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Abstract 

Machining thin-walled cylindrical workpieces is prone to vibration due to their weak 
stiffness, leading to complicated surface topography. Knowledge of the dynamic 
behaviors of the thin-walled structures during machining plays a fundamental role in 
the production quality control for real life applications. This paper presents the variation 
of the vibration characteristics of thin-walled cylinder turning as well as its effect on 
the machined surface topography due to the removal of materials. The influences of 
variable wall thicknesses and cutting positions on the vibration characteristics of the 
workpiece are analyzed. It is shown that the circumferential shell vibrational mode is 
more sensitive to the variation of the tube thickness than the axial beam mode. The 
response of the tube to the dynamic cutting force under each vibrational mode varies 
along the cutting path. The stability limits of the machining process become decreased 
as the cutting tool moves toward the free end of the workpiece. In the machining trials 
of thin-walled tubes, it was found that the features of the vibration frequency as well as 
machined surface texture of the thin-walled cylinders are shifting in a cutting pass. The 
physical mechanism behind this phenomenon could be interpreted according to 
dynamics and kinematics of machining. By extracting the critical vibration frequency 
and surface waviness along the cutting path, a data-driven surface topography was 
reconstructed, which showed consistency with the real machined surface topography. 
The formulated correlation between the vibration characteristics and the surface 
topography provides a holistic understanding of dynamic behaviors of thin-walled 
cylinder machining, and a tool that utilizes vibration to produce functional 
microstructures.   
 
Key words: Thin-walled cylinders; Machining; Chatter mode shift; Surface topography 
reconstruction. 

1. Introduction 

Thin-walled cylindrical components are widely used in aerospace and automotive 
industry, which are prone to vibration under operating conditions due to their low 
rigidity and damping [1-4]. Analysis of a thin-wall turning operation can be considered 
in two different scenarios, including the vibration of a thin-walled cylinder as an 
element assembled in an engineering system [5-11], and as a workpiece manufactured 



on machine tools [12-21]. The knowledge of dynamic behaviors of a thin-walled 
structure is therefore of great practical importance for machining performance 
evaluation and production quality control in industrial applications.  
As cases of the former scenario, Zhang et al. [5] and Li [6] analyzed the free vibration 
characteristics of thin cylindrical shells with various boundary conditions including 
clamped-clamped, clamped-free, and simply supported-simply supported using wave 
propagation approaches. Rawat et al. [7] calculated the modal frequencies of the 
cylindrical shells using the finite element method and compared the results with 
analytical solutions. In these papers, the shells under investigation were all assumed to 
be at rest. Considering the effects of centrifugal and Coriolis forces as well as initial 
hoop tension due to rotation, Li and Lam [8], Sun et al. [9] studied the effect of 
boundary conditions on the frequency characteristics of a thin rotating cylindrical shell 
through the generalized differential quadrature method and Fourier series expansion 
method, respectively. In recent years, many scholars have been focused on the vibration 
problems of rotating cylindrical shells coupled with composite materials or structures 
[10,11]. Overall, there have been a number of investigations that were aimed at 
vibration analysis of thin-walled parts affiliated to engineering systems. In this case, 
the structural dimensions and dynamics remained unchanged in operation, and thus the 
modal parameters of the parts are time-invariant.  
In the latter scenario, however, the vibration analysis could be more complicated due 
to the changing dynamics of thin-walled workpieces caused by the removal of materials 
during machining processes, which corresponds to a time-variant vibrating system. 
Chatter vibrations, one of the major limitations in machining processes, result from the 
interaction between the cutting process and the machine tool structure [12-14]. The 
chatter vibration phenomenon of thin-walled cylindrical tubes in turning processes was 
first reported by Arnold [15] in 1961. In his study, the author interpreted the cause of 
the lobe-shaped chatter patterns formed on the surface according to the mode of 
vibration of the machined part. Chang and Lai [16,17] pointed out that the machining 
chatter occurrence of thin wall tubes is mainly dependent on the workpiece diameter to 
the wall thickness (D/H) ratio, and the stiffness of the shell mode is decreased 
significantly with the D/H ratio increased. Mehdi et al. [18-20] presented theoretical 
and experimental studies on dynamics of thin-walled tubular parts under various cutting 
conditions. The effect of damping on machining stability was emphasized, whereas the 
influence of the varying dynamic characteristics of the machined part was not 
considered. Lorong et al. [21] introduced a time-domain simulation method for 
modeling dynamics of a thin-walled part in turning operations. The influence of cutting 
speed and damping on chatter stability was analyzed. Considering the effect of the 
varying workpiece dynamics, Fischer et al. [22] proposed a parametric model for 
stability prediction of an internal turning operation. Through numerical simulation the 
tool feed rate was optimized to improve the production efficiency. Gerasimenko et al. 
[23,24] conducted investigations into chatter behaviors in turning of thin-walled tubular 
workpieces by combining analytical modeling and experimental measurements. The 
effect of the variable compliance of the workpiece on process stability was also 
discussed.  



A great number of efforts have been made on the vibration analysis of thin-walled 
structures. However, the dynamic behavior as well as its effect on the surface 
topography creation during thin-walled cylindrical turning has rarely been investigated 
systematically. It is known that the rotating workpiece in a turning operation is cut as 
the tool is traveling along the axis of the workpiece. As a result, the dynamics of the 
workpiece vary due to the removal of materials. By comparison with solid structures, 
the dynamic characteristics of thin-walled structures seem to be more sensitive to the 
material removal in cutting processes [17,18,25]. In addition, the conditions under 
which chatter instability occurs vary with the cutting positions [12-14]. The moving 
tool-workpiece contact point is thus to induce a position-dependent response to the 
cutting force generated during machining. 
 
In this paper, the correlation between the vibration characteristics and the surface 
topography of thin-walled cylinders in turning process has been identified, which 
contributes to a holistic understanding of the thin-walled cylinder machining. Based on 
the numerical model of thin-walled workpieces under machining conditions, the 
influence of the variable wall thickness and cutting position on the vibration 
characteristics is analyzed theoretically. After that, experimental modal measurements 
and machining trials of the thin-walled cylindrical tubes were carried out to verify the 
theoretical analysis. The time-varying vibration features along the cutting path were 
extracted and used for the surface topography reconstruction. Finally, discussions and 
conclusions are given. 

2. Dynamic model of a rotating cylindrical shell 

Considering that the rigidity of the thin-walled cylindrical workpiece is usually far less 

than that of the cutting tool or machine tool structures, the workpiece is often regarded 

as the only compliant body in the machining system. The clamped-free boundary 

condition, that is, the workpiece is clamped by a chuck at one end and free at the other 

end, which is widely used for internal or external turning process in real-life 

applications, is considered in this study. 

The reference surface of the cylindrical shell is taken at the middle surface where a 

cylindrical coordinate system ( , , )x z  is fixed. The coordinates of x  ,   and z  are 

respectively taken in the axial, circumferential and radial directions of the shell, as 

shown in Fig. 1(a). The shell under investigation is with length L, radius R, and 

thickness H and rotates around its axis at an angular velocity N. The tool moves along 

the axis of the workpiece with the feed rate f. The displacements of the shell are defined 

by u  , v  and w  in the x  ,   and z  directions, respectively. The thin wall cylindrical 

workpiece vibrates in combination of the beam mode and the shell mode. Its modal 

shapes are shown in Fig. 1(b). 
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Fig. 1 A rotating cylindrical shell (a) and its mode shapes (b) 

Based on the Kirchhoff-Love shell theory, the governing differential equations of the 

rotating thin-walled cylinder are formulated using the Hamilton’s principle [26] 
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where 0 2 2N HN R  is the initial tangential stress generated by the centrifugal force 

due to rotation, where   is the density of the shell material;
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and 2HN w are centrifugal forces; xQ and Q are the transverse shear forces per unit 

length along the mid-plane in the x and directions, respectively.  

The governing differential equations of the rotating thin-walled cylinder can be 

rearranged and written in matrix form as 
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where ijL (i,j=1,2,3) are the partial differential operators with respect to x and . For 

free vibration of the thin cylindrical shell, according to the mode superposition 

method the displacements can be expressed as 
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where U, V, and W are the displacement amplitudes in the x  ,  and z  directions, 

respectively; ( )k
m x  (k=u,v,w) are the axial modal functions describing the mode 

shape of the shell in the longitudinal direction; mn  is the natural frequency 

corresponding to the vibration mode (m, n) of the workpiece, where m denotes the 

axial half-wave number and n denotes the circumferential wave number as seen in Fig. 

1. By substituting the displacement functions into Eq. (2), the characteristic equation 

of the natural frequency of the rotating shell can be obtained as 

6 4 3 2
1 2 3 4 5 0mn mn mn mn mn                              (4) 

where i  (i=1,2..5) are constants which can be found from the boundary conditions 

of the workpiece. Clearly, the vibration of the compliant workpiece at any given 

cutting position directly affects the machined surface texture. According to the 

kinematics of machining [27], the surface topography determined by the relative 

motion between the tool and the workpiece can be predicted in the cylindrical 

coordinate by 
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where 
cx  ,

c  and
cz  are the coordinates of the cutting point. It is evident that the 

closed-form solutions of the dynamic system may become intractable as a result of 

the time-varying dimension of the workpiece in machining operations. For this 

reason, a numerical simulation is used for the vibration analysis of the machined thin-

walled circular workpiece in this present study. 



3. Numerical analysis of variable vibration characteristics of the thin-walled 

cylinder machining 

When a thin-walled cylindrical workpiece is being machined, the thickness of the 

cylinder as well as the point on the cylinder surface where the cutting force is acting 

changes. This section deals with the influence of the variable wall thicknesses and 

cutting points on the vibration characteristics of the machined thin-walled cylinder 

with numerical approach.  

Given the fact that the spindle-chuck assembly has a non-negligible effect on dynamics 

of compliant parts [18,28,29], the finite element model for the numerical simulation is 

constructed in terms of an industrial machine tool which is the same as the one used for 

the subsequent machining experiments. The detailed modeling procedure can be found 

in our previous study [29]. The benchmark thin-walled cylindrical workpiece under 

investigation has the length L=195 mm, the inner radius R=111 mm, and the wall 

thickness H=1.5 mm. The material of the workpiece is with the Young modulus E = 

206000 MPa and density ρ = 7860kg/m3. One end of the workpiece is clamped by a 

chuck and the other end is free. Fig. 2 presents the first three vibration modes of the 

thin-walled cylindrical workpiece with the clamped-free fixture fashion. 

 

Fig. 2 The first three mode shapes of the thin-walled cylinder by numerical analysis 

3.1 Effect of wall thickness on modes of vibration of the shell workpiece 

After a cutting operation, the thickness of the thin-walled cylindrical workpiece is 

decreased due to the removal of material from the surface of workpiece. As the 

geometry changes, the vibration characteristics of the workpiece also vary accordingly. 

Since the low-order modes of vibration contribute mainly to dynamic response of a 
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mechanical system, the influence of the thickness variation on the first five vibration 

modes of the thin-walled cylinder under the clamped-free end condition is analyzed, as 

shown in Fig. 3. 

It can be seen that except that the first-order bending mode does not change significantly, 

the natural frequencies of other modes descend evidently with the thickness decreased. 

The corresponding mode shapes change as well. Furthermore, in the first three modes 

the circumferential wave number of the shell shifts between 1 and 4, whereas the axial 

half-wave number remains unchanged. It indicates that the circumferential shell mode 

is more sensitive to the variation of the wall thickness of the workpiece. In addition, the 

vibration mode of the shell in the circumferential direction becomes more complex as 

the wall thickness gets thinner.  

 

Fig. 3 Effect of the wall thickness on vibration modes of the thin-walled cylinder 

3.2 Effect of cutting positions on frequency response functions 

During a turning operation the cutting position of the tool varies along the workpiece 

axis in real time. Thus, the point where the cutting force is acting on the workpiece 

changes continuously as well. Fig. 4 provides comparison of the frequency response 

function (FRF) of the clamped-free shell at different cutting locations originated from 

the chuck end. It is shown that the vibration response of the thin cylinder obviously 

differs along the cutting path, demonstrating the non-uniform distribution of dynamic 

characteristics of the workpiece along its axis. The farther away from the chuck end, 

the greater the vibration response. 
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Fig.4 Effect of moving tool positions on dynamic response of the thin-walled cylinder 

Technically, the cylindrical workpiece being turned resembles a stepped tube with time-

varying dimensions during operation, as shown in Fig. 5(a). The variation of vibration 

modes of the tube along the cutting path is presented in Fig. 5(b), wherein the depth of 

cut d is assumed 0.8 mm. It is seen that the natural frequency corresponding to the beam 

mode (1,1) of the workpiece keeps nearly unchanged, but the frequencies corresponding 

to the shell modes generally exhibit a downward trend except the mode (1,2). Therefore, 

it can be inferred that the dominant vibration mode of the workpiece could differ at 

various cutting positions. Near the chuck end of the shell, the mode of the axial bending 

vibration dominates, whereas the mode of the circumferential shell vibration dominates 

near the free end. Correspondingly, the surface topography, determined mainly by the 

relative motion between the workpiece and the tool at the contact point, could also differ 

along the cutting path. 
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Fig. 5 Schematic diagram of the tube in turning (a) and variation of vibration modes of the tube 

along the cutting path (b). 
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4. Experimentation and discussion 

4.1 Experimental setup 

To verify the prior theoretical analysis and investigate the effect of the vibrational 

behavior on surface texture of thin-walled tubes in turning, the impact hammer tests 

and machining trials were carried out on a CA6140 conventional horizontal lathe with 

the maximum available power of 7.5 kW. The experimental setup is shown in Fig. 6. 
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Fig. 6 Experimental setup 

 

Table 1 Designed parameters for the turning experiments 

Workpiece 

No. 

Length L 

(mm) 

Inner 

diameter D 

(mm) 

Thickness 

H (mm) 

Rotational 

speed Ω 

(rpm) 

Depth of 

cut d (mm) 

Feed rate f 

(mm/r) 

Tube A 195 111 1.5 583 0.8 0.1 

Tube B 160 111 1.5 583 0.8 0.1 

Tube C 160 130 1.5 583 0.8 0.1 

 

Three typical thin-walled cylindrical tubes were chosen and presented for comparison, 

in which Tube A had the same dimensions as the reference workpiece in the simulation 

section. The workpiece material is AISI 1040 steel. Before the machining tests, all the 

tubes with the initial wall thickness of 5 mm were cut off to be 1.5 mm thick with the 

support of a live center. The cutting tool DCMT11T304 carbide insert had the nose 

angle 55°, the nose radius 0.4 mm, and the clearance angle 7°, respectively. One fresh 

tool insert was utilized for each cutting test so as to reduce the effect of tool wear on 

the vibration response of the workpiece. 

 



During the machining trials, one end of the tested tube was clamped by the three-jaw 

chuck and the other end was free without tailstock center support. The tool was fed 

along the + x direction in turning tests. The designed machining parameters for the trials 

are summarized in Table 1. An eddy current sensor supported by a magnetic stand was 

used to acquire the displacement of the tube, and an omnidirectional acoustic sensor 

mounted near the machined tube was used for collecting the sound pressure generated 

during machining. A handheld data acquisition system, CoCo-80, was applied to collect 

the two signals synchronously with the sample rate of 10.24 kHz. After the machining, 

a portable roughness measuring instrument, MarSurf PS10, was used to obtain the 

surface roughness along the length of the workpiece. 

4.2 Results and discussion 

4.2.1 FRF measurements 

For the hammer impact testing, an accelerometer was employed to acquire the response 

to the hammer excitation at the impact point on the tube at rest and then the frequency 

response function (FRF) of the machined tube was calculated. Fig. 7 depicts the 

comparison of the measured acceleration FRFs of the three test tubes at their midpoints. 

It can be readily obtained that decreasing the length-to-diameter ratio of the cylinder 

could stiffen the axial beam mode with the increased eigen-frequency; but increasing 

the D/H ratio could weaken the circumferential shell mode with the decreased eigen-

frequency.  
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Fig. 7 Comparison the measured FRFs of the three test tubes 



The effects of the varying wall thickness and cutting position on the measured FRF of 

the tube were investigated, as shown in Figs. 8 and 9. From Fig. 8, it can be seen that 

the vibration response of the tube was increased with the decrease of its wall thickness. 

Comparing the measured FRFs with the simulated vibration modes shown in Fig. 3 

confirms that the circumferential shell mode of the hollow cylinder is more sensitive to 

the variation of the wall thickness than the axial beam mode. 

 

 

Fig. 8 Comparison of the measured FRFs of Tube A with different wall thickness  

 

Fig. 9 illustrates the FRFs of the workpiece with the wall thickness 1.5 mm at three 

different positions along its axial direction. As the cutting position moved away from 

the chuck end, the vibration response of the thin-walled cylindrical workpiece generally 

strengthened. At a given cutting position, the amplitude at the frequency corresponding 

to each mode was different, indicating that the different mode shapes made different 

contributions to the system vibration. This shows consistency with the simulation 

results at the low frequency range as shown in Fig. 4. The reason for the frequency 

inconsistency at the high frequency range could be due to the geometric imperfections 

or boundary nonlinearities in the experimental model.   
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Fig. 9 Comparison of the measured FRFs of Tube A at different positions along its length 

4.2.2 Signal features and surface topography 

In the machining tests, the cutting tool moved along the workpiece from the chuck side 

to the free end. Initially, the cutting process was stable; when the tool arrived at a 

specific location, chatter began to occur and harsh noises surrounded in the field. It was 

interesting to note that the sound intensity went through the course of strengthening to 

weakening repeatedly when the machining instability continued to progress. As an 

example, Fig. 10 shows the sound and displacement signals during the machining 

process of Tube A. It can be seen that both the waveforms exhibited saw-toothed shapes 

in the late period of process. 

 
Fig. 10 Sound and displacement during turning of Tube A 
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The finished surface of Tube A after cutting is presented in Fig. 11. Interestingly, there 

were visibly distinctive regular chatter marks left on the machined surface. According 

to the appearance as well as the surface roughness of the marks, the tube surface was 

divided into three zones, including the stable zone, chatter zone 1 and chatter zone 2, 

respectively. These zones were characterized by the smooth surface, the spiral grooves 

and the lobe-shaped patterns, respectively. It is readily seen that the surface topography 

at zone 2 shows strong variability as the signal waveform does. 

To fully understand the physical mechanism behind this phenomenon, first of all, the 

time-frequency analysis of the signals emitted by the turning process was conducted. 

Fig. 12 provides the spectra of the airborne acoustic signals for Tube A, wherein the 

components with the power less than -30 dB were filtered out to highlight the dominant 

frequency components. It is seen that when the machining process was stable, the 

vibration response was dominated by the rotation frequency component due to the 

eccentricity of the rotating workpiece or spindle. In the cutting interval 40 mm<x<78 

mm corresponding to the chatter zone 1 shown in Fig. 11, the critical chatter frequency 

nearly remained 1cf =622 Hz. But in the interval 78 mm<x<130 mm corresponding to 

the chatter zone 2, the critical chatter frequency shifted to 2cf =1122 Hz accompanied 

by its harmonics and was decreased gradually as the tool approached the free end of the 

workpiece. Thus, it is reasonable to speculate upon the correlation between the 

formation of the special surface topography and the change of the dominant vibration 

frequency. 
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Fig. 11 Photo of the finished surface of Tube A after turning process  

 

By extracting the critical vibration frequency and the amplitude of the roughness 

measurement along the cutting path and then using Eq. (5), the data-driven surface 

textures of Tube A can be reconstructed according to the kinematics of turning process, 

as shown in Fig. 13. The simulated textures resemble the real surface as shown in Fig.11, 

proving that the formation of the special surface patterns was mainly attributed to the 

variation of chatter characteristics. In essence, the spatial coherence, the phase 

difference of the adjacent textures on the cylindrical surface, resulted in different chatter 

patterns. When the chatter frequency remained constant, the phase between the two 

adjacent modulations formed by the oscillation trajectory of the compliant workpiece 

relative to the tip of the tool, was unchanging and the chatter patterns were regularly 

distributed. When the chatter frequency varied during turning, the phase difference 

would change accordingly, thus leaving complex footprints generated on the surface. 



 

Fig. 12. Time-frequency analysis of the sound signals in turning of Tube A 

     

(A)                                      (B) 

Fig. 13 Reconstructed surface topographies of Tube A with signal features. (A) 3D topography; 

(B) 2D topography. 

Moreover, what mechanism caused the chatter frequency shift during the cutting 

process? Recalling the mode of vibration of the thin-wall cylinder in theory (see Fig. 5) 

and the experimental modal analysis result (see Fig.7), we see that the two chatter 

frequencies were respectively close to the natural frequencies corresponding to the 

mode (1,1) and mode (1,3) of the machined cylinder and showed analogous change 

trends along the cutting path. According to Tlusty’s law of machining dynamics [30,31], 

it is known that the chatter stability characterized by the limiting depth of cut, is 

dependent on the minimum of the real part of the receptance FRF of the vibrational 

structure, that is lim
min

1

2 Re{ ( )}c

d
K G 

  , where cK is the cutting coefficient and ( )G 

is the receptance. Fig. 14 presents the real parts of the receptance FRFs at different tool-

workpiece contact points along the axis of Tube A, where the receptance was obtained 



indirectly using the relationship as Receptance = Accelerance/ 2( ) . It is seen that the 

stability limit of the machining process became decreased as the cutting tool moved 

toward the free end of the workpiece, which explains why the machining was stable at 

the beginning and then deteriorated progressively in the machining experiments. In 

addition, at the cutting points near the chuck, the minimum of the real part of the 

receptance (green circles) located around the mode (1,1) of the machined tube, whereas 

the minimum shifted and located around the mode (1,3) as the cutting point kept getting 

close to the free end. This indicates that the weakest mode leading to machining chatter 

was position-dependent on the workpiece. As a result, the distinctive patterns shown in 

the chatter zones 1 and 2 were mainly attributed to the contribution of the axial beam 

mode (1,1) and the circumferential shell mode (1,3), respectively. 

 
Fig. 14 Real parts of the receptance FRFs of Tube A at different cutting positions 

Relative to Tube A the decreased length and increased diameter of the workpiece could 

make the shell mode constantly dominate in the chatter vibrations under the same 

machining parameters. In terms of Tube B machining test, the chatter mode shift also 

occurred but the duration of the beam mode-dominated chatter vibration was evidently 

shortened, as demonstrated in Fig. 15.  
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Fig. 15 Signal processing and surface topography of Tube B: (a) vibration spectrum; (b) machined 

surface topography; (c) reconstructed surface topography. 

 

For machining of Tube C, as shown in Fig. 16, only the lobe-shaped patterns were found 

left on the finished surface, which is similar with the experimental observations 

reported in the studies [15,19,23,24]. By comparison, the spectrum of the vibration of 



Tube C also shows a gradually decreased chatter frequency as that of the other two 

tubes at the chatter zone 2. It can be verified that the chatter frequency is associated 

with the vibration mode (1,4) of the tube. This further verifies that the circumferential 

shell mode of the thin-walled cylinders was more sensitive to the thickness change due 

to the material removal in cutting than the axial beam mode of the thin-walled cylinder. 
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Fig. 16 Signal processing and surface topography of Tube C: (a) vibration spectrum; (b) machined 

surface topography; (c) reconstructed surface topography. 

5. Conclusions 

This paper investigates the dynamic behavior and surface quality of the clamped-free 



thin-walled tubular workpieces in turning operations based on dynamics and kinematics 

of machining. The effects of wall thicknesses and cutting points on vibration 

characteristics of the machined workpiece are analyzed. Machining trials of thin-walled 

tubes were also conducted to explore the features of the vibration response and surface 

topography. According to the theoretical and experimental results, main conclusions are 

drawn as follows:  

(1) The thin wall cylindrical workpiece vibrates in combination of the axial beam mode 

and the circumferential shell mode. The shell mode is more sensitive to the variation of 

the wall thickness of the tube during machining. As the thickness decreases, the shell 

mode becomes easier to be excited. 

(2) The contribution of each vibrational mode of the cylinder to the response varies 

along the cutting path. When it is close to the chuck end, the dominant mode could be 

the beam mode; when it is near the free end, the vibration could be dominated by the 

shell mode. Also, the stability limits of the machining process decreased as the cutting 

tool moved toward the free end of the workpiece. 

(3) During the machining process of the thin-walled cylinder machining it has been 

found that the chatter frequency as well as the surface textures could shift due to the 

change of the weakest mode of vibration leading to chatter. By using the extracted time-

varying vibration frequency and roughness measurement along the cutting path, the 

data-driven surface topography was reconstructed, which showed consistency with the 

physical surface. The formulated correlation between the vibration characteristics and 

the surface topography provides a new insight into the dynamic behaviors of the thin-

walled cylindrical workpiece machining. 
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