
1. Introduction 
In high-tech equipment, thin-walled structural parts can achieve 

lightweight products and improve operating efficiency while 
maintaining sufficient strength, which has become important 
components of equipment in aerospace, electronics and other fields [1]. 
Ultra-precision turning technology can provide high surface finishing 
quality, which is widely used in the processing of thin-walled structures. 
However, due to the inherent low stiffness characteristics of the thin-
walled structure, the structure is prone to chatter and deformation 
during processing, resulting in poor surface roughness and high 
structural errors. The stability lobe diagram is often used to predict the 
cutting parameters in a chatter-free processing [2]. On the other hand, 
the deformation of the thin-walled structure induced by the cutting or 
clamping force is more intuitive, which will lead to undesired 
processing morphology, thereby affecting the service performance of 
the workpiece [3]. This paper will mainly focus on the deformation of 
thin-walled structures during the processing. 

Since the geometric errors caused by deformation will inevitably 
occur during the machining of thin-walled components, many 
researchers have tried to monitor and estimate these deformations. The 
deformation can be estimated by finite elements models [4] and 
mechanistic models [5], which were derived from the experiments and 
theoretical analysis. After accurately estimating the deformation during 
the processing of thin-walled components, it is particularly important 
to perform deformation compensation [6]. Due to the advantages of 

high bandwidth and high positioning accuracy [7], fast tool servo (FTS) 
systems were used to compensate for the deformation induced by the 
clamping system [8]. 

To improve the processing accuracy and solve the deformation 
problem during processing, this paper presents a method for ultra-
precision cutting on a thin-walled cylinder surface with FTS, which can 
estimate and compensate for the deformation at the processing point. 
The final cutting results shows that with the help of the deformation 
compensation method, the cutting accuracy has been significantly 
improved. 
 
2. Principle and Experiment Setup 
2.1 Principle of deformation estimation and compensation 

Fig. 1 shows the principle of deformation estimation and 
compensation for the cylinder. The thin-walled cylinder is clamped on 
the spindle, the microstructure is machined by the voice coil motor 
actuated FTS (VCM-FTS). A deformation measurement system 
consisting of three displacement sensors is installed at the same level 
as the VCM-FTS. The position of these three sensors is presented as 

 ,   and  . The cylindrical part at position   is solid, which 
means there is approximately no deformation induced. So, the sensor 
at  is responsible for measuring the C-axis vibration. The other two 
sensors are used to measure the deformation of two points located on 
the same horizontal line as the processing point. Through the 
processing point deformation estimation algorithm, the deformation 
signal can be used to calculate the deformation of the processing point. 
The cutting trajectory can be generated by adding the ideal trajectory 
and the estimated deformation. With the servo controller, the VCM-
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FTS produce deformation-compensated motion, which can effectively 
reduce the topography error of the thin-walled cylinder. 
 

 
Fig. 1 Schematic diagram of real-time deformation compensation for 
the thin-walled cylinder at the cutting point. 

For thin-walled cylinders of the same structure, which have the 
same radius, length and wall thickness, the deformation on the cylinder 
is only related to the external force exerted on it. The magnitude, 
frequency and force applied point will all affect the deformation of the 
thin-walled cylinder. The deformation u can be expressed as the 
following empirical formula, 

 
in which,  is a dimensionless force constant, which is proportional 
to the magnitude of the force.   represents the unit deformation, 
which corresponds to the deformation caused by an external force of 1 
N.  represents the length from the fixed end to the force applied point. 
And   is the distance between the fixed point to the force applied 
point, namely,  . The function   can be obtained by 
simulation, which will be introduced in section 3. The position of 3 
displacement sensors and the processing point, are represented as 

 and . Therefore, the unit deformation of two sensors and 
the processing point,  and  can be expressed as Eq. (2-4). 

The force constant  can be calculated by the least squares fittin
g method, which can be expressed as following equation, 

 

in which,  and  is the actual deformation at point  and , 
which are obtained by the measurement system. After that, the actual 
deformation at processing point   can be obtained by multiplying 
force constant  and unit deformation , as shown in Eq. (6). 

 
The process of deformation estimation and compensation 

algorithm is shown in Fig. 2. At the preprocessing step, the three 
displacement signals  and  are obtained by three sensors, at 
three points  and . Since the roundness of the workpiece at 
three points is different, to obtain the deformation, the roundness needs 
to be measured before processing, which is  and . Then the 
deformation value   and  , can be obtained as following 
equations, 

 
 
 

In addition, to eliminate the disturbance caused by C-axis vibration, 

the actual deformation of thin-walled cylinder  at two points 
 can be obtained as follow, 

 
 

Through the x-axis position signal obtained from the lathe, the 
force applied point  can be obtained. The unit deformation at points 

 and  can be calculated with Eq. (1). Then by substituting both 
unit and actual deformation at   and   into Eq. (5), the force 
constant   can be obtained. Finally, the deformation at processing 
point  can be calculated by Eq. (6). And then, it can be added into 
the ideal trajectory to realizing the deformation compensation. 

 
Fig. 2. Deformation estimation and compensation flow chart. 

 
2.2 Structure and Control of VCM-FTS 

The structure of the VCM-FTS is shown in Fig. 3(a). The VCM-
FTS mainly consists of VCM, front and rear flexible hinges, and a 
capacitance displacement sensor. The VCM is used to drive the 
mechanical mechanism to produce reciprocating motion. The two 
flexible hinges can constrain the degree of freedom of the VCM to 
ensure that it can only move in one direction. Except for the hinge 
structure, the front flexible hinge also contains a lever structure, 
different end effectors can be equipped on it, which can avoid 
interference between the measurement system and the VCM-FTS 
during machining. The capacitive displacement sensor is used to 
measure the displacement of the end effector. The control block of 
VCM-FTS for thin-walled cylinder deformation compensation is 
shown in Fig. 3(b).  represents the transfer function of VCM-
FTS system. The controller of VCM-FTS includes two parts, the basic 
part and the deformation estimation algorithm. The basic part also 
includes two parts, the damping controller   and the PI 
Controller , there transfer function are  and 

, respectively. 

 
Fig. 3 (a) structure of VCM-FTS, (b) control block diagram of the 
VCM-FTS for thin-walled cylinder cutting 
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3. Simulation of thin-walled cylinder deformation 

To get the empirical unit deformation function , a series of 
simulations are conducted. By controlling variables, three sets of 
simulations were used to explore the effects of force frequency, 
magnitude and applied point on the deformation of thin-walled 
cylinders. 

In this study ABAQUS is chosen as a computing platform. A 3D 
shell model is constructed, the diameter of the shell is 60 mm, the 
length is 30 mm, and the thickness is 0.5 mm. One end of the shell is 
fixed, and a force is applied vertically to the shell surface. To explore 
the effects of force frequency, magnitude and applied point on the 
deformation, three sets of simulations are conducted. Some simulation 
is shown in Fig. 4. 

 
Fig. 4. axial deformation simulation of thin-walled cylindrical shell (a) 
force at cylinder end, (b) force at cylinder middle 

Firstly, to study the effect of force frequency on thin-walled 
cylinder deformation, forces with different frequencies are applied to 
the shell. From Fig. 5(a,b), it can be found that, the difference between 
these 6 deformation curves is very small. Therefore, it can be 
concluded that if the frequency of the force is lower than 100 Hz, the 
effect of force frequency on thin-walled cylinder deformation is 
negligible. 

Secondly, to investigate the effect of force magnitude, a series of 
simulations are conducted, each model has a different force magnitude. 
As shown in Fig. 5(c), the maximum deformation increases with the 
force magnitude. Divide the deformation by the force, and the unit 
force deformation curve can be obtained. From Fig. 5(d), it can be 
concluded that, the deformation of the thin-walled cylinder is 
proportional to the magnitude of the force, which means if the unit 
deformation   and the force constant   can be obtained, the true 
deformation can be calculated. 

Finally, the influence of force applied point on thin-walled cylinder 
deformation is studied. If the force is applied at the region between two 
ends, the deformation simulation result is shown in Fig. 4(b). In this 
case, only the deformation from the force point to the fixed point is 
considered. Fig. 5(e) shows 5 different deformation curves, with the 
position of the force applied point ranging from 30 mm to 6 mm. It can 
be found that the unit deformation  at one point  is related to the 
force applied point l, namely  . To obtain the unit 
deformation function , more simulations are conducted, and the 
biharmonic interpolation surface fitting method is adopted. Fig. 5(f) 
shows the deformation fitting surface. Although the analytical solution 
of   cannot be obtained, based on the fitting results, the 
Simulink lookup table block can be created. The function of this block 
is to output the unit deformation  when the force applied point l and 
axial distance  are input. Since Simulink is adopted to control the 
VCM-FTS in this research, this lookup table block can be directly used 

in the control program. 
Through simulation it is found that, the influence of force 

frequency on thin-walled cylinder deformation is negligible; the 
deformation is proportional to the force magnitude; and the relation 
between force applied point and deformation  can be fitted into 
a Simulink lookup table block. Combining these results with the 
deformation estimation and compensation algorithm introduced in 
section 2.1, the deformation of the thin-walled cylinder can be 
estimated and compensated in real time during the cutting process. 

 
Fig. 5. Simulation results of different deformation curves for thin-
walled cylinder, (a) different force frequencies, (b) enlarged view of (a), 
(c) different force magnitudes, (d) unit force deformation curve, (e) 
different force applied positions, (f) fitting surface for varying 
application points. 

 
4. Cutting experiment 
4.1 Experiment setup 

To verify the deformation estimation and compensation method of 
the thin-walled cylinder in ultra-precision cutting, experimental 
devices are built on a three-axis ultra-precision diamond turning 
machine tool, as shown in Fig. 6. To prevent the workpiece from 
deforming during clamping, the cylinder workpiece is half solid and 
the half thin-walled. The outer diameter of the cylinder is 60 mm, the 
thickness of the shell is 0.5mm, and the lengths of the solid and thin-
walled parts are 40 mm and 30mm respectively. The cylinder 
workpiece is first fixed on the clamp through the solid part and then 
mounted on the C-axis through a vacuum chuck. The measurement 
system consisting of three capacitive displacement sensors is installed 
on the machine, to measure the displacement of the workpiece. The 
sensor on the most left is placed next to the solid cylinder to measure 
the solid part displacement, and the other two sensors are used to 
measure the thin-walled part displacement of the workpiece. The 
VCM-FTS is mounted on the Z-axis of the machine via a plastic plate. 
The VCM-FTS is actuated by a linear amplifier. The personal computer 
(PC) is used as the real-time controller. To guarantee the real-time 
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performance of the PC controller, the Desktop real-time app in the 
Matlab® Simulink software is used in the control. The PC receives and 
outputs signals through the DAQ. 

 
Fig. 6. Thin-walled cylinder deformation estimation and compensation 
cutting experimental setup. 
 
4.2 Ultra-precision cutting experiments of double sinusoidal 
microstructure 

 
Fig. 7. Cutting results of double sinusoidal structure on thin-walled, (a) 
photo of double sinusoidal structure, (b) cutting error (no compensation, 
circumferential), (b) cutting error (no compensation, axial), (d) cutting 
error (with compensation, circumferential), (3) cutting error (with 
compensation, axial). 

To explore the capability of the deformation compensation method 
in processing microstructures on the surface of thin-walled cylinders, 
double sinusoidal structures with 0.3π μm axial and circumferential 
period, and 4 μm sinusoidal amplitude are machined on the surface of 
thin-walled cylinder. Experiments with and without deformation 
compensation were conducted, the results are shown in Fig. 7. Without 
deformation, the amplitude of the circumferential surface profile of the 
machined workpiece is 3.63 μm, the topography error is 0.37 μm, the 
axial surface profile amplitude is fitted to 3.573 μm, the topography 
error is 0.427 μm. It can also be found that the greater the cutting depth, 
the larger the form error will be. In the contrast, with the deformation 
compensation method, the circumferential surface profile amplitude of 
the double sinusoidal surface is 4.067 μm, the topography error is 0.067 
μm, reduced by 81.89%. The axial surface profile amplitude is 3.984 
μm, the topography error is 0.016 μm, reduced by 96.25%. It can be 

concluded that the radial deformation caused by cutting force during 
processing is compensated, and the dimensional accuracy is highly 
improved. 

 
5. Conclusions 

In order to process microstructure arrays with high dimensional 
accuracy on the surface of the thin-walled cylinder, this paper proposed 
a deformation estimation and compensation method. With the FEM 
simulation, the relation between cutting force and deformation of the 
thin-walled cylinder was figured out, and based on that the deformation 
estimation method was developed. Thereafter, the controller can 
control the FTS and output a certain amount of displacement based on 
the original displacement to compensate for the deformation of the 
thin-walled cylinder during processing. When machining the double 
sinusoidal microstructure, the circumferential morphology error and 
axial morphology error of the microstructure were reduced by 81.89% 
and 96.25% respectively. 
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