary to recalculate the posture of TCP in the robot base coordinate system. Therefore,
the normal vector of the fitting plane should be transferred from the tool coordinate system to
the robot base coordinate system. T is the posture of the current TCP in the robot base
coordinate system, so the transformation relationship can be expressed by:

N =TN @

According to the theory of robot kinematics, the attitude of the tool coordinate system can be
expressed as:

Ny Ox Gy
F=|n, o, a, ®
n: o0: a

wherein 7, o and a are orthogonal unit vectors. The relationship 7 = N’ (V' is the identity
matrix) is established to ensure that the X-axis of the calculated tool coordinate TCP is
consistent with the normal vector of the fitted plane. The relation 0 = (—mn,, n,, 0) is made to
achieve the relationship in which the Y-axis of the coordinate system is perpendicular to the
X-axis and parallel to the ground. So the vector a is:

a=nXo )

Therefore, the matrix expression of the tool coordinate system TCP in the robot base
coordinate system can be calculated, and then it converts to Euler angle (4,5, C) by
successively revolving around the Z-Y-X axes. The posture of the end effector can be adjusted
to complete the normal vector correction.

2.3 Vertical accuracy offline compensation based on model curvature
As mentioned earlier, the online compensation based on laser ranging above are suitable for
operating of panels with plain surface or consistent curvature, but it is not the case for those
workpiece with variable curvatures. The main reason that the laser non-contact normal
measurement method has a large error in the measurement of surfaces with variable
curvature is the existence of the inherent theoretical error. As the side projection shown in
Figure 5, due to the variation of the surface curvature, the four projection points on the
surface are asymmetric with the center of the hole to be drilled. Therefore, the plane normal
fitted by the 4 projection points cannot coincide with the theoretical normal, and there is a
theoretical deviation angle. Obviously, the deviation angle is related to the variation degree of
the curvature in the surface. Hence, there is a large inherent theoretical error in using the laser
non-contact method to compensate for the vertical accuracy of the variable curvature surface.
In order to obtain the inherent theoretical error, the vertical accuracy offline compensation
method is proposed based on the simulation of the laser non-contact normal accuracy
compensation in 3D theoretical model. The deflection angle @ between the X-axis of the tool
coordinate TCP and the normal direction of the point to be measured in the simulation
environment is the predicted value of the theoretical error. The workflow of the vertical
accuracy offline compensation method is presented in Figure 6. Firstly, the vertical accuracy
compensation process is simulated according to the actual situation in DELMIA software,



and the inherent theoretical error is predicted as the declination angle for vertical accuracy
compensation. Secondly, the inherent theoretical error and point information are input into
the drilling and riveting system, and the robot end effector is moved to the point to be drilled.
The online normal accuracy compensation process is implemented until the angle between
the previous measured normal direction and the present one is less than 0.5°. Finally, the tool
coordinate TCP is compensated with the predicted theoretical inherent error, and the pose of
the end effector is adjusted according to the declination angle of the normal vector.

2.3.1 Normalvector declination of drilling and riveting. In the actual measurement, the laser
non-contact normal measurement process is as follows: projection point acquisition — plane
fitting — normal direction acquisition — robot pose adjusting. In the simulation process, the
plane fitting algorithm should be exactly the same as the algorithm in the actual
measurement environment. The least-square method is used as the plane fitting algorithm in
this research (Lee and Shiou, 2011).

After completing the simulation of the laser non-contact normal measurement process in
DELMIA software, the X-axis of the tool coordinate TCP coincides with the plane normal
vector fitted by the four projection points, and at this time, the relationship between the
theoretical normal of the surface and the tool coordinate pose is shown in Figure 7. T — XYZ
is the tool coordinate system. RT is the intersection line of the coordinate plane X7V and

coordinate plane X7Z. The vector TF is the theoretical normal vector of the workpiece
E——
surface. 8 is the angle between the vector TF and the X-axis of the tool coordinate system,
— —
called the theoretical declination. TN is the projection vector of the vector 7F on the

@—¢
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Figure 5.

The principle diagram
of theoretical error
analysis

Figure 6.

The workflow of
vertical accuracy
offline compensation
based on model
curvature
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Figure 7.
Relationship between
tool coordinate system
attitude and theoretical
normal

coordinate plane X7Y. TM is the projection vector of vector TF on the coordinate plane
— —
XTZ. 01 is the angle between the vector 7F and the vector TV. 8, is the angle between the

vector TN and the X-axis of the tool coordinate system. The inherent theoretical error can be
expressed by the theoretical deflection angle 6. Considering the pose adjustment calculation
of the robot end effector in the actual process, 6; and 0; are used to represent the theoretical
error. The derivations of 8; and @, are determined as follows.

0, is the angle between the vector TN and the coordinate plane XTY. It can be
expressed as:

TF -7
0, = arcsin_>—ﬁ (10)
| TF]- m|

N
where 77 is the normal vector of the coordinate plane X7'Y, and % can be expressed as the

unit vector % of the Zaxis. Thus Equation (7) can be rewritten as:

0, = arcsin—- ¥ 11
| TF|
The projection vector TN can be expressed as:
— —
TN = TFcos 6, (12)

0, 1s the angle between the vector TN and the X-axis of the tool coordinate system, which can
be expressed as:
TN
cos Oy = T (13)
|TN|

From Equations (2), (3) and (4), there is:



TF -7

6, = arccos — -
| TF |cos (arcsin 1F . k)
| 7]

2.3.2 Offline correction of normal vector declination. The purpose of the offline correlation of
normal vector declination is to apply the inherent theoretical error to the pose adjustment of
the end effector. The theoretical error angles 8; and 6, are input into the robot control system
to realize the normal accuracy compensation for the panel surface with variable curvature
after the online compensation based on laser ranging. Actually when online accuracy
compensation is finished, the deviation between the tool coordinate system and the actual
normal vector to be measured is approximately the same as that in the simulation, and the
relationship between the pose of the tool coordinate system and the theoretical normal vector
can be shown in Figure 7. The pose of the tool coordinate system based on 6; and 6, needs to
be adjusted to make the X-axis coincide with the theoretical normal vector. The pose
adjustment procedure is as follows:

The pose of the current tool coordinate system is supposed to be (X, Y, Z, A, B, C), thus
the current pose is represented by the Euler angle transformation sequence as:

Euler(A, B, C) = Rot(z, C)Rot(y, B)Rot(x,A) (15)
1 0 0
Rot(x,A) = |0 cA —sA (16)
0 sA A
cB 0 sB
Rot(y,B) = 0 1 0 17)
—sBO s00 ¢B
cC —sC 0
Rot(z,C)= |sC ¢C 0 (18)
0 0 1

where s denotes sine, and ¢ represents cosine.

The current position of the tool coordinate system is kept unchanged to adjust the posture of
the tool coordinate system. The tool coordinate system is rotated around its Z-axis by angle 05,
and then it is rotated around its Y-axis by angle ;. The rotation matrix can be expressed as:

cd 0 sOy||cO —sO; O c05c0,  —cOy50; SO,
Rot(y,05)Rot(z,0,) = 0 1 0 s, ¢ 0| = $0; 0, 0
—892 0 692 0 0 1 —892(,'61 862891 (302
19)

By combining Equations (6) and (10), the final processing pose after two rotations can be
expressed as:

Euler(A, B, C) = Rot(y,05)Rot(z,61) (20)
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Figure 8.

Schematic diagram of
error maximization
analysis

The vertical accuracy compensation of the variable curvature surface is completed according
to the above-mentioned adjustment process.

2.4 Error analysis of vertical accuracy compensation method

The vertical accuracy compensation method for surface with variable curvature is proposed
in this research, and the error can be divided into online laser non-contact normal
measurement error and offline theoretical prediction error. The online laser non-contact
normal measurement error has been investigated in many literature studies, so only the
offline prediction error is thoroughly analyzed here. The offline prediction error is mainly
caused by the deviation between the irradiation point position of the laser displacement
sensor on the workpiece and the actual irradiation point position in the offline simulation
process (Lee and Shiou, 2011). The main factors that lead to the prediction error include the
absolute robot positioning accuracy error and the robot end pose error. The X-axis of the tool
coordinate system of the end effector is consistent with the normal direction of the online
measurement after repeatedly online pose adjustments, so the pose error of the robot end can
be ignored. The error introduced by the absolute positioning accuracy will be deeply
analyzed.

In the actual normal measurement process, there is an error Aq which is called the absolute
positioning accuracy of the robot between the actual position of the robot end and the
theoretical position. As shown in Figure 8, 6 is the deflection angle between the theoretical
normal vector and the fitting normal vector through the simulation, and it is the inherent
theoretical error angle predicted in the theoretical simulation environment. @' is the deflection
angle between the normal vector of the actual hole to be drilled and the fitting normal vector.
It is the inherent theoretical error angle that actually exists. Due to the existence of the error
Aa, the actual and the theoretical processing points are discordant in the actual drilling
process, and there must be a difference between the inherent theoretical error angle 6
predicted in the theoretical simulation and the actual inherent theoretical error angle &'. Once
the predicted inherent theoretical error angle 6 is used to replace the actual inherent
theoretical error angle @', the predicted error angle A appears:

AO=0-0 1)

The actual normal vector !




In order to analyze the relationship among the curvature radius of the surface R, the absolute
positioning accuracy of the robot Ag, the distance of the measured displacement from laser
sensor L and the predicted angle error A, the limit thought is adopted to build the specific
conditions when the predicted angle error A@reaches the maximum value. It is assumed that
the maximum radius of curvature Ry and the minimum radius of curvature Rs exist in this
curved surface, the radius difference of the curvature AR can be expressed as:

AR=R, — R, 22)

As shown in Figure 8, when the point to be measured is in the curved surface R; and the
projection points of the laser displacement sensor on the workpiece are all in the curved
surface Ry, the angle a; between the actual normal vector and the simulated normal vector
reaches the minimum value and the angle as between the normal vector of the actual hole and
the normal vector of the theoretical hole reaches the maximum value. The predicted angle
error Af reaches the maximum value. At this point, the value of Af is:

AfQ = s — O (23)

2.4.1 ay error analysis. The relationship among R, Aa, L and o is established on condition
that the radius of curvature R, the robot’s absolute positioning accuracy A« and the laser
displacement sensor measuring point distance L keep unchanged. In the mathematical
analysis model, the measurement area of the laser displacement sensor R2 is shown in
Figure 9, where the radius of the measurement area is R2, and the center of the circle O is
sensor. The straight line WV connected to the theoretical projection points in the two
simulation cases. Assuming that the line segment WV is parallel to MN (WV // MN), and the
line segment MN is the diameter of the R; circle. W’ V' is the straight line connected to the
projection point in the actual measurement, and there is |WV| = |W’ V" = L. The straight
line V'Dis through point V’ and perpendicular to N. It intersects with WV and MN at points
H and D, respectively. The auxiliary lines OV, VV’, OV’ and auxiliary angle  are created in
the model. When the absolute positioning error Aa occurs along the VIV direction, a; reaches
the maximum value, which is:

HV = Aa (24)
Since the area AV'HV is a right triangle, the following equations can be obtained:
\V'V] = |VH] + |HV] (25)
|HD| = \/R,” — (L/2)* 27)
V'H = |V'D| — |HD| (28)
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Figure 10.
The analysis model of
Qg error

p= arcsin( UZD‘) (29)

2
The line segment | V'H | can be solved by Equations from (25)-(29):

Ry — (L/2) > 2
|V'H| = Ry-sin | a; + arcsin S — /Ry — (L/2)" 30)

In the triangle AV'OV, the line segment |V/V‘ can be obtained from the chord length
formula:

\V'V| = 2Rysin(a /2) (31)

The relationship among R, Aa, L and «a; is obtained according to Equations (24), (25), (30),
and (31):

R — (L/2)
Ry-sin | oy + arcsin 27(/) = \/(2R2 sin(al/2))* — Aa?

Ry
+ —\/R’ — (L)2) 32

2.4.2 as ervor analysis. The relationship among R, Aa, L and a is established on the condition
that the radius of curvature R, the robot’s absolute positioning accuracy Aa and the laser
displacement sensor measuring point distance L keep unchanged. As shown in Figure 10,
when the error offset Aa occurs, the normal vector of the actual processing point on the

—
surface is changed from the normal vector OF at the theoretical point to the normal vector

—
OF" at the actual processing point. The angle between these two vectors is ay, the radius of
curvature of the circle is R; and the relationship can be expressed as:

. [Aa
oy = arcsin (R_1) 33)

Therelationship among A8, AR, Aaand the radius R of curvature can be drawn by combining
Equations (22), (23), (32) and (33), as shown in Figure 11. It can be seen that the error curve A9
possesses an initial value instead of starting from the origin. The reason is that on the same
curvature surface, the error offset Aa occurs when the deflection angle of the tooltip point is
greater than the deflection angle of the normal vector fitted by the laser displacement sensor.
Due to the relatively large radius of curvature, the above problems have little impact on A6,
and studies have shown that when the radius of curvature is greater than 110 mm, the impact

A
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on A@1is less than 0.005°. Thus, the effects of AR and Aa on A6 can be ignored. Otherwise the
effect of the curvature variation of the curved surface and the positioning accuracy of the
robot should be considered. The growing trend of A@is directly determined by the size of Aa.
In order to ensure compensation accuracy, the absolute positioning accuracy of the robot is
generally controlled within 0.5 mm.

3. Experimental validation of vertical accuracy compensation method

3.1 Experimental set-ups

The offline vertical accuracy compensation is implemented in the simulation environment of
DELMIA software. The calibration of four laser displacement sensors is conducted by the
aforementioned plane fitting method, and the pose of the laser displacement sensors in the
tool coordinate system TCP is established according to the calibration data. The digital model
of the panels with variable curvature is imported in DELMIA to complete the construction of
the offline simulation, as shown in Figure 12.

The validation of online vertical accuracy compensation is carried out on the robot drilling
and riveting system. The API-T3 laser tracker is used as the measurement tool, and the
special wing skin with variable curvature surface is used as the experimental object. The
robot automatic drilling and riveting system based on laser non-contact vertical precision
compensation is used as the experimental platform, as given in Figure 13.

3.2 Results and discussion for effectiveness of compensation

The offline simulation environment was constructed according to the proposed method proposed
in section 2.3. First, the calibration data of the laser displacement sensor is obtained in the laser
non-contact vertical accuracy compensation algorithm, or the laser displacement sensor on-site
could be calibrated using the laser tracker. Based on the calibration data, the relative position
relationship between the tool coordinate system and the laser displacement sensor is established
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Figure 12.
Schematic diagram of
simulation prediction
environment

Figure 13.

The robot drilling and
riveting experimental
platform for vertical
accuracy
compensation
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in the DELMIA simulation environment to complete the construction of the end effector.
Secondly, the TCP of the end effector is set to coincide with the tag coordinate system of the
theoretical hole on the workpiece, and the position of the intersection points between the laser
lines and the workpiece surface is obtained to fit the plane and its normal vector with least square
fitting method. Finally, when the angle between the X-axis of TCP and the fitting vector exceeds
0.5°, they are adjusted to coincide according to the online compensation method described in
Section 2.2.2. After the simulation is complete, the angle between the X-axis of TCP and the
normal vector of the theoretical hole is the inherent theoretical error, which is used as the predicted
declination angle of the vertical accuracy compensation.

The theoretical error is obtained by combining the digital model of the experimental
workpiece and the theoretical error prediction method proposed in this paper, and the offline
programming system was used to generate NC code. The NC codes of the experimental
reference points are shown in Table 1.



Before the online compensation experiment, the on-site experiment environment is set up. Vertical

First, the workpiece is fixed on the tooling, and the laser tracker is used to calibrate the
relative position relationship between the robot base coordinate system and the workpiece
coordinate system to ensure that the robot end can correctly execute the off-line NC code. In

accuracy
compensation

order to detect the normal accuracy before and after off-line compensation, a laser tracker is
used to measure the normal vector at the point to be measured on the curved surface. Then the
normal vector of the tool axis after laser non-contact vertical precision compensation and the 79
normal vector of the tool axis after compensation of the inherent theoretical error are

measured.

The specific experimental steps are as follows: (1) The laser tracker is used to measure the
normal direction of the point to be measured on the curved surface. (2) The NC code is
executed to make the end effector move to the point to be measured, and the laser non-contact

vertical accuracy compensation program

is executed to achieve vertical accuracy

compensation. (3) After laser non-contact vertical precision compensation, the spindle
direction vector of the end effector is measured by the laser tracker. (4) The inherent
theoretical error compensation procedure is executed for theoretical error compensation. (5)
The laser tracker is used to measure the direction vector of the main axis on the end effector.
During validation, the above experimental steps are repeated, and a serial set of experimental
data are measured. The experimental data are shown in Tables 2 and 3.

Serial number X (mm) Y (mm) Z (mm)

AQ) B(O €O 6: () 62 ()

S U W N

223483 11490.93 90.9890  90.241  11.541 180 0.012392  —0.00564

219531 1141858  120.693 90.611 79590 180 0.020620 0.001049

219125 1125334 123470 90.683 8.6840 180 0.012372 0.000896

218766 1113946  125.744 90.869 9.2800 180  —0.00700 0.003745 Table 1.
222822 11083.53 944170  91.854  10.304 180 0.018573 0.001190 NC data for the off-line
224409  10987.79 86.7500  91.728  13.079 180 0.004440 0.010617 programming

Surface normal vector
Serial number i J k

Spindle normal after online correction
i i k Error (°)

0989771 —0.00038  0.200122
0.990367 0.00027  0.138464
0.988540 0.00054  0.150961
0.986918 0.00101 0161225
0.983873 0.00042  0.178870
0.974062 0.00081  0.226282

ST W N

0948610 0006720 0316378 07823  urtace o o

0987296  —000095 0158887 11830  ovd the normel axis of
0986504 000086 0163192 07110 " too] axis after Incer
0.988453 —0.00424 0.151469 0.4550 non-contact vertical
0.980391 —0.00098 0.197059 1.0660 accuracy
0.975130 —0.00949 0.221432 0.6500 compensation

Surface normal vector

Spindle normal after offline compensation

Serial number i j k i 7 k Error ()

1 0.989771 —0.00038 0.200122 0.980974 0.002163 0.194128 0.368 Table 3.
2 0990367 000027 0138464 0990593 0003215 0136802 0207  Syrface normal vector
3 0.988540 0.00054 0150961 0988049  —0.00425 0.154081 0.303 and tool axis normal
4 0.986918 0.00101 0.161225 0.987387 —0.00262 0.158302 0.225 vector after
5 0.983873 0.00042 0178870 0984949  —0.00016 0.172842 0349  compensating inherent
6 0.974062 0.00081 0.226282 0.974168 —0.00590 0.225746 0.326° theoretical error
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From the data in Table 2, it can be seen that the laser non-contact normal measurement
method has a large measurement error for the variable curvature surface, generally
exceeding 0.5° which cannot meet the assembly precision of vertical precision of drilling
during aircraft assembly. It can be seen from the data in Table 3 that the vertical accuracy
compensation method of the variable curvature surface proposed in present research can
limit the error within 0.4° after theoretical error compensation.

4. Conclusions

In the present research, a combined vertical accuracy compensation method for automatic
drilling and riveting of aircraft panels with variable curvatures is proposed and validated in a
robot drilling and riveting system. The findings and conclusions can be summarized as
follows:

(1) The proposed vertical accuracy compensation method combines online calibration
and offline prediction. The former is aimed to correct the vertical error between actual
and theoretical riveting positions based on laser ranging, and the latter is to correct
the vertical error caused by the approximate plane fitting in variable-curvature
panels based on model curvature.

(2) The combined vertical accuracy compensation method is applied in an automatic
robot drilling and riveting system. The verticality error can be controlled within 0.4°
when the proposed method is used to compensate for the vertical accuracy of the
variable curvature surface, which can meet the requirement of the aerospace
manufacturing industry for vertical accuracy.

(3) The normal vector predication error in offline compensation method caused by the
absolute positioning accuracy of the robot is elaborately analyzed. The compensation
accuracy could be guaranteed when the absolute positioning accuracy of the robot is
generally controlled within 0.5 mm.
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