
 

Available online at www.sciencedirect.com 

ScienceDirect 

Procedia CIRP 00 (2018) 000–000 
  

     www.elsevier.com/locate/procedia 

   

 

 

 

2212-8271 © 2017 The Authors. Published by Elsevier B.V. 

Peer-review under responsibility of the scientific committee of the 11th CIRP Conference on Intelligent Computation in Manufacturing Engineering. 

12th CIRP Conference on Intelligent Computation in Manufacturing Engineering, 18-20 July 2018, Gulf of 
Naples, Italy 

Machine tool design with preferentially asymmetrical structures to improve 

dynamics and productivity 

 Sitendra Nagesh and Mohit Law*  

Machine Tool Dynamics Laboratory, Department of Mechanical Engineering, Indian Institute of Technology Kanpur, Kanpur 208016, India 

* Corresponding author. Tel.: +91-512-679-6897; E-mail address: mlaw@iitk.ac.in 

Abstract  

Productivity is a driver for machine tool design, and is characterized by the machine’s ability to remove material aggressive ly 

without resulting in unstable chatter vibrations. These vibrations are governed by the machine’s structural dynamics. Structural 

dynamics are typically asymmetrical, and limit the productivity potential of machines, making designers seek structural symmetry, 

which is non-trivial. This paper introduces a novel methodology to realize preferentially asymmetrical dynamics using the principle 

of vibration absorbers integrated with the machine using the receptance coupling approach. Preferentially asymmetrical structures 

are shown to have better speed-(in)dependent and feed-direction dependent productivity than symmetrical structures.  
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1. Introduction 

Machine tool productivity is governed by its structural 

dynamics. These dynamics interact with the cutting process and 

result in self-excited unstable chatter vibrations that limit 

productivity. These instabilities are characterized by stability 

lobe diagrams [1]. These diagrams map the boundaries between 

stable/unstable conditions for combinations of depths/widths of 

cut, and speed. These diagrams have found much appeal in the 

machine tool user community since they guide selection of 

cutting parameters that may, or not, result in stable, productive 

processes. These diagrams are also instructive for machine tool 

designers to understand how the dynamics can be modified to 

improve productivity.   

Dynamics can be improved by changing materials [2], the 

kinematic makeup [3], or by integrating passive, and/or active 

dampers [4,5]. All these interventions have had varying degrees 

of success, and are generally targeted at improving the low-

frequency dynamics of the structural members that typically are 

excited during low-speed and high-engagement cutting, and not 

at the high-frequency local spindle, tool-holder and tool modes 

that tend to get excited at relatively higher speeds [6].  

Within the family of structural modification techniques to 

improve dynamics, there has also been a quest for symmetric 

structural design [7,8]. Machine tool structures are typically 

asymmetric, and hence naturally result in the dynamics not 

being symmetric in any of the planes, and consequently, stable, 

chatter-free machining conditions governing productivity and 

accuracy differ for feed along different directions and 

orientations [3]. Hence the quest for structural symmetricity to 

guarantee uniform cutting conditions remains.  

This paper questions this notion and shows that 

preferentially asymmetrical structures can have better speed-

(in)dependent and feed-direction dependent productivity than 

symmetrical structures.  

These ideas are demonstrated through simple numerical 

models of an idealized milling machine, wherein only dominant 

structural modes in either of the principle machine tool 

directions is considered for evaluating the stability, as well as 

the feed-direction dependent polar plots, as discussed in Sect. 

2. Sect. 3 introduces the methodology to realize matched 

dynamics using the principle of vibration absorbers integrated 

using the receptance coupling procedure [9]. Sect. 4 discusses 

results for the modified preferentially asymmetrical case, 

followed by discussions and the main conclusions. 

http://www.sciencedirect.com/science/journal/22128271
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2. Evaluating dynamics, stability and productivity 

A milling machine is idealized by a dominant structural 

mode in either of its principle directions. Modes are considered 

in the low-mid-frequency regime to represent the dynamics of 

the structural modes such as the column and the spindle 

housing. The Z direction is assumed to be rigid. Modal 

parameters of these modes are listed in Table 1. Table 1 

considers two cases, one when the dynamics are matched, i.e. 

the symmetric case, with the frequencies and amplitudes being 

the same, and another case that is the asymmetric case with the 

frequencies and amplitude of each mode being different. The X 

direction is considered to be the feed direction, and the Y 

direction is the normal to the feed direction.  

Table 1: Modal parameters of an idealized milling machine 

 Symmetric case Asymmetric case 

 X Y X Y 

Frequency [Hz] 200 200 200 240 

Damping ratio (𝜁) 0.035 0.035 0.035 0.035 

Stiffness [N/m] 5.6𝑒6 5.6𝑒6 5.6𝑒6 6𝑒6 

Machining stability for dynamics listed in Table 1 is 

evaluated using the following characteristic equation [10]: 

 
det([𝑰] +∧ [𝝓𝑂𝑅(𝑖 𝜔𝑐)]) = 0 ( 1 ) 

wherein ∧ is the complex eigenvalue which is expressed by:  

Λ =  Λ𝑅𝑒 + 𝑗Λ𝐼𝑚 = −
1

4𝜋
𝑁𝑡𝐾𝑡𝑐𝑎(1 − 𝑒−𝑖ωc𝑇) 

( 2 ) 

wherein Λ𝑅𝑒  and Λ𝐼𝑚  are real and imaginary parts, 𝑁𝑡  is 

number of teeth on the cutter; 𝐾𝑡𝑐 is the tangential cutting force 

coefficient; a is the axial depth of cut; 𝜔𝑐 is chatter frequency; 

and T is the tooth passing period.  Also, in Eq. (1), the oriented 

directional matrix 𝜱𝑂𝑅 is defined as 
 

[𝚽𝑂𝑅] = [𝜶0][𝚽𝑢𝑣] 
(3) 

wherein 𝜶0 is a matrix of the average direction factors [10].  

The transfer function matrix, 𝚽𝑢𝑣 at tool center point in a feed 

plane is determined using following expression [11]: 

[𝜱𝑢𝑣] = [𝑹][𝜱𝑥𝑦][𝑹]−1 (4) 

Wherein 𝑹 = [
cos 𝜃 − sin 𝜃
sin 𝜃 cos 𝜃

] is a rotational operator, and 𝚽𝑥𝑦 

are the dynamics, i.e. frequency response function (FRF) of the 

machine at the tool point obtained from modal parameters, for 

the representative X direction as: 

𝑋

𝐹
=

𝜔𝑛/𝐾

𝜔𝑛
2 + 𝑖 2𝜁 𝜔𝑛𝜔 − 𝜔2

 
 

(5) 

wherein 𝐾 is the modal stiffness, ω𝑛 is natural frequency, 𝑖, the 

imaginary operator,  𝜁, , the damping ratio and ω, the frequency 

vector.  

The speed-dependent limiting depth of cut, described by 

parametric Eqs. (1 - 3) for different feed directions (0-360˚) is 

evaluated analytically as [10, 11]: 

𝑎𝑙𝑖𝑚𝑓𝑒𝑒𝑑
= − (

2 𝜋 𝛬𝑅

𝑁𝑡 𝐾𝑡
) [1 + (

𝛬𝑅

𝛬𝐼
)

2

] 

 

(6) 

The spindle speed 𝑛 is determined by evaluating the tooth 

passing period 𝑇,  and the tooth passing period is computed 

using the phase shift, 𝜖, between inner and outer modulations, 

for lobe 𝑘, and the chatter frequency 𝜔𝑐 as [10]: 

𝑇 =
1

𝜔𝑐

(𝜖 + 2𝑘𝜋)   →   𝑛 =
60

𝑁𝑇
 

 

(7) 

 Dynamics, stability lobe diagrams (SLD), and feed-

direction dependent speed-dependent and independent polar 

plots are shown in Fig. 1 for both cases listed in Table 1 and for 

cutting of steel with 50% up-milling with a tool that has 4 teeth, 

and with the tangential cutting coefficient of 1883 × 106 

N/m2, and a radial cutting coefficient of 715 × 106 N/m2. 

 

Matched case Mismatched case 

Fig. 1 Dynamics, stability lobe diagrams, and feed-direction dependent 

speed-dependent and independent polar plots for the symmetric case (left 

column), and asymmetric case (right column) 

The stability lobe diagrams in Fig. 1 (middle row) are for 

the assumed feed in the +X direction. As is evident from the 

stability boundaries, the absolute minimum limiting depth of 

cut is almost the same for the symmetric and asymmetric case, 

being ~0.27 mm for the case with symmetric dynamics, and 

~0.29 mm for the case with asymmetric dynamics. The speed-

dependent behavior on the other hand, as evident again from 

the stability lobe diagrams is quite different, with a depth of cut 

of ~2.78 mm at ~3000 RPM for the symmetric case, and ~1.16 

mm at ~3150 RPM for the asymmetric case.  
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The feed-direction dependent speed-dependent as well as 

speed-independent depths of cut for both the symmetric and 

asymmetric cases are evaluated, and are also shown in Fig. 1 

through polar plots (bottom row). The region inside the 

boundaries is stable, and that outside is unstable. Clearly, the 

behavior for the matched case and the asymmetric case is very 

different. For the matched case the absolute minimum depth of 

cut remains at ~0.27 for all orientations, and increases to ~2.78 

mm at ~3000 RPM, and remains consistent for all feed 

orientations. For the asymmetric case on the other hand, the 

behavior is more interesting, and strongly feed-direction 

dependent. For this case, the absolute minimum depth of cut 

varies from ~0.29 mm for feed in the X direction to a maximum 

of ~1 mm at the ~60° orientation, and for the case of speed of 

~3150 RPM, the depth of cut varies from ~1.16 mm in the X 

direction to ~3 mm at the 110° orientation. Since material being 

cut is the same in all cases, and the engagement too remains the 

same, the feed-direction dependent behavior can be attributed 

to the projection of the principle modes in the feed directions. 

Clearly, from the above discussions and interpretation of 

results from Fig. 1, it is evident that for the speed-independent 

case, the asymmetrical structure may result in higher 

productivity potential of the machine as compared to the 

symmetrical structure, however the depth of cut will remain 

non-uniform for all feed directions, whereas, for the speed-

dependent case, the symmetric structure results in uniform 

productivity for the machine along all feed directions, but 

remains lower than that of the asymmetrical structure. 

Since most machine tool structures are asymmetrical with 

asymmetrical dynamics, the productivity will remain non-

uniform for all feed directions. Hence, this paper attempts to 

match dynamics to make productivity uniform while not 

compromising on the productivity potential of the machine.   

3. Methodology to realize matched dynamics 

To match dynamics in both directions, we integrate a 

dynamic vibration absorber (DVA). A DVA, if well designed, 

can split the targeted mode into two modes, and the one of the 

two modes obtained by splitting can be made to match the 

dynamics of the dominant mode in the other direction.  

3.1. Splitting modes using a dynamic vibration absorber 

To demonstrate how a well-designed absorber can split 

modes, the structural mode in the feed direction as listed in 

Table 1, for the asymmetrical case is considered again. The 

schematic in Fig. 2 shows this mode as a single degree of 

freedom (SDOF) system connected to another lumped mass 

with a spring and damper connection – that approximates the 

vibration absorber [12]. For the modal parameters of the main 

mass as listed in Table 1, and an absorber with a 1 kg mass, and 

a stiffness of 1.18  × 106  N/m and without damping, the 

modified response results in two modes – as shown in Fig. 2, 

i.e. the main mode is now split into two modes for the resulting 

two degree of freedom system.  

This feature of the splitting of modes using absorbers will 

be exploited by tuning the absorber parameters such that one of 

the split modes can match dynamics of the other direction.  

 

Fig. 2 Absorber integrated with a main system and the resulting dynamics 

Since our objective is to match dynamics as reflected at the 

tool point, and integrating an absorber at the tool point is not 

practical, the absorber must be integrated on the structural 

component whose response is sought to be modified to match 

the other direction. This problem can be recast as that of a 

receptance coupling problem [9], wherein the response of two 

substructures, one the machine, and the other the absorber, is 

combined in the frequency domain to obtain the modified tool 

point response – as discussed next.  

3.2. Integrating the absorber on the machine using the 

receptance coupling method 

To demonstrate this approach, it is desired to integrate an 

absorber on the structure in the X direction, such that the feed 

direction response when split, one of the resulting split modes 

will match the Y directional response. For integration using the 

receptance coupling approach, the machine is treated as 

substructure I, and the absorber as substructure II – as shown 

in the representative machine model in Fig. 3. Using 

equilibrium equations and compatibility conditions at the 

absorber and machine connection location as discussed in [9]; 

the dynamics of the coupled structure can be expressed as: 

𝐻11 = ℎ11 − ℎ12𝑎(ℎ2𝑎2𝑎 + ℎ2𝑏2𝑏 +
1

𝑘′
)−1ℎ2𝑎1 

 

(8) 

wherein ℎ11 is the direct FRF at location 1; ℎ2𝑎2𝑎 is the direct 

FRF at location 2a,  ℎ2𝑏2𝑏 is the direct FRF at 2b, ℎ12𝑎 is the 

cross FRF between response location 1 and excitation location 

2a; and  ℎ2𝑎1  is cross FRF of response location 2a and 

excitation location 1, which, assuming reciprocity holds, is the 

same as ℎ12𝑎. Modal parameters for all the FRFs in Eq. (8) are 

listed in Table 2, and the evaluated FRFs are shown in Fig. 3. 

 Fig. 3 Schematic of machine with absorber (left), and the substructural FRFs 
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Table 2: Modal parameters of substructural FRFs 

Parameters 𝐹𝑅𝐹𝑦𝑦 ℎ11 ℎ12𝑎 ℎ2𝑎2𝑎 

Frequency[Hz] 240 200 200 200 

Stiffness [N/m] 6e6 5.6e6 7.2e6 10e6 

Damping ratio (𝜁) 0.035 0.035 0.035 0.035 

 

Absorber stiffness, damping and mass can be tuned such as 

to achieve the desired objective of matching dynamics. In order 

to evaluate the design parameters for the DVA, a feasible range 

of design parameters are varied and a set of parameters are 

obtained which split and match the X-direction mode with the 

Y-directional mode’s natural frequency. The mass range is 

considered between 1 to 50 kg; stiffness range between 1e5 to 

1e7 N/m and damping ratio is assumed to be 0.02. 

4. Modified dynamics, stability and productivity  

Following the procedure outlined in Sect. 3, an absorber 

with a mass of 5.43 kg, stiffness of 2.49e6 N/m, and a damping 

of 147.2 N-s/m, when integrated with the machine tool 

structure using the receptance coupling approach, was found to 

result in one of new modes, resulting from splitting of the 

original X directional mode, matching the natural frequency of 

original Y directional mode. These results are shown in Fig. 4.   

 

Fig. 4 Comparison of the dynamics of the original asymmetrical machine 

with the modified matched dynamics 

As evident, the modified X directional response splits into 

two modes, one at ~94 Hz and another at ~240 Hz, which 

matches the original Y directional mode at 240 Hz. 

Furthermore, by virtue of integrating an absorber, the 

amplitude of the modified modes is observed to reduce.   

The modified response is used to simulate feed-direction 

dependent speed-(in)dependent stability boundaries for the 

same cutting conditions as earlier, and these results are 

compared with the original asymmetrical case in Fig. 5.      

Fig. 5 Comparison of speed-dependent (left) and speed-independent (right) 

feed-direction dependent stability for the original and modified structure 

As is evident in Fig. 5, the absolute values of the minimum 

depth of cut or shape of stability envelope for the speed-

independent case does not change much for the modified 

response as compared to the original response. However, for 

the speed-dependent feed-direction dependent behavior, at the 

same speed as earlier, i.e. ~3150 RPM, there is a considerable 

change in the shape of the stability envelope. The stability 

envelope for the modified response tends towards being 

uniform over all feed directions, a significant departure from 

the original asymmetrical dynamics case. The depth of cut is 

also marginally higher than it was in the original case. 

Furthermore, it is also evident from comparisons in Fig. 5 

that the modified case, with preferentially asymmetrical 

dynamics is better for both the speed-independent as well as the 

speed-dependent case, which is contrary to the discussions in 

Sect. 2, in which it was observed that symmetric dynamics are 

preferred for speed-independent uniform productivity, and 

asymmetric dynamics for speed-dependent productivity. 

Conclusion 

This paper describes the influence of symmetrical and 

asymmetrical dynamics on the productivity potential of 

machine tools. Simple idealized numerical machine tool 

models are used to demonstrate how symmetrical structures 

result in uniform speed-(in)dependent and feed-direction 

dependent productivity, whereas asymmetrical structures result 

in better speed-independent productivity than symmetrical 

ones for cutting along specific feed orientations. To improve 

the productivity potential of machines, structural modifications 

are targeted by integrating a well-designed dynamic vibration 

absorber using the receptance coupling approach to 

preferentially make the structure’s response asymmetric, such 

that there is both an increase in speed-independent as well as 

the speed-dependent productivity potential of machines.    

References 

[1] Tlusty J and Koenigsberger F, 1970, Machine Tool Structures, Vol. 1  

[2] Möhring H C et. al, 2015, Materials in machine tool structures, CIRP 

Ann. - Manuf. Technol. 64. 

[3] Law M, et. al, 2013, Position-dependent dynamics and stability of serial-

parallel kinematic machines, CIRP Ann. - Manuf. Technol. 62. 

[4] Chung B, Smith S and Tlusty J, 1997, Active Damping of Structural 

Modes in High-Speed Machine Tools, J. Vib. Control 3 279–95 

[5] Yang Y, et. al, 2010, Optimization of multiple tuned mass dampers to 

suppress machine tool chatter, Int. J. Mach. Tools Manuf. (IJMTM) 50  

[6] Zulaika J J, et. al, 2011, An integrated process-machine approach for 

designing productive and lightweight milling machines, IJMTM. 51  

[7] Rao S B, 1997, Metal Cutting Machine Tool Design—A Review, J. 

Manuf. Sci. Eng. 119  

[8] Schellekens P, et. al, 1998, Design for precision: Current status and 

trends, CIRP Ann. - Manuf. Technol. 47  

[9] Schmitz T L and Smith K S, 2012, Mechanical Vibrations Modeling and 

Measurement” (Springer New York Dordrecht Heidelberg London) 

[10] Altintaṣ Y and Budak E 1995 “Analytical Prediction of Stability Lobes in 

Milling” Ann. CIRP- Manuf. Technol. 44 357–62 

[11] Law M, et. al, 2013, Rapid evaluation and optimization of machine tools 

with position-dependent stability, Int. J. Mach. Tools Manuf. 68 

[12] Hartog J P Den, 1985, Mechanical vibrations, Dover Publications 


