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Abstract

To achieve the green and efficient processing of weak rigid large thin-walled aerospace parts, mirror milling systems are replacing
traditional processing methods. A novel dual-robot mirror milling system consisting of a machining hybrid robot, supporting
hybrid robot, and fixture is presented in this study. The cutter and the flexible supporting head are installed at the end of the
machining robot and the supporting robot respectively. Because the deformation and vibration of the workpiece are directly
affected by the collaborative performance of the cutter and the supporting head, the key problem is how to achieve collaborative
machining by the cutter and the flexible supporting head in equal wall thickness machining. A collaborative machining method is
proposed by establishing a relative pose relationship between the cutter and the supporting head. In this method, the cutter
trajectory of the machining robot is generated in real time according to the end trajectory of the off-line planning supporting robot
and the preset machining parameters. Next, the control parameters of each driving motor are obtained by the kinematics for the
machining robot. A dual-robot endmost geometrical pose is used to obtain the machining wall thickness via contact-type online
measurement for replacing ultrasonic thickness measurement systems. The wall thickness error is compensated by the machining
robot for accurately controlling the machining thickness. Finally, a triangular grid is machined to verify the effectiveness of the
proposed machining method in the proposed mirror milling system.
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Base coordinate system of

the supporting robot

Tool coordinate system of

the supporting robot

Followed coordinate system of the
supporting head

Supporting cylinder coordinate system
Base coordinate system of the
machining robot

Tool coordinate system of the
machining robot

By=xp, V5,28,
Ci—xc\ye, ¢,
S—xgVsts

Cy=xc,yc,zc,
B2_szsz B,

Cr=xe,ye,20

T—xpzr Followed coordinate system of the
cutter

V—=xwvzy Virtual coordinate system of the cutter

W= xwywiw Workpiece coordinate system

Xis Vis Zi» Qiy 3y Parameters of the ith supporting robot

pose in W—xyypwzw

Parameters of theith supporting robot
pose in C1=x¢, Y, 2¢,

The ith controlling parameters of each
joint of the supporting robot

h The wall thickness error

d The setting wall thickness

Xtis Viis Zai» Qir By The parameters of the ith machining ro-
bot pose in Cr—xc,y¢,2c,

The ith controlling parameters of each
joint of the machining robot

The ith actual parameters of each joint
of the supporting robot

The ith actual parameters of each joint
of the machining robot

The ith actual pose parameters of the
supporting head in C1—xc,y¢, zc,

The ith actual pose parameters of the
cutter in Cr—xc¢, V¢, 2¢,

Xsis Vsis Lsis Olsis ﬁsi

Gii» G2i> @3> 011 O2;

Gai G5is Gois O3is Oai
5111'7 QZiv 61313 éli» éZi
5141'7 QSﬂ 5161" 931'; é4i
Xi ’ j’ i) zsiv &Sia Bsi

Xtiy Viis Ztiy Oty B

d, The machining wall thickness

d, The actual measuring wall thickness by
ultrasonic thickness gauge

L The setting displacement from the steel
ball of the end to supporting head

L¢ The actual displacement from the steel
ball of the end to supporting head

|2 The distance between the supporting

head and the cutter in the axis direction

1 Introduction

Large thin-walled parts composed of aluminum alloys are
widely used in aerospace industries such as for making
aircraft skins and rocket tanks. The traditional machining
method for large thin-walled parts is chemical milling
which has the disadvantages of involving a complicated
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milling process, low machining accuracy, serious pollution
generation, and low material utilization and machining ef-
ficiency, making it unable to satisfy the requirements de-
sired for efficient machining and green manufacturing [1].
It is necessary to introduce auxiliary support to make a
“tool-workpiece-fixture” machining system with sufficient
rigidity due to the weak rigidity of large thin-walled parts
in CNC milling. The traditional auxiliary molding support
[2] uses a mold that is compatible with the shape of the
workpiece to achieve the surface contact support of thin-
walled parts, but the contact uniformity of the thin-walled
parts and the mold is difficult to control. The molding
support is only suitable for volume machining of the same
shape because of its high cost and poor adaptability. In
addition, a multi-point flexible auxiliary supporting meth-
od [2, 3] uses a retractable vacuum chuck unit and adapts
the shape of the workpiece by arraying the supporting
units; however, it is difficult to ensure the rigidity of the
supporting unit interval. A mirror milling system was pro-
posed by Dufieux [3] and Torres to achieve the green and
efficient manufacturing of large thin-walled parts. The mir-
ror milling system of Dufieux and Torres consists of a
horizontal gantry milling machine, the gantry mirror
supporting mechanism, and the auxiliary clamping mecha-
nism. The gantry milling machine and gantry supporting
mechanism with high-static stiffness, dynamic stiffness,
absolute positioning accuracy, and repeatable positioning
accuracy have good dynamic characteristics, but the gantry
mechanism is large, poorly reconfigurable, and less flexi-
ble. In addition, conventional articulated industrial robots
cannot easily replace traditional machine tools because of
their weak rigidity and low positioning accuracy. On the
other hand, the five-degree of freedom (DOF) hybrid robot
with parallel mechanism has been widely used in machin-
ing and assembly [4] due to its large working space and
high flexibility, stiffness, and precision. Compared with the
traditional machining tools, the stiffness and positioning
accuracy of the five-DOF hybrid robots are slightly low.
But the requirements of light-loaded and small cut-depth
machining for large thin-walled aluminous parts can be
satisfied. Thus, a novel dual-robot mirror milling machin-
ing system is proposed by replacing the gantry milling
machine and mirror support mechanism by dual five-
DOF hybrid robots. The five-DOF hybrid supporting robot
provides support and wall thickness measurement; the
five-DOF hybrid machining robot is used for milling and
error compensation. To ensure accurate equal remaining
wall thickness, a collaborative machining method for
dual-robot mirror milling is proposed.

Due to the cutting deformation and vibration, the accu-
racy of the remaining wall thickness is hard to guarantee.
To suppress the deformation and vibration of large thin-
walled parts during machining, an intelligent mirror
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milling system based on dual supporting heads was pre-
sented [5]. The supporting track of the dual supporting
head was established to ensure that at least one supporting
head supports the parts during the machining process. It
was verified experimentally that the deformation and chat-
ter of the parts could be effectively reduced. The stiffness
distribution of the thin-walled parts was studied [6], and
equivalent stiffness models of the supporting mechanism
and the stiffness model of the parts were established. The
composite stiffness of the thin-walled parts with support
was analyzed and optimized by adding redundant actua-
tion. The relationship between the deformation and the
vibrating amplitude of the parts around the machining po-
sition was studied [7, 8] to determine the optimal
supporting position of the supporting head for the machin-
ing of equal wall thickness. The deformation and vibration
suppression of thin-walled parts have been studied by the
above researchers. However, these studies focus only on
deformation and vibration suppression without paying at-
tention to the machining wall thickness. Many scholars
have performed substantial work to ensure the remaining
wall thickness of large thin-walled parts. The deformation
estimation models based on the cutting force were
established [9, 10] to compensate the cutting deformation
by planning and modifying the tool paths. Some deforma-
tion compensation strategies based on finite element meth-
od (FEM) was performed [11-14] to reduce the over-
tolerance of thin-walled parts. However, there are always
some deviations between the theory model and the reality
because of the complexity of milling dynamics. With the
widespread application of touch-trigger probe, on-machine
measurement (OMM) [15, 16] without bring in the
refixturing positioning errors which are created by off-
line measurement is more frequently used to achieve error
compensation by tool path compensation algorithm. To
ensure the machining precision of large thin-walled parts,
an online compensatory strategy and a control method for
improved predictive compensation [17] were described in
their proposed mirror milling system to reduce the cutting
deformation and stochastic deformation during machining.
In the strategy, an accurate predictive model of the parts
was established for the real-time compensation of deforma-
tion by Kalman filtering, and the method can effectively
compensate the time-lag problem and achieve good predic-
tion accuracy. However, the machining accuracy depends
on the accuracy of the model prediction and the deforma-
tion accuracy by laser displacement sensor, and the curved
surface cannot be machined directly in the proposed mirror
milling system [17] because its machining equipment is a
three-axis machine tool. None of these methods compen-
sate for the error by measuring the remaining wall thick-
ness. A thickness measuring device [18] based on the prin-
ciple of ultrasonic thickness was performed to measure the

actual thickness of the thin-walled parts. However, the
thickness measuring device requires an ultrasonic coupling
agent and needs to offset during the machining so that the
supporting head to provide effective support at the machin-
ing point for reducing deformation, and it is difficult to
measure the wall thickness at the machining point.
Therefore, a collaborative machining method is proposed
to ensure the equal remaining wall thickness, and a contact
thickness measurement for dual-robot geometric pose is
performed in proposed method, which not only provides
effective support at the machining point but also measures
the real-time wall thickness and reduces the complexity of
the system.

In this study, a novel mirror milling system for dual
hybrid robots is proposed to machining the large thin-
walled parts, and the collaborative machining method is
described to guide the collaborative movement of robots
in terms of the machining relationship. To achieve equal
wall thickness machining, a contact thickness measure-
ment method based on dual-robot geometric pose is per-
formed to measure machining thickness, and the thickness
errors are compensated by the machining hybrid robot in
next interpolation period. The milling experiment finally
proves the proposed collaborative machining method is
effective for equal wall thickness machining. The remain-
der of this paper is organized as follows. The mirror mill-
ing system composition, the kinematics of hybrid robot,
and the analysis of machining constraints are introduced
in section 2. In section 3, the coordinate systems for the
dual-robot collaborative machining are established and the
collaborative machining method for thin-walled parts is
presented in proposed mirror milling system. The machin-
ing wall thickness is obtained by the dual-robot endmost
geometrical pose to guarantee machining accuracy. In sec-
tion 4, the proposed method is validated through triangular
grid machining experiment in proposed system. The fol-
lowing errors in joint space and task space are analyzed
during the machining to further improve the accuracy of
the wall thickness. The actual measuring wall thickness is
obtained by ultrasonic thickness gauge to validate machin-
ing wall thickness. Finally, some conclusions and outlooks
are summarized in section 5.

2 Mirror milling system and constraint
analysis

2.1 The mirror milling system

The mirror milling system consists of the following com-
ponents: machining robot, supporting robot, fixture, and

control system, as shown in Fig. 1. The machining robot
and supporting robot consist of an identical five-DOF
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Fig. 1 Mirror milling system

Milling head

Machining robot

hybrid mechanism—TriMule [19, 20]. The five-DOF hy-
brid robots are fixed on both sides of the workbench. The
end effector of the machining robot is a milling cutter of
the electric spindle-driven and is used for cutting machin-
ing and wall thickness error compensation. The end effec-
tor of the supporting robot is an integrated flexible
supporting head. The structure for the 7-point supporting
is used for the flexible supporting head, which consists of a
central integrated supporting measuring cylinder [21] and
six surrounding common cylinders. Steel balls 15 mm in
diameter are fixed to the end of the flexible supporting
head and provide the support. The flexible supporting head
can reduce the deformation and vibration by improving the
rigidity of the thin-walled parts in the direction of the cutter
axis during the machining; the measured displacement of
the center telescopic cylinder is fed back to the control
system to calculate the machining wall thickness and en-
sure that the accuracy of wall thickness is satisfied.

2.2 Five-DOF hybrid mechanism

The body of the machining robot and supporting robot is
composed of a five-DOF hybrid mechanism named
TriMule. The mechanism is widely used because of its fea-
tures, including a large workspace, being light weight, flexi-
ble movement, high stiffness, and low cost. The TriMule
diagram is shown in Fig. 2.

TriMule consists of a three-DOF parallel mechanism part
and a two-DOF series mechanism. The three-DOF parallel
mechanism is connected by three UPS branches to the moving
platform and the static platform; the two-DOF series mecha-
nism is the AC pendulum, which is fixed on the moving plat-
form. The following coordinate systems are established to
explain the kinematic model of the TriMule mechanism, as
shown in Fig. 2, including base coordinate system B — xyz, the
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Integrated supporting head

Work-piece

Supporting robot

coordinate system of the fixed moving platform P —x,),z,,
and the terminal coordinate system C — x.v.z.. The orientation
matrix R, of the coordinate system P —x,,z, to the coordi-
nate system B — xyz is described by the rotation angle 1) about
the x-axis and the rotation angle # about the x.-axis. The ori-
entation matrix R, of the coordinate system C —x.y.z. to the
coordinate system P —Xx,,,z, can be described by the rotation
angle ¢, about the z,-axis and the rotation angle 6, about the
Xc-axis. The orientation matrix R of the coordinate system C
— Xz to the coordinate system B — xyz is obtained using the
matrices R, and R,

R, = Rot(x, w)Rot(yp, 9) = [% & %] (1)
R, = Rot(z,, 01 )Rot(x, 6>) (2)
R=R,R.=[4 VW] (3)

where sy, 5,, and s3 represent the three unit vectors of the
coordinate system P —x,y,z,, and u, v, and w represent the
three unit vectors of the coordinate system C —x.y.z,.

Fig. 2 The TriMule diagram
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According to the closed-loop constraint equation, the posi-
tion vector r, of point P in the base coordinate system B — xyz
is given as

=0+ qwi-a (4)
Iy =—1Ip Wy (5)
wherei= 1,2, 3;r,=q4+ ly; g;represents the length of the rod in

UPS branch i; w; represents the unit vector of UPS branch i; @, =
Ray; aig=(a; cos ; a;sin y; 0)"; and b; = (b; cos v, b; sin; 0)"

/2, i=1
Vi 07 i=2
m =3

The length ¢; and unit vector w; of UPS branch i can be
obtained by constructing the orientation matrix R, and
substituting Eq. (4).

g = |7+ -2 ()
W= (Ip+a—b)|q (7)

The position vector r. of point C in the base coordinate
system B —xyz is given as

L=dvi+d,wir, (8)

where r, represents the position vector of point P, d, and d,,
represent the coordinates of vand w in C — x_y.z., respectively,
and w represents the direction vector of the cutter axis by a
rotation angle « about the x-axis and the rotation angle 3 about
the y-axis from the initial direction.

0, and 6, can be obtained from the constructed equation,
which are not described in detail here.

The inverse kinematics of the TriMule mechanism uses the
scale parameter and the pose (x, y, z, a, ) of the end actuator to
solve for the lengths and angles (¢1, g2, g3, 61, 6>) of each branch.
The forward kinematics can be obtained in an inverse manner.

2.3 The analysis of machining constraints

In the mirror milling process, the cutter and the supporting
head are located on both sides of the thin-walled parts. The
flexible supporting head at the end of the supporting robot
is located normal to the supporting surface, maintained on
the supporting surface along a predetermined off-line ma-
chining trajectory, and avoids the deformation of thin-
walled parts due to “over-supporting.” The surface of the
parts is machined by the electric spindle-driven cutter of
the machining robot, and the normal vectors of the cutter
are always kept in the opposite direction from the vectors
of the supporting head. The wall thickness of the parts is
determined by the axial distance between the steel ball of
the pneumatic flexible supporting end and the cutter of the

machining robot. When the wall thickness error exceeds
the tolerance, the cutter must first align to an orientation
collinear with the normal direction of the supporting head
and then feed along the collinear direction to compensate
error.

In the machining process for parts with continuous equal
wall thickness, the pose of the cutter and supporting head
changes with the surface of the thin-walled parts, but the col-
laborative relationship between the supporting head and cutter
needs to be always satisfied. Thus, the collaborative relation-
ship, including that between two end-effect actuators of five-
DOF hybrid robots and the collaborative relationship of the
two five-DOF hybrid robots, is obtained.

3 The collaborative machining method
3.1 Definition of coordinate system

To more clearly express the relationship of the pose between
the cutter of the machining robot and the supporting head of
the supporting robot in mirror milling and establish the col-
laborative equation for the machining robot and supporting
robot, the following coordinate systems are defined. As shown
in Fig. 3, B1—xp,y, 28, represents the base coordinate system
of the supporting robot, and the origin of the coordinate sys-
tem is built in the center of the supporting robot turning brack-
et; C1—xc,y¢, ¢, represents the tool coordinate system of the
supporting robot, where the origin is located at the center of
the supporting head at the zero pose of the supporting robot. S
—xgyszs represents the followed coordinate system of the
supporting head, which fixes the end of the supporting head
and changes with the pose of the supporting head. The origin
coincides with the center of the supporting head. At the zero
pose of the supporting robot, the followed coordinate system
of the supporting head S —xgyszs is completely coincident
with the tool coordinate system of the supporting robot, and
the normal vector of the supporting head is the reversed zg-
axis direction of the followed coordinate system on the
supporting head. C,—xc,yc zc, means the supporting cylinder
coordinate system, and the origin, is located at the center of the
steel ball at the end of the integrated supporting measuring
cylinder.

Similar to the supporting robot, the base coordinate system
By—xp,y,28, and tool coordinate system Cr—xc,V¢,zc, of the
machining robot are established. T—x7z7z7 represents the
followed coordinate system of the cutter, which fixes the end
of'the cutter and changes with the pose of the cutter. The origin
coincides with the center of the cutter. In the zero pose of the
machining robot, the followed coordinate system of the cutter
T—xwzr is completely coincident with the tool coordinate
system of the machining robot, and the normal vector of the
cutter is the reversed zzaxis direction of the cutter followed
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Fig. 3 Coordinate systems. a
Fixed coordinate systems at zero
pose. b Motion coordinate system
during machining

(b) Motion coordinate system during machining

coordinate system. V — xyyyzy represents the virtual coordinate
system of the cutter, and the coordinate origin is located at the
center of the cutter head under an ideal wall thickness. The
coordinate origin of the workpiece coordinate system W—
xwywzw 1s located on the supporting surface of the thin-
walled parts and can adjust the specific position according to
the processing need.

3.2 Coordinated machining for equal wall thickness

According to the collaborative relationship between the
supporting robot and the machining robot during machining,
the coordinated machining equation of the dual robots is de-
rived as follow:

BT, OTr Ty = 2T, P T, O Ty VT O Ty 9)

CITW'WTC}, — C]TS'STC}, (10)

In the above formula, BZTC2 represents the homogeneous
transformation matrix from the tool coordinate system of the
machining robot C—xc,yc, zc, to the base coordinate system
of the machining robot Ba—xg,yp,25, BZTB1 represents the
homogeneous transformation matrix from the base coordinate
system of the supporting robot B1—xp, y 2, to the base coor-
dinate system of the machining robot B,—xz,y; z5,. ®' Tc,
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represents the homogeneous transformation matrix from the
tool coordinate system of the supporting robot C—x¢,y¢, 2c,
to the base coordinate system of the supporting robot
By=xp,yp,25,- Ty represents the homogeneous transforma-
tion matrix from the workpiece coordinate system W —
xwywiw to the tool coordinate system of the supporting robot
Cr—xc,ye,zc, - CZTT represents the homogeneous transforma-
tion matrix from the cutter followed coordinate system 7'—
xv7zr to the tool coordinate system of the machining robot
Cr—xc,yc,2c,- T, represents the homogeneous transforma-
tion matrix from the virtual cutter coordinate system V—
xyyzy to the cutter followed coordinate system T'—xzy7zz "
T, represents the homogeneous transformation matrix from
the supporting cylinder coordinate system Cy—x¢,y¢, zc, to the
workpiece coordinate system W—xypyyzy. Ty represents
the homogeneous transformation matrix from the virtual cutter
coordinate system V —xyyzy to the supporting cylinder coor-
dinate system Cy—xcyycyzcy. ClTs represents the homoge-
neous transformation matrix from the followed coordinate
system S —xgyszs of supporting head to the tool coordinate
system of the supporting robot Ci—x¢,y¢, Z¢, - § Tc, represents
the homogeneous transformation matrix from the supporting
cylinder coordinate system C,—xc, Ye,2c, to the followed co-
ordinate system S — xgyszs of supporting head.

As shown in Fig. 4, the main steps of the equal wall thickness
machining strategy for the mirror milling system are as follows:
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of actual cutter

Position and normal direction of
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Fig. 4 Machining strategy

(I) After the thin-walled parts are clamped, the supporting
surface of the thin-walled parts is scanned [22] by a laser
to obtain the position parameters of the supporting sur-
face in the workpiece coordinate systemW —xyuyywzp-
The parameters of the supporting surface are reconstruct-
ed to obtain the mathematical model of the thin-walled
parts. According to the reconstruction model, off-line
trajectory of supporting robot was planned. The normal
vector direction of each point on the supporting surface
of the thin-walled parts is determined by the rotation
angles « and 3, which represent the angles at which
the initial orientation of the supporting head rotates se-
quentially around the xy, and yy, axes of the workpiece
coordinate system to the normal vector direction of the
position (x, y, z).

(IT) When the ith supporting position (x;, y;, z;) of off-line
trajectory of the supporting robot is arrived, the rotation
angles «; and [3; at this pose are determined according to
the reconstructed mathematical model of the supporting
surface and off-line trajectory. The homogeneous trans-
formation matrix VT, from the supporting cylinder co-
ordinate system to the workpiece coordinate system is
obtained through the parameters (x;, v;, Z;, v, 3;)-

cosf3; sing;sina; sinf,cosq;  x;
YTo = 0 cosq; —sincy; Y,
4 —sinf3; cosf;sin; cosfcosq;  z;
0 0 0 1
-1 0 0 O
0o 1 0 O
“1o0 0 -1 0 (11)
0 0 0 1

According to the setting displacement of the integrated
supporting and measuring cylinder, the displacement L be-
tween the steel ball of the end and the origin of the supporting
head followed coordinate system is determined, and homoge-
neous transformation matrix Tc, is obtained. The homoge-

neous transformation matrix CITS from the followed coordi-
nate system of supporting head to the tool coordinate system
of the supporting robot is derived using Eq. (10).

Cirg = O Ty VT[T | (12)

(13)

The ith supporting position (xg;, Vs, Z5;) in the tool coordi-
nate system of the supporting robot is obtained by the homo-

geneous matrixClTS. The rotation angles ay; and (,; are deter-
mined by Egs. (14)—(16).

¢ = atan2 (ny, nx) (14)

o = atan2 (sing - a,—cos¢ - ay, —sing - s, + cosg - s,)  (15)

B, = atan2 (—nz, cosgrn, + sin¢-ny) (16)

The control parameters (¢, ¢2i» 43 01> 02;) of each joint of
the supporting robot are solved in the ith supporting position
through the inverse kinematics model of the supporting robot
and the pose parameters.
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Fig. 5 Mirror milling system of dual robots

(IIT)  The homogeneous matrix T from the cutter followed
coordinate system to the tool coordinate system of the
machining robot is obtained by Eq. (9).

_l _
CzTT _ |:B2TC2:| 'BZTBI'BITCI'CITW'TWCy‘CyTV'[TTV] 1

(17)
where
100 0 10 0 0
010 0] c 01 0 0
T _
=10 01 =] =10 0 -1 -d
00 0 1 0 0 0 1

The wall thickness error % in the position transfer vector
(0,0, —h)" of the homogeneous matrix T is calculated by
comparing between the machining thicknesses and setting
thickness in the following; the parameter d of the homoge-

neous matrix Ty represents the setting machining wall
thickness.

According to Egs. (13)—(16) in step I, the ith pose pa-
rameters (X, Vs, Zsi» Qi B) Of the cutter are obtained. The
controlling parameters (q4;, gs:> 4ei> 03i> 04;) of each joint on
the machining robot are solved in the ith machining posi-
tion through the inverse kinematics model of the machin-
ing robot and the pose parameters of the cutter.

(IV) The actual parameters quli;quvz];;i,@li,ézl') of each
joint of the supporting robot and the actual parameters

(q4,.,q5,., e O3, @41‘) of each joint of the machining

robot are obtained by the motor encoder. According
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e

Supporting robot

ﬁ‘ N Y

to the kinematics forward solution model of the
supporting robot and the machining robot, the actual

pose parameters (Xsi, Vi Zsiy Asiy BS,») of the supporting
head are obtained in the tool coordinate system of the
supporting robot Ci—xc,y¢,zc,, and the actual pose
parameters (J%,i, Vi 2 Oy Bﬁ) of the cutter are obtain-

ed in the tool coordinate system of the machining robot
Cr=xc,Y¢,2c,- Next, the homogeneous transformation
matrices ' T s and ©? T r can be determined. The ho-
mogeneous matrix ST 7 is then obtained by Egs. (9)
and (10).

N 1] -1 -1 N
Ty =[O0 [P0 ] [T TS ()

The position components (x7, y7; z7) can be obtained by
the homogeneous matrix S 7. The parameter |z indicates
the displacement between the supporting head and the

Table 1 The machining parameters

Parameters Description

Dimension Equilateral triangle with 232-mm sides
Material Aluminum alloy 6061

Spindle speed 5000 rpm

Feed rates 2000 mm/min

Setting thickness 4.000 mm

Depth of cut 0.5 mm

Cutter diameter 16 mm

Number of flutes 3
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Fig. 6 Thin-walled triangular grid

cutter in the axis direction. The machining wall thickness
d, is obtained by Eq. (19):

dr = |ZT|—LC (19)
h=d—d (20)

The actual displacement L. between the steel ball of the
end and the origin of the supporting head followed coordinate
system can be measured using the integrated supporting mea-
suring cylinder. The wall thickness error / is calculated using
Eq. (20). If the tolerance of the machining wall thickness is not
met, the wall thickness error 4 is substituted into step III and

Fig. 7 Machining of thin-walled
triangular grids

compensated by the machining robot in next interpolation
period; otherwise, the (i + 1)th position will be machined by
repeating steps (II-1V).

4 Test verification

Before the machining experiment, the simulation analysis of
the curved surface and the flat plate was performed to ensure
equal wall thicknesses. The results showed that the proposed
method is consistent for the curved surface and flat plate. The
rectangular plate was used to verify the effectiveness of the
proposed method in the mirror milling system due to the lim-
itation of experimental conditions. The proposed mirror mill-
ing system is described in this study as shown in Fig. 5. The
mirror milling system consists of the machining robot,
supporting robot, clamp, spindle, flexible supporting head,
worktable, control cabinet, operating table, etc. Panasonic
Minas A6 series servo motors and drivers are used for each
driving joint of the machining robot and supporting robot. The
PMAC is used to control the drivers and communicate with
the host computer. The 7.5-kW air-cooled spindle is fixed at
the end of the machining robot, and the integrated flexible
supporting head is fixed at the end of the supporting robot.
The raw material for the machining is a 1000-mm x 800-mm
rectangular piece and the wall thickness is 8 mm. The material
is aluminum alloy 6061.
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Fig. 8 Position control parameters of joint motor
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Fig. 9 Motion errors of the driving joint
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To prove the effectiveness of the proposed method, the
thin-walled triangular aerospace grids are milled to validate
the effectiveness in the dual-robot mirror milling system. The
analysis of the last layer’s contour machining is conducted on
the triangular grids. The machining parameters of the thin-
walled triangular grids are shown in Table 1. The processing
time is determined by the machining parameters of the feed
rate and the depth of cut, and the feed rate and depth of cut
depend on the processing craftwork. In the same processing
craftwork, the processing efficiency and processing time of
proposed milling system are comparable with other mirror
milling systems. In addition, the servo system cycle is
0.442 ms and the interpolation period is five servo cycles in
proposed system. Linear arc interpolation is adopted in the
processing. The tolerance of the machining wall thickness is
+0.05 mm to control wall thickness.

To reduce the deformation of the thin-walled parts, the
machining begins in the middle of the thin-walled triangle
and proceeds from inside to outside. The machining trajectory
of the triangular grid contour in the workpiece coordinate
system is shown in Fig. 6, and the order of machining is
[-I-I—-L

The machining of the thin-walled triangular grids is shown
in Fig. 7a, b. The finished grids are shown in Fig. 7c.
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Fig. 10 Task space position and orientation

According to the machining parameters, the position con-
trol parameters of each joint motor during the I — II — Il — I
contouring process are obtained, as shown in Fig. 8.

The position control parameters of each joint motor are
compared with the actual position parameters, and the follow-
ing errors of the machining robot and supporting robot in the
joint space can be obtained, as shown in Fig. 9. From Fig. 9a,
b, the following error amplitudes of the triad branches of the
supporting robot are all less than 0.007 mm, and the following
error amplitudes of the AC swing angles are all less than
0.002°; the following error amplitudes of the triad branches
of the machining robot are all less than 0.005 mm, and the
following error amplitudes of the AC swing angles are all less
than 0.001°. Various interesting phenomena can be noted from
Fig. 9. In the vicinity of =7 s (around position II), there is a
large mutation of following errors in translational joint g3 and
rotational joint 0; of the supporting robot. There is a small
change in following errors in moving joints g5 and g of the
machining robot. There are obvious following errors in the
rotation of joints 65 and 6, of the machining robot. In the
vicinity of =14 s (around position III), there is a large fluc-
tuation in the following error of moving joint ¢ and a small
stepping amplitude in the following error step of rotating joint
0, with the supporting robot. There is a certain mutation in the
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rotating joint 5 of the machining robot. Combined with the
position control parameters of the joint motor in Fig. 8, the
possible cause of the mutation in the following errorat =7 s
and 7 = 14 s is the change in the joint reversing friction force.

To better measure the collaborative performance of the dual
robots, the actual position of each joint of the supporting robot
and the machining robot is substituted into the forward kine-
matics model, and the terminal poses of the supporting robot
and the machining robot in the task space are obtained. The
pose of the supporting robot in its tool coordinate system is
shown in Fig. 10a, b; the pose of the machining robot in its
tool coordinate system is shown in Fig. 10c, d.

The following errors during the mirror milling process
in the task space of the supporting robot are shown in
Fig. 11a, b; the following errors in the task space of the
machining robot are shown in Fig. 11c, d. As shown in
Fig. 11, the following errors of the position in the task
space are less than 0.03 mm, and the following errors of
the rotation angle are less than 0.002°. The following per-
formance is poor along the x- and y-axis, and the following
performance is better along the z-axis for the machining
robot and supporting robot. One possible reason for this
is that z-axis is the thickness direction of the workpiece,
and the feed in the z-axis direction is smaller for machining

0.03f — Ay
ooz N ___
g 0.01f
§ O" 0 ,/\l‘._ N
E STadeg S VN Y SPLA PN ,‘:
-0.017
-0.02
0 3 6 9 12 15 18 21
Time(s)
(a)
0.03 Ay,
| --- Ay
_ 0.02 An
g 0.01}
5
= 0
84|
-0.017
0,02
0 3 6 9 12 15 18 21
Time(s)
(c)

Fig. 11 Motion errors of task space
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of pieces of equal wall thickness; the machining plane is
located in the xy-plane, and the cutting motion is along the
x- and y-directions. In addition, it can be noted that the
pose following errors of the supporting robot are larger
from Fig. 11b. Thus, the necessity of the pneumatic flexi-
ble supporting head is proved.

As shown in Fig. 12a, the real-time displacement L. be-
tween the end of the steel ball and the followed coordinate
system of the supporting head is determined by the displace-
ment sensor of the integrated supporting measuring cylinder.
The homogeneous transformation matrices > T7 and ' T
can be determined by the actual pose parameters of the cutter
and the supporting head. The homogeneous matrix ST is
obtained by Eq. (18). |z7] indicates the displacement between
the supporting head and the cutter in the axis direction, and
can be determined by the position components of S T7. The
machining wall thickness d,. is indirectly obtained by Eq. (19).
The machining wall thickness d, and the setting wall thickness
d are shown in Fig. 12c. Furthermore, the actual measuring
wall thickness d,, is obtained by ultrasonic thickness gauge to
validate machining wall thickness in Fig. 12b and the results
are shown in Fig. 12c. The actual measuring wall thickness
error is less than + 0.2 mm from Fig. 12c¢. It can be noticed that
the machining wall thickness and the actual measuring wall
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Fig. 12 Actual wall thickness
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thickness have the same trend. The effectiveness of the pro-
posed method for the mirror milling system can thus be
validated.

5 Conclusion

For the mirror milling of large thin-walled parts, a dual-robot
collaborative machining method for equal wall thickness is
proposed in this study. The pose of the cutter and the flexible
supporting head can be determined through the proposed
method. To improve processing accuracy of the remaining
wall thickness, a contact thickness measurement for dual-
robot geometric pose is performed by the flexible supporting
head integrated displacement sensor to obtain the real-time
wall thickness in proposed method, and the wall thickness
errors are compensated by the machining robot. The integrat-
ed supporting head provides effective support at machining
position and suppresses the milling deformation and vibration
during the machining. A large thin-walled triangular grid has
been used to validate the effectiveness of the proposed meth-
od. The experimental results show that the proposed method
can be used to effectively perform machining tasks with the
dual-robot mirror milling system. The position following er-
rors of the supporting head and the cutter are less than
0.03 mm in the task space; the orientation following errors

1 35 7 9 1113151719 21

Points

(©

of the supporting head and the cutter are less than 0.002°.
The machining wall thickness is indirectly determined by
the dual-robot endmost geometrical pose, and the machining
wall thickness error is less than £0.05 mm. The actual wall
thickness is measured by ultrasonic thickness gauge and the
actual wall thickness errors are less than + 0.2 mm. In the next
research, a grating-based robotic full-closed loop control will
be implemented to improve control accuracy and the control
algorithm of the hybrid robot will be further studied to im-
prove the actual wall thickness machining accuracy. In addi-
tion, the proposed method is also suitable for other similar
systems and provides practical references.
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