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Abstract
During milling the thin �oor of a pocket which locates on a monolithic structure, it is very di�cult to
achieve high accuracy and good surface quality due to its low rigidity. In this paper, a novel approach is
proposed to overcome the di�culties that encountered during milling of the thin �oor. The method is
realized by using small axial depth of cut but placing a moving support at the back surface of the thin
�oor during machining, in which the support will move with the cutter at the same velocity. An
experimental platform is built to demonstrate the validation of the proposed method. The experimental
results show that the proposed method can effectively improve the accuracy and surface quality during
milling the thin �oor of a pocket of the monolithic structure.

1. Introduction
Flexible monolithic thin-walled workpieces with multi-pockets are widely used in the engineering practice,
especially in the aerospace engineering. The multi-pocket structure is used to reduce the weight of the
component yet to its stiffness and strength. Typical application of the multi-pocket structure includes the
rocket tanks and the airplane fuselage as shown in Fig. 1. The remaining wall thickness of the pocket,
which refers to the normal distance from the outer and inner surface of the pocket after machining, is
important to compromise the weight reduction and the strength. It becomes an important dimension
requirement during machining. However, the cutting vibration and deformation, which are mainly caused
by the low rigidity of thin �oor, will make it di�cult to achieve desirable surface quality and accuracy after
machining [1].

Usually, a �exible monolithic component with pockets is manufactured by two different methods. For the
�rst one, the pockets are �rstly obtained by the high speed milling process on a �at blank block. At this
stage, the block is usually �xed �atly on the worktable of a machining center. Thereafter, the blank with
pockets is formed to the desirable shape by bending or other metal forming process. The whole process
is shown in Fig. 2.

For this method, the thin �oor of a pocket is supported by the worktable surface and its stiffness along
the axial direction of the milling cutter is therefore strengthened during machining. The undesirable
vibration of the thin �oor along the axial direction is thus suppressed. However, the axial depth of cut
can’t be too large during milling the thin �oor. If the axial depth of cut is too large, the remaining thickness
of the �oor will become thinner and thinner (as shown in Fig. 3) and even be cut through due to the
increasing axial depth of cut [3]. Besides, forming �aws will easily occur due to uneven distribution of
block workpiece materials because of the pocket structures, especially at the intersection part of several
ribs as shown Fig. 4. This makes the component fail to meet the strict standard of the aerospace
components.

Different from the �rst method, the second one �rstly forms the blank block to the desirable shape, and
then machines the pocket structures to reach the �nal accuracy. The whole process is shown in Fig. 5.
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The problem encounters in this method is to �x the workpiece. The �xture has two intentions for this
method, namely, to �x the workpiece as well as to reinforce the low stiffness of the thin �oor and thus to
reduce the undesirable vibration during machining. However, after the blank is formed to the desirable
shape, it becomes very di�cult to clamp because of its complex surface. Besides, the inappropriate
�xture condition may lead to the undesirable deformation of the block before machining and thus the
deformation will be released after machining, which will lead to poor dimensional or shape error.

To clamp the workpiece properly, many methods were presented in academic and engineering. One
possible one was the so called mold design method [4]. This method aimed to design a giant mold whose
inside surface has the same shape with the back surface of the workpiece (as shown in Fig. 6 (a)) to
support the �exible workpiece. Obviously, large axial depth of cut can’t be used since the �oor may be cut
through as shown in Fig. 3. Besides, it lacks �exibility since for a different workpiece, the mold support
needs to be redesign and reproduce. Sometimes, Coatings, foams or wax were used to replace the mold
to strengthen the workpiece [5]. Recently, Kolluru and Axinte [6, 7] proposed that use a novel ancillary
device to reinforce the whole surface of the workpiece as shown in Fig. 7. The method consisted of
distributed mass blocks, viscous tape and torsion springs. The springs tensioned and placed in casing
exert a radial force, acting as inertia force on casing. A conformable damping sheet such as neoprene
were pressed against the casing using the torsion springs provides stiffness during vibration of casing
due to stretching of neoprene sheet between the springs. Moreover, the viscoelastic nature of the
neoprene sheet provides damping to the casing. Henceforth, mass, stiffness and damping are imparted
to the thin wall structure without having the residual viscoelastic tape problem.

Except for the mold design method, multi-support method was developed as shown in Fig. 6 (b) [8],
several �xture elements or dampers were attached to the key locations, such as the locations that have
the largest mode displacement of the workpiece. This method can locally reinforce the stiffness of the
workpiece. Compare to the mold design method, it is much more �exible. The �xture element of the multi-
support method can be made as a matrix and thus it is suitable for support and clamp of the workpiece
with complex surfaces. The investigation related to this method includes the �xture element number
optimization, the layout of the �xture element, the applied force between the workpiece and the �xture
element, the sequence of the �xture operation etc. Generally, it was treated as an optimization problem.
Such as, Qin et al. [9] analyzed and optimized the clamping sequence of the �xture element. Their
investigation considered the varying contact force and friction force during clamping. Chaari et al. [10]
optimized the clamping force of the �xture based on the particle swarm optimization (PSO) method.
Chen et al. [11] optimized the layout and the applied clamping force. A multi-objective model to reduce
the maximum deformation and to increase the distributing uniformity of the deformation was established
and was solved by the genetic algorithm (GA). Sundararaman et al. [12] optimized the layout of the
�xture element combined the surface response method, which modeled the relationship between the
maximum workpiece deformation and the locator position, and evolutionary techniques including GA and
PSO methods. Yang et al. [13] also optimized the locating layout of the �xture element. The method is
based on cuckoo search algorithm. Liu et al. [14] also optimized the number and the �xture layout
element in the end milling process of the �exible workpiece. The optimization procedure was consisted of
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two stages. The �rst stage was to place the �xture element at the position with local maximum
deformation. Thereafter, the number of the elements was reduced by a speci�ed optimization method.
Zeng et al. [15] also introduced a �xture design method, it can optimize the element location, the
clamping force and the element number simultaneously.

For this method, the multi-support methods can locally increase the stiffness of the workpiece at some
key locations. However, the axial depth of cut can’t be too large or too small when the cutter locates at the
area between two supports. If the axial depth of cut is too large, the remaining thickness of the thinner
and thinner and even been cut through. On the other hand, if the axial depth of cut is two small, vibro-
impact will occur between the �oor and the cutting tool due to the separation in between and thus lead to
poor surface quality [16, 17]. Moreover, it will take much time to clamp the workpiece. Besides, it is a
di�cult task to control so many �xture elements simultaneously.

The mold design method aims to support the whole back surface of the workpiece while the multi-
support method aims to support the workpiece back surface at some key points with �xed elements.
Different from these two methods, a novel method, which employs only one moving element to support
the back surface of workpiece, is proposed in this investigation. The remaining part of the paper will
focus on the schematic and the realization of the proposed method.

2. Proposed Method And Its Model
The schematic diagram of the proposed method is shown in Fig. 8. The axial depth of cut ap is set to be
much smaller than the remaining thickness of the thin �oor. The aim is to avoid cutt through of the thin
�oor. To avoid separation between the �oor and the cutting tool, a �xture element is placed at the back
surface of the thin �oor. The axis of the support element will collinear with the axis of cutter. During
milling process, the support element will move with the cutting tool at the same velocity, and the two axes
will keep aligning with each other. Present method is similar to the double-sided milling method which
was proposed by Shamoto et al [18, 19], in which the both sides of a thin plate are machined by a right
and a left face milling cutter placed simultaneously. Recently, Fei et al. [20, 21] proposed that using the
moving �xture to suppress the chatter vibration and workpiece deformation while Ozturk et al. [22]
proposed that using the moving robot support to increase the production during machining. However, the
method proposed in their investigation was used in thin wall machining.

During machining the thin �oor, it will vibrate easily because of its low stiffness. If the vibration
displacement of the cutter tip is larger than the small axial depth of cut, the cutter will separate from the
�oor, when the �oor vibrate back, it will collide with the cutter and then the vibro-impact occurs, which will
make serious damage to the machined surface quality as shown in Fig. 20(a). After a moving �xture
element is used to support at the back surface of the workpiece, the vibration of the �oor will be
effectively prevented, and thus the contact lose between the �oor and the cutter. The vibro-impact
phenomenon can therefore be suppressed. Besides, the moving support will reinforce the local stiffness
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of the workpiece and thus improve the system stability, which will result in better surface quality. The
moving �xture will also decrease the �oor deformation effectively, and thus decrease the form error.

Differences between present method and the existed multi-support methods are: (i) the �xture element is
moving for present method while it is �xed for the existed methods; (ii) only one �xture needed while
more than one element are needed for the existed methods. The advantages for the present method
include: (i) the cost will be lesser than the multi-support method because lesser support elements are
needed; (ii) the vibration and deformation will be decreased effectively because of the simultaneously
moving of the �xture element with milling tools, unlike the multi-support system that the chatter and
deformation still exists in the zone between two adjacent support elements. Besides, present method will
cost less clamping time when compared to the multi-support method. However, it is not easy to let the
cutter axis align perfectly with the �xture element axis, which may lead to a distance between the two
axes and thus leads to the twist of the thin wall as shown in Fig. 9. To solve this problem, present paper
has designed a support head which will be presented in the next section to remove this twist effect. The
contact force between the support head and the �oor is also very important. The contact force between
the support head and the thin �oor can’t be too large or too small. If it is too large, there will be scratch on
the back surface of the thin �oor. Conversely, if it is too small, the cutter and the �oor will still be
separated. Following section will focus on the experimental setup based on the proposed schematic.  

3. Experimental Validation

3.1 Experimental setup
An experimental setup is built to realize the method mentioned above. The setup is consisted of two �ve
degree-of-freedoms (DOFs) parallel robots where one of them is equipped with milling head while the
other one is equipped with support head, the �xture module and the control module. The CAD model of
the setup is shown in Fig. 10.

The milling robot used in the setup is called TriMule developed by Huang et al [23, 24]. Its con�guration is
similar to the Tricept and Exechon robot. The real milling robot and its corresponding mechanism
schematic diagram are shown in Fig. 11. From the �gure, it can be seen that the TriMule robot is
consisted of a 1T2R spatial parallel mechanism plus an A/C type wrist. 

The spatial parallel mechanism can be treated as a 6-DOF UPS limb plus a 2-DOF planar parallel
mechanism which is composed of two actuated RPS limbs and a passive RP limb in between with its one
end being rigidly �xed to the platform. The base link of the planar parallel mechanism is connected by a
pair of R joints with the machine frame. Here, R, P, U, and S denote revolute, prismatic, universal, and
spherical joints, and the underlined P means an actuated prismatic joint respectively. The characteristics
of the robot machining center include lower weight, higher speed, more �exibility etc.

The dimension of the robot machining center is shown in Table 1. The workspace of the milling robot is
shown in Fig. 12. The tool interface of the spindle is HSK-E40 and a highest spindle speed of 24000 rpm,
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a power of 7.5 KW and a torque of 7.2 Nm.

Table 1 Dimensional parameters of the robot (in meters).

a bx by e l1 l2 d H h1 h2 R

0.135 0.320 0.570 0.345 0.120 0.220 0.190 1.000 0.240 0.220 0.620

The support robot is obtained by replacing the milling head of the machining robot with a support head.
The real device and the corresponding schematic diagram of the support head shown in Fig. 13. The key
parts of the support head [26] is the seven balls as shown in the �gure. One of the seven balls locates at
the central of the sleeve. The central ball is integrated with an ultrasonic thickness measurement sensor
to measure the remaining thickness of the thin �oor. Rest of the balls distributes averagely around the
center one. The aim is to suppress the twist effect of the workpiece caused by the non-coaxial of the
cutter axis and the support head axis as shown in Fig. 9. All the balls have a diameter of 15mm. Each
universal ball is �xed on the head of a piston rod of a small pneumatic cylinder. The small pneumatic
cylinder at the back of each ball makes the ball have a small displacement along the axial direction of the
cylinder, which makes the support can be applied to the workpiece with curved surface.    

The control structure of the whole experimental setup is shown in Fig. 14. The whole control structure is
composed by the master control system and the slave control system. The master control system, which
is used to control the milling robot, is divided into the motion control of the robot and the spindle control
respectively. The cutting path will be generated by the master control system [27, 28]. The following path
of the support head is obtained according to the cutting path by considering the workpiece thickness. The
motion control and support control is realized by control the joint variable of the support robot, which is
solved according to the inverse kinematics. 

The real experimental platform is built according to the CAD model and the above described control
principle, as shown in Fig. 15. 

3.2 Cutting conditions 
To verify the effectiveness of the new method, a cutting test is implemented on the developed equipment.
For simplicity, a planar workpiece with dimension 1000 mm×1000 mm×15 mm is used during machining
is clamped on the worktable. The workpiece material is Aluminum alloy 6061.

A triangular pocket as shown Fig. 16 is machined at the center of the planar workpiece. During machining
process, acceleration sensors are attached to the back surface of the workpiece to measure the
acceleration signals. Two acceleration sensors are used in total during cutting test. Considering the
interference between the moving support head and the acceleration sensors, the acceleration sensors are
placed at the area of back surface of the plate that near the cutting zone. Since the workpiece is too large
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that can’t be �xed on the dynamometer, the machining force signals are not taken in this investigation.
After the machining is �nished, the machined surfaces are detected.

The cutter used in the cutting process is a right hand cutter with the diameter equals 16 mm and 3 �utes.
The helical angle of the cutter is 50°. The material of the cutter is hard steel. Total length of the cutter is
80 mm. The cutter is clamped with the overhang equals to 25 mm. Cutting tests are conducted on the
workpiece with and without moving support using the parameters as listed in Table 2 and the cutting
path used in the tests is shown in Fig. 16. The cutting parameters listed in the Table 2 are chosen though
a trial cutting experiment. The trial cutting experimental results shows that chatter will occur if the cutting
parameters are employed. 

Table 2 The cutting parameters used in this paper.

Axial depth of cut
(mm)

Radial depth of cut
(mm)

Spindle speed
(rpm)

Feed velocity
(mm/min)

0.5 5 5000 2000

3.3 Experimental results

3.3.1 Chatter vibration

Fig. 18 shows the acceleration signals during machining the thin �oor of the pocket structure with and
without moving support. From the �gure it can be seen that the amplitude of the acceleration with
moving support is much smaller that obtained without support. Besides, the signals are much smoother
for the case with moving support. The FFT of the signals are shown in Fig. 19.The main frequency part of
the acceleration under moving support is the tooth passing frequency which is f=234 Hz and its integer
multiple, which shows that the cutting process is stable cutting during machining. The FFT of the signal
under the case without support is rather different, except the passing frequency part, other parts like f=
341 Hz and f= 420 Hz are also existed, which means that the cutting process is unstable and chatter
occurs. 

3.3.2 Surface quality

The machined surface under different milling conditions is shown in Fig. 20. From the �gure it can be
seen that the surface quality with the moving support is much better than that without support. The
surface roughness Ra= 1.3414 μm for the case with moving support while it is Ra= 4.0135μm for the case
without support. This demonstrates the effectiveness of the proposed method to obtain the thin �oors
with high accuracy during machining the pocket structure. 

4. Discussion
 Acceleration signals are measured during milling the thin �oor with and without moving support. The
acceleration signals in time domain are shown in Fig. 18. It can be seen from the �gure that the
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amplitude of the acceleration when milling without support is much larger than that with support. Fourier
transformation results of corresponding acceleration signals in time domain are shown Fig. 19. It also
shows the fact that the amplitude of the acceleration that obtained without support is larger than that
obtained with support. The introduction of the moving support increases the dynamic stiffness of the
whole system which can be denoted as (K -Mω2+Cjω) where M, C and K, means the system mass,
damping and stiffness matrix respectively. The amplitude of the Fourier transformation of the
displacement which is |X(jω)|= | (K -Mω2+Cjω)-1|*|F(jω)| will decrease due to the increasing of the
dynamic stiffness. And thus the decrease amplitude of the Fourier transformation of the acceleration
signals |A(jω) |= |-ω2*X(jω) |. Besides, it can be seen from the FFT signals that chatter occurs during
milling the thin �oor without support since some other frequency components that are not tooth passing
frequency exist, while the chatter is successfully suppressed during milling with moving support. This can
also be demonstrated by the machined surface topography as shown in Fig. 20, in which irregular marks
is shown during milling without support while for the case of using support, only regular cutting marks
are observed.

This investigation proposes to use the moving support to strength the local stiffness of the thin �oor
during its milling process and successfully realize by two robots. The experimental results also show the
validation of the proposed method. However, some details about this method should be studied in deeply.
In the future investigation, following aspects will be taken into consideration:

How to control the contact force still remains a major challenge. The contact force between the
support element and the thin �oor can’t be too large or too small. If it is too large, there will be scratch
on the back surface of the thin �oor. If it too small, the cutter and the �oor will still be separated.
Recently, the authors tried to use the air jet as the moving support.

How to choose a proper axial depth of cut is also a challenge. The axial depth of cut can’t be too
large or too small. If it is two large, the �oor will become thinner and thinner. If it is too small, the
production will be limited. 

5. Conclusions
This paper proposes a novel method to machine the thin �oor of a pocket structure. The method is
realized by placing a support at the back side of the workpiece. During milling process, the support will
move with the cutting tool at the same velocity. Based on this idea, an experimental setup is constructed.
It is composed by two �ve-degree-of-freedom robots where one is equipped with a milling head while the
other is equipped with a support. A novel support device is designed to avoid the workpiece twist caused
by the non-coaxial of the cutter axis and the support axis. Cutting experiments are implemented on the
newly built experimental setup. The experimental results showed that the chatter during milling the thin
�oors of the pockets can be suppressed by the developed novel system. Besides, surface quality of the
�oor is much better than that obtained by the traditional machining method. All these demonstrate the
validation of the proposed method. 
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Figure 1

Typical monolithic components with multi-pockets: (a) airplane fuselage [2]; (b) rocket tanks.

Figure 2

The �rst method to manufacture the large monolithic components with multi-pockets
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Figure 3

The deformation during thin �oor machining and the remaining thickness

Figure 4

The joint part of the several ribs.
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Figure 5

The second method to manufacture the large monolithic components with multi-pockets.

Figure 6

Different methods to strengthen the stiffness of the thin �oor: (a) mold design method; (b) matrix support
[8].



Page 15/25

Figure 7

Method proposed by Kolluru and Axinte [6].
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Figure 8

The schematic of the proposed method.

Figure 9

Twist caused by the non-coaxial between the milling frce and the support force.
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Figure 10

The CAD model of the proposed method.

Figure 11

The milling robot and its the mechanism schematic diagram [25].
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Figure 12

The task workspace of the end effector [25].
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Figure 13

The real support head (a) and the internal structure of the support head (b).
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Figure 14

The control structure of the whole system.
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Figure 15

The real experimental platform.
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Figure 16

The pocket structure dimensional.
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Figure 17

The real experimental platform.

Figure 18

The acceleration comparison: (a) the whole time series; (b) magni�cation of time period A.
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Figure 19

FFT of the acceleration signals.

Figure 20
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The machined surface: (a) without support; (b) with moving support.


