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Abstract: An end-effector for a flexible drilling robot is
designed, and a novel four-point algorithm of normal attitude
regulation for this end-effector is presented. Four non-coplanar
points can define a unique sphere tangent to them in spatial
geometry, and the center point of the sphere and the radius can
be calculated. The shape of a workpiece surface in the
machining area is approximately regarded as such a sphere. A
vector from the machining point to the center point is thus
approximately regarded as a normal vector to the workpiece
surface. By this principle, the algorithm first measures four
coordinates on the curve in the drilling region using four
sensors and calculates the normal vector at the drilling point,
then calculates the error between the normal vector and the
axis of the spindle. According to this error, the algorithm
further figures out the angles of two revolving axes on the end-
effector and the displacements of three linear axes on the robot
main body, thus it implements the function of adjusting the
spindle to be perpendicular to the curve at the drilling point.
Simulation results of two kinds of curved surfaces show that
accuracy and efficiency can be realized using the proposed
algorithm.
Key words: four-point position regulation; end-effector;
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‘ x T ith the increasing applications of automation, digi-

tization and modularization technology, higher de-
mands for quality improvement, cost reduction and ergo-
nomic improvement in aircraft fabrication and assembly are
required. It is of great significance to machine or fabricate
components accurately with drilling machinery in fabrica-
tion, assembly and other aspects, so automatic drilling
machining technology has become an important application
and research direction' ™. Automatic drilling equipment
widely used in aircraft fabrication and assembly offers an
ability to machine or assemble very sophisticated parts, but
this depends on high structural stiffness along with very ac-
curate controls to meet with the requirements of desired
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manufacturing precisions and tolerances. Nevertheless,
these kinds of equipment are typically customized for spe-
cific requirements of aircraft structure or special users, and
such features result in poor universal application, greater
size, higher stiffness and higher costs "'

tions of the equipment are limited in cases such as large

The applica-

size workpiece machining or small workspace for fabrica-
tion and assembly, so that some parts cannot but be re-
stricted to be assembled manually which drive costs even
higher. And, more importantly, it will cause low connect-
ing quality that can shorten fatigue life due to manual op-
eration with low drilling quality. Meanwhile, manual mis-
takes can also result in expensive repairs, scrapped parts
and schedule delays'® .

The application of automatic drilling technology has
been an important research field in flexible aircraft assem-
bly. Huge automatic drilling equipment typically uses the
method that the workpiece is regulated while it is an-
chored. By contrast, an automatic drilling robot typically
uses an inverse method so that it can drill machine effi-
ciently and accurately with high flexibility and adaptabili-
ty. Thus, the application of the automatic drilling robot
has been widely researched'”’. The end-effector is the key
part of a flexible drilling robot in implementing flexibility
which can be installed on not only flexible tracks'® * but
also a general industrial robot"’ .

Qin et al. """ presented a three-point bracket regulation
algorithm for drilling and riveting of aerofoil. The algo-
rithm used three points near a drilling point to represent
the position and orientation of the workpiece, and it then
calculated the displacement increment of every kinematics
pair by the coordinate transformations determined by the
geometrical structure of the drilling system. However,
the drilling and riveting equipment was anchored but the
workpiece was regulated by using this algorithm. Mean-
while, this algorithm simplified the curve surface of the
drilling area into a plane resulting in an increase in meas-
urement errors to some extent. The normal reorientation
algorithm in which the workpiece is anchored while the
drilling robot regulated has not been widely researched.
This paper presents a new four-point algorithm of the nor-
mal position and orientation regulation that characterize the
curve surface of a workpiece by a sphere rather than by a
simplified plane. The calculation and simulation results of
two kinds of curve surfaces show that the algorithm is effi-
cient, universal and accurate in practical use.
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1 Designed End-Effector and Reorientation
Principle

As shown in Fig. 1, the designed end-effector consists
of the spindle unit, the drive feed unit, the tight unit, the
reorientation unit and the support unit. The tight unit ap-
plies a preload to the workpiece surface with a force to
minimize the systemic vibrations during drilling and to
eliminate the gaps in the laminated materials so that the
stress concentration caused by the scraps and burrs be-
tween the gaps is prevented'”'. The reorientation unit uses
four displacement sensors evenly arranged around the
spindle to measure the vector normal to the workpiece
surface at the drilling point. It comprises two axes which
are vertical to each other to drive the spindle to coincide
with the normal vector. The support unit connects and
supports the other units and fixes the end-effector to a pair
of tracks or an industrial robot.

Feed drive unit
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Spindle unit

Reorientation unit
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Fig.1 The end-effector

A kinematics model of the position regulation and the de-
fined coordinate systems of a flexible drilling robot are
shown in Fig.2. The position regulation unit of the robots
main body has 3 DOFs for rectilinear motions along the x,
y and z axes, respectively, and the end-effector can be free

Fig.2 Mechanical model and coordinate systems of the flexi-
ble drilling robot

to adjust the spindle’ s angle within a certain range by
using 2-DOFs rotational motions rotating respectively
along two axes which are perpendicular to each other.

The defined frames of the flexible drilling robot in
Fig. 2 are described as follows:

{0} is the base frame;

{1} to {3}are the robot main body frames;

{4} is the end-effector x axis frame;

{5} is the end-effector y axis frame;

{6} is the end-effector z axis frame;

{7} is the spindle feeder frame;

{s1} to {s4}are the displacement sensors frames;

{sp} is the spindle frame;

{M} is the normal vector frame.

Four non-coplanar points in three-dimensional space
can define a unique sphere which is tangential to them.
We can calculate the center point of the sphere and the ra-
dius and approximately regard the shape of the workpiece
surface in the machining area as the sphere. By this prin-
ciple, the algorithm first measures and calculates the co-
ordinates of four points in the base frame {0} by four dis-
placement sensors evenly arranged around the spindle,
and then calculates the center point and the radius of a
sphere tangential to the points. The vector from the drill-
ing point to the center point can represent the normal vec-
tor to the drilling region because this vector is always nor-
mal to the sphere as shown in Fig. 3. However, two con-
ditions are provided so as to make the surface normal
measurement method meet the needs of efficiency and ac-
curacy. The first one is that the surface within the four
measurement points must be a convex body; i.e., the
line between each pair of points on the geometry is inside
the geometry. The other one is that the four points must
be non-coplanar. If the four points are coplanar, we need
rearrange the four sensors to make them non-coplanar,
which will be explained in detail later. The rotation an-
gles of the two axes of the normal orientation regulation
unit are further calculated and the reorientation com-
pletes. However, in this process, the coordinate of the
spindle head position has changed due to the displace-
ments of the spindle head. Thus we also need to calculate
the displacements of the robot main body along the three
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Fig.3 Principle of normal vector measurement at drilling point
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lme.ar axes and remove the spindle to the drilling point (s, —50)° + (s, _SN)Z + (s, —5g) =7
again. i =1,2,3,4 (4)

2 Reorientation Algorithm

According to the definition of the frames as shown in
Fig.2, the transformation matrix from the sensor coordi-
nate frames {si}(i =1, 2,3,4) to the base coordinate
frame {0} is calculated as

O.T -

s 0 5 (24 +29)85 +x; +x, +x;, +X, [
O ]
Es4s5 4 =4S —(z, +7)4S +y, +y, +), +y4%
O U]
[Teds5S 4 A4S (74 +2)cAS +z, +2, +2, +2, [
O Ll
Ho 0o o 1 H

(1)

The transformation matrix from the end-effector coordi-
nate frame {sp} to the base coordinate frame {0} are then
calculated as

ol =

oo 0 55 (zp +2)85 +x, +x, +x;, +X, [
| -
Es4s5 o4 =4S —(z, +2,)545 +y, +y, +y; +Y, %
Elrc4s5 4 c4cS (zp +2)cA4S 42, +z, +2, +2, S
[] ]
Ho 0o o 1 =

(2)

where ¢4 is short for cosf, and s4 for sind,, and 6, and 6
are the rotation angles of the normal orientation regulation
unit. The following is the same.

The coordinates of the four displacement sensors in the
displacement sensors frames {si} are S’S[ =[0 0 0]"(i
=1,2,3,4) and we can obtain them in the base frame by
the transformation matrix ’T as

O] ] (Ge $2)5" +x) +x, +x, +x,

OSi = %’% %(ZM’ +27,)s4'c5" +y, +y, +, +}'4E
GO0 Dz, +2)c4'c5" +z, +2, +2; +2, U

(3)

where the symbols with apostrophes indicate the original
position of every axis before regulation. The algorithm
can calculate new angles and displacements based on the
original ones to drive the spindle to coincide with the nor-
mal vector.

It is assumed that the radius of the sphere determined
by the four points is  and the sphere center point is

OSO =[5,

Hence, we obtain

T
Syl

Therefore, the sphere center point °S, can be expressed

as
So =
L(ammm —aymy)n, +(aym, —apm)n; +(a,m; —agmy)n,
2 (ymy =lym)ng +(Lymy = lym)ng +(lpmy = Lymy)ny,
So =
1 (ayly —asln, +(anly —auly)ng +(asl, —ayly)ny,
2 (Iymy =lympy)ng, +(Lymy = lLym)ng + (my —1smy)ng,
Sd} =
1 (asly —ayly)my, +(ayly, —apli)my +(ayl; —agly,)my,
2 (lymy =lymp)ng, +(Lymy = lLymy)ng + (Lymy = Lzmy)ny,
(5)

where

ij = sxi _sxj’ mzj = Syi _s}j’ nij = Sz[ _Szj

2 2 2 2 2 2
a; = (8 _Sx/') +(S,W' _S,w') +(S:i _sz/')

The solution of the equation set has three kinds of dif-
ferent conditions:

1) There is no solution if the four points are not con-
cyclic but coplanar;

2) There are multiple solutions if the four points are
concyclic;

3) There is a unique solution if the four points are non-
coplanar.

This paper adopts a method of rearranging the sensors
in order to make the four points be non-coplanar in the
conditions of 1) and 2) so that Eq. (4) always has a
unique solution and the algorithm has generality.

The drilling point is "D = [d, d, d] "in the base
frame. A vector °N from D to °S, can be considered as a

vector normal to the curve surface at the drilling point.
'N =1[d, -s, d, -5, d. =54l

The unit vector of N is expressed as

[de -5 d,—s, d, —szo]T
(d, —sm)2 +(d, —s\o)2 +(d, —szo)2

(6)

The z axis of the normal vector frame should coincide
with °N,. The normal vector frame can also be considered
as a frame {M} which is rotated relative to the base frame
{0} about some vector "K by angle . Then,

. oo e
K=[@EHEE . 3 ™
Oo@o oy O

If 'K =[k k

[11]

k:]T, the rotation matrix can be ex-

v

pressed as
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[fkv0 +c0  kkvo —ksO kkvo+kso—
R.(0) = Hkyvo +kso kkvo+co kkvo—ksoH
L kvo —kso kkve +kso kkvo+co
(8)

where v@ is short for 1 — cosg, and the following is the
same.
Combining Egs. (7) and (8), we obtain

Iff v +co —eevhd esl
R(60) = H-eevd e v +co esoH (9)
L e s —e 0 co L]

Most notably, the following equations can be obtained.

cosf = e, sing = /1 —e’, 1 —cosf =1 —e,

(10)

I__LI‘CS +1, 5455 —t;,c4s5 1,5 +1,5455 —t,c455 1,65 + 15455 — ;0485

1 t,c4 +1t,54 t,cd +1,54

sp —
wl =
0 0
where
t, = ef vl +ch, t, =—e.eVl, t, =e.s0
t, =—eenl, t, = ef vl +co, t,, = es0
ty, =—es0, t,, =—es0, t,, =cl

Dy =d, —x;, —x, —x; —x,
Dy =d =y, =y, =y =¥,
D, =d -z, -2, -2 -1
When the spindle is regulated to coincide with the nor-
mal vector, a matrix equation is expressed as

wl =1, (14)

The new orientation of the end-effector normal reorien-
tation unit and the new position of the robot main body
position regulation unit are obtained from Eq. (14) as

1—ez)

I +e,

6, =tan"(ex((ei +e)(1—e) +e) /1 =€
eiez —261 —ei -1

_DX

Y, =d, =y, =y; =y, - D,
3 =d, -2, -2, -z, - D,

0, = tan"( -e,

X o=d —x —x -x

> Onoo00moon

with

(z,, *+2;)(cosf,cosf; + tand,sind;)
" tang,sing, + cosf,cosé(sind; + cosb;)

X

_ - (z,, +2,)tang,cosf;
tand,sing, + cosf,cosfs(sinf; + cosh;)

Y

From Egs. (9) and (10), we can obtain the transfor-
mation matrix from frame {M} to frame {0},

|—_e[f vg +cd —eevld esh d. ]
(. 2 4. U

o7 = O eevg e vl +ch esd d, 0 (1)
] — e.s0 —e.s60 cd d. O
Lo 0 o 14

Meanwhile, as shown in Fig. 2, the following equation
is workable.

WT =TT (12)

where 2T is the transformation matrix from frame {M} to
frame {sp}.

The transformation matrix ;T can be obtained by sub-
stituting Eq. (2) into Eq. (12).

D,c5 + D, s4s5 — D,c4c5

|
tycd + 1,54 D,c4 +D,s4 ]

%]SS — 1, $4¢S + 1,45 1,85 —1,54c5 +1,040S 1,85 —t,54¢5 +t,c4cS  DysS —DysdcS +DycdeS -z, — 7,
L

0 1
(13)

3 (z,, +2;)cos0,
" tanf,sing, + cos@,cosé;(sind; + cosb;)

z

Hence, the rotational angles of the two axes of the end-
effector reorientation unit and the displacements of the
three axes of the robot main body are obtained from Eq.
(15) as

A6, =0, -0,
a6, =6, -0, [
Ax, =x, —x; [] (16)
Ay, =y, -v: H
Az, =z, -z, [

where @), and 0} represent the original angles of the end-
effector reorientation unit before reorientation, and x;, y;
and z’, are the original positions of the robot main body
before regulation, respectively.

3 Reorientation Algorithm Simulation

The arrangement of four displacement sensors around a
spindle is shown in Fig. 4, where the deflection angle 0 is
used to avoid the unsolvable case of Eq. (4). In this pa-
per, the value of # is set to 10°. A device is set which
can rearrange the sensors to avoid the case that the normal
vector cannot be measured or calculated. And a is the
distance between two sensors, a =40 mm.

On the XY plane in the base frame {0}, the coordinate
of the drilling point is M(x,,, y,,) and the coordinates of
the four displacement sensors are S;(x,y,) (i =1,2,3,
4). Thus the relationships between them are expressed as

si?
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Fig.4 Displacement sensor arrangement around the spindle
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Me [ [Ces0 - sinb  x, [T @/2 ]
gsz % in49 cosf vy, a2 E (18)
I [y o (o1 O
e [] [Ces® - sinb  x, [T @/2 ]
BLE Hno coso y HH2 H (19)
o000 o (001 O
Mu[] [Gesf —sind x, Q@20
Bl % %ma cost  y, Ed/2 (20)
L} O 0 , 0 O

Considering that the measure error of the sensors is
+0.6% , simulations are performed with two kinds of
curve surfaces as: parabolic surface and a hyperboloid.

The equation of a parabolic surface for simulation is
expressed as

z = 10 - 0. 003y (21)

A curve surface expressed by Eq. (21) parallels to the x
axis so that the normal vectors to the curve surface paral-
lel along the x axis, and thus the angle errors between the
calculated normal vectors and the measured ones are the
same along the x axis. If 6, as shown in Fig. 4,
0°, the divisor of Eq. (5) will be zero by substituting the
four coordinates calculated by Eqgs. (17) to (20) into Eq.
(5), so that we cannot measure and calculate the normal
vector. So, 6 is set to a certain value to ensure that Eq.
(4) have unique solution. Without loss of generality, 6 is
set to 10° in this paper.

is set to

Eq. (21) can be rewritten as

F(x,y,z) =0.003y" +z-10 (22)

The theoretical vector normal to the parabolic surface
expressed by Eq. (22) at the point "D =[d, d, d] T
given as

(23)

lhenry

[aF oF aF

('D)

Substituting Eq. (22) to Eq. (23), we obtain

N, =[0 0.006y 1]" (24)

theory

The errors between the angles calculated by Eq. (6) and
the ones by Eq. (24) are shown in Fig.5. From Fig. 5,
the simulation results with a parabolic surface indicate that
the errors between the theoretical value and the calculated
value by the algorithm are less than 0. 05°within a small
region, whereas they are 0. 01°in other region.

0.05

0 1 1 L 1
0 100 200 300 400 500
Drilling position
¥/ mm

Fig.5 Angle measurement error of parabolic surface

The equation of a hyperboloid for simulation is ex-
pressed as

2 2 2
¥ z X

200° T 50° 4007

(25)

The theoretical vector normal to the hyperboloid ex-
pressed by Eq. (25) at the point °D =[d, d, d.]"is
given as

0 2x 2y 221"
Nlhem’y = 2 - 2 - 2
400 200 50

(26)

(°D)

The errors between the angles calculated by Eq. (6)
and the ones by Eq. (26) are shown in Fig. 6. From Fig.
6, the simulation results with a hyperboloid indicate that
the errors between the theoretical value and the calculated
one by the algorithm are less than 0. 2° in the whole re-
gion.

50

00 y/“““

Fig.6 Angle measurement error of hyperboloid
4 Conclusion

In this paper,
normal orientation and the position of the designed end-
effector of a flexible drilling robot is presented. The algo-

a novel algorithm for the regulation of
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rithm measures and calculates the normal vector to the
curve surface of a workpiece at the drilling point by four
displacement sensors.

The angle error indicated in the product specifications
of the end-effector of a flex track drilling robot developed
by Electroimpact is less than 0.3°. So the measurement
principle and the algorithm can satisfy the practical de-
mands for the regulation of the end-effector of a flexible
drilling robot.

References

[1] Millar A, Kihlman H. Reconfigurable flexible tooling for
aerospace wing assembly [ C]//Proceedings of the SAE
2009 AeroTech Congress and Exhibition. Seattle, WA,
USA, 2009: 013243.

[2] Zhou Wanyong, Zou Fang. Research on automatic drill
with five axes for flexible assembly of aircraft wing com-
ponents [ J]. Aeronautical Manufacturing Technology,
2010(2): 44 —46. (in Chinese)

[3] Hogan C, Hartmann J, Thayer B, et al. Automated wing

drilling system for the A380-GRAWDE [ C]//Proceed-

ings of the Automated Fastening Conference and Exposi-

tion. Montreal, Canada, 2003: 012940.

Atkinson J, Hartmann J, Jones S, et al. Robotic drilling

system for 737 aileron [ C]//Proceedings of the SAE 2007

[4

—

B T 22 14 FL AL &R A R iR LA T
KRE

AeroTech Congress and Exhibition. Los Angeles, CA,
USA, 2007: 013821.

[5] Hempstead B, Thayer B, Williams S. Composite auto-
matic wing drilling equipment ( CAWDE) [ C]//Aero-
space Manufacturing and Automated Fastening Confer-
ence and Exhibition. Toulouse, France, 2006: 013162.

[6] Buttrick J. Flex track drill [J]. SAE Transactions, 2003,
112(1): 389 —392.

[7] Du Baorui, Feng Ziming. Robot drilling system for auto-
matic drilling of aircraft component [ J]. Aeronautical
Manufacturing Technology, 2010(2): 47 —50. (in Chi-
nese)

[8] Thompson P, Hartmann J, Feikert E, et al. Flex track for
use in production [J]. SAE Transactions, 2005, 114(1):
1039 —1045.

[9] DeVlieg R, Sitton K, Feikert E, et al. ONCE (one-sided
cell end-effector) robotic drilling system [ C]//2002 SAE
Automated Fastening Conference and Exhibition. Chester,
Engla, 2002: 012626.

[10] Qin X S, Wang W D, Lou A L, Three-point
bracket regulation algorithm for drilling and riveting of
aerofoil [J]. Acta Aeronautica et Astronautica Sinica,
2007, 28(6): 1455 —1460.

[11] Craig J J. Introduction to robotics mechanics & control
[M]. Addison-Wesley Publishing Company, 1986: 120 —
121.

et al.

lih:élb\l}%]%m_*pp%ﬁﬁii

£L7]:/\

(Ao RFIMIEFRE, dF 211189)

WE. X T o BEARBHATE,

FA AT IZABPATRER B T —FEdmAES

SR g #7 H

ERAAREDWETUAAL NS e kd, KBz @ FRRIRCILE , VL sk @ IR & H 3L

& X 3R 6 o &, BE 2 4R FL 5
ﬁ%m4A&@%@~m/

Ligsk @makos iy &3 B TEMAR K S IL S W @ ed ok k5. RIBIX — BRI, %Ak
o dy BB SR IR A 4 AN B
HHEBEGLA TS R PATR LG T 404X 5 TR E RIEZRE,#—FHF B Kk

W AR, et E BRI B e S, R e
/~ ég'tz

Ak kb 0y 7t 5 A R BRI A BEAFB S I N ALRBFH T a5 &, K IR E T EFLE L E

& A Ty he. AR 2 ﬁ‘#’%&&ﬁ)@éﬂ?fﬁ RA AR Z S

/, 92

ok BT VA 2 ILAR 3 04 R S A R

LG W A B R KR PAT R A ILALE A W @A 3L

HE 5y K-S TP249





