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STUDY OF THE DYNAMICS OF THE FACE MILLING 

PROCESS, TAKING INTO ACCOUNT THE TORSIONAL 

OSCILLATIONS OF THE SPINDLE 

А. Оргіян, Г. Баланюк. Дослідження динаміки процесу торцевого фрезерування з урахуванням крутильних коливань 

шпинделя. Статтю присвячено вирішенню актуальної задачі щодо підвищення вібростійкості процесу торцевого фрезерування та 
покращення якості обробленої поверхні деталей шляхом параметричної оптимізації крутильної жорсткості елементів головного 

приводу. Виконано комплексний аналіз динамічної взаємодії підсистем металорізального верстата та обґрунтовано, що інтегрування 

тангенціальних зміщень шпиндельного вузла в розрахункові схеми дозволяє усунути обмеження класичних лінійних моделей. 
Розроблено математичну модель замкненої динамічної системи, яка враховує флуктуації кутової швидкості інструмента та 

нестаціонарний характер часу запізнення в механізмі регенерації сліду. Відповідно методу з теорії випадкових процесів, оцінено 

вплив крутильних варіацій на зміну коефіцієнта перекриття та параметри стійкості. Теоретичні висновки перевірено 
експериментальним дослідженням на базі вертикально-фрезерного верстата, де зниження крутильної жорсткості реалізовувалося 

шляхом варіації діаметра проміжного валу шпиндельної головки від 35 до 10 мм. Експериментально підтверджено, що при рівні 

крутильних коливань (зі зміною частоти обертання на 8% при діаметрі валу 12 мм) руйнується регенеративний механізм 
автоколивань. Це призводить до зниження амплітуди високочастотних лінійних вібрацій несучої системи верстата у 2,5 рази та 

покращення параметрів мікрорельєфу поверхні зі зменшенням шорсткості Ra з 2,3…2,5 мкм до 1,9…2,0 мкм. Визначено межі 

раціонального зниження жорсткості, за якими надмірна піддатливість приводу починає дестабілізувати процес формоутворення. 
Отримані результати науково обґрунтовують ефективність оптимізації динамічних характеристик приводів для підвищення 

інтегральної вібростійкості обладнання. 

Ключові слова: торцеве фрезерування, вібростійкість, крутильні коливання, регенерація сліду, крутильна жорсткість приводу, 
шорсткість поверхні, високочастотні вібрації, динаміка верстатів 

A. Orhiian, A. Balaniuk. Study of the dynamics of the face milling process, taking into account the torsional oscillations of the 

spindle. The article addresses the urgent problem of increasing vibration resistance in the face milling process and improving the quality of 
the processed surfaces of parts through parametric optimization of the torsional stiffness of the main drive elements. A comprehensive analysis 

of the dynamic interaction of the subsystems of the metal-cutting machine is carried out, and it is substantiated that the integration of tangential 

displacements of the spindle unit into the design schemes allows for the elimination of the limitations of classical linear models. A mathematical 
model of a closed dynamical system has been developed that accounts for fluctuations in the instrument’s angular velocity and the non-

stationary nature of the delay time in the trace regeneration mechanism. Using a method from the theory of random processes, the influence of 

torsional variations on changes in the overlap coefficient and stability parameters is estimated. The theoretical conclusions were verified by an 
experimental study using a vertical milling machine, in which torsional stiffness decreased by varying the diameter of the intermediate shaft 

of the spindle head from 35 to 10 mm. It has been experimentally confirmed that at the level of torsional oscillations (with a change in rotational 

speed by 8% with a shaft diameter of 12 mm), the regenerative mechanism of auto-oscillations is destroyed. This leads to a 2.5-fold decrease 
in the amplitude of high-frequency linear vibrations of the machine carrier system and an improvement in the parameters of the surface 

microrelief, with a decrease in the roughness (Ra) from 2.3... 2.5 μm to 1.9 ... 2.0 μm. The limits of rational reduction of rigidity have been 

determined, beyond which excessive susceptibility of the drive begins to destabilize the process of molding. The scientific results substantiate 
the effectiveness of optimizing the dynamic characteristics of drives in increasing the integral vibration resistance of equipment. 

Keywords: face milling, vibration resistance, torsional oscillations, trace regeneration, torsional rigidity of the drive, surface roughness, 
high-frequency vibrations, machine dynamics 

 

Introduction  

In modern mechanical engineering, increasing the productivity and quality of face milling is di-

rectly related to addressing the vibration resistance of metal-cutting machines. The dynamics of the 

cutting process is accompanied by complex oscillatory phenomena, among which the most critical is 

trace regeneration - a process in which the variable cross-section of the cut chips causes the development 

of self-oscillations and loss of stability of the entire technological system. 
In classical methods for assessing the dynamic stability of the milling process, primary attention is 

paid to the analysis of elastic linear deformations of the bearing system, directed normal to the treated 

surface. At the same time, tangential displacements, in particular, oscillatory processes in the drive of 

the main motion, are often studied separately. This approach is traditionally supported by the hypothesis 
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of weak coupling between the normal and tangent forms of oscillations, due to a significant divergence 

in the spectra of their natural frequencies. However, such a decomposition of mathematical models leads 

to significant simplification and does not fully capture the complex interactions among the machine’s 

dynamic subsystems. 

An analysis of the technical literature shows that the torsional vibrations of the spindle unit are an 

important factor that determines the stability of the cutting system. Their presence causes continuous 

microfluctuations in the tool’s angular velocity, which, in turn, result in a constant variation in the lag 

time during the sequential passage of adjacent cutting edges. As a result, the kinematics of the chip 

formation mechanism changes significantly: the trace regeneration factor (overlap coefficient) is trans-

formed into a non-stationary parametric value, functionally dependent on the amplitude-frequency char-

acteristics of the torsional deflections of the drive. 

Thus, targeted optimization of the torsional stiffness of the main motion drive can be an effective 

means of suppressing high-frequency elastic vibrations in the machine and improving the part’s rough-

ness parameters. 

Analysis of recent research and publications 

The intensity of vibrations during machining (turning, milling) is a key factor that adversely affects 

the quality of machined parts, tool life, and overall productivity. The study of the regularities of the 

occurrence and development of various types of oscillations (forced, free, and self-oscillations) is a 

necessary condition for the assignment of effective cutting modes and processing strategies [1]. Chatter 

vibrations significantly limit productivity, which requires improved tool geometry, in particular the use 

of non-uniform tooth pitch cutters [2], and the development of reliable stability criteria for high-speed 

machining [3]. One of the main features of milling dynamics is trace regeneration (track cutting), in 

which each tooth removes chips with a variable cross-section whose parameters depend on the vibrations 

caused by the previous tooth. In machine tool vibration calculations, this phenomenon is traditionally 

modeled using a delay factor that depends on the time required for one spindle rotation or on the time 

between passes of adjacent cutting edges. 

Considerable attention in modern research is paid to metrological relationships between the instan-

taneous movements of the tool and the roughness of the resulting surface. It has been established that 

during fine spherical milling, the tool overhang significantly affects the formation of the relief: for thin 

tools, the dynamic deflections of the working part under cutting forces become decisive [4]. The problem 

of improving quality and productivity is also extremely relevant when milling the planes of large-sized 

workpieces, such as machine beds [5]. 

Another promising area is the development of real-time vibration detection systems without addi-

tional external sensors. To increase reliability and reduce the cost of monitoring systems, methods for 

detecting vibrations that rely on analysis of current commands from the CNC system [6] and on the 

application of disturbance observer theory, based solely on servo drive information [7], have been pro-

posed. In addition, the variational mode decomposition (VMD) method, combined with energy entropy, 

is effectively used to analyze transient signals during cutting [8]. 

To predict the stability of the cutting process, mathematical and numerical modeling methods are 

actively being developed. The dynamics of milling operations are studied using nonlinear models of the 

“tool-workpiece” system [9]. A significant contribution to the development of the analytical apparatus 

is made by improved methods of full sampling, in particular those based on the Runge-Kutta method 

(RKCDM), which enable high-accuracy prediction of stability boundaries [10, 11]. New approaches are 

also being developed to simulate the interaction between the cutting process and the machine in real 

time using hardware directly in the control loop [12]. 

Dynamic problems arise during the fine milling of flexible thin-walled parts (e.g. structural ele-

ments) with low radial immersion. Since classical theories are insufficient in such cases, multi-frequency 

solutions are used to accurately predict stability lobes [13, 14]. Dynamic milling behavior of thin-walled 

components with complex shapes is often characterized by a predominance of resonance phenomena 

over self-excited vibrations due to the short cutting length [15]. The complexity of cutting processes at 

shallow depths of cut is confirmed by stability studies using semi-discrete methods [16], as well as in 

micromilling, where the small diameter and low rigidity of the tool critically increase the risk of prem-

ature failure under the influence of vibrations [17]. 
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Process stability is also significantly affected by the dynamic characteristics of the spindle assem-

bly itself and the entire drive system. High-speed spindle systems operating above 20,000 min-1 face 

significant design challenges related to rotor and bearing-mount dynamics [18]. At the same time, it has 

been shown that not only transverse but also tangential and torsional vibrations can radically alter the 

stability limits of the cutting process [19]. Vibrations tangential to the treated surface (in particular, in 

the systems of the main motion drive) turn out to be closely related to the forms of linear oscillations 

orthogonal to them. Changes in the torsional stiffness of the drive and shafts directly affect the level of 

both low-frequency oscillations (related to rotational speed and tooth frequency) and high-frequency 

elastic oscillations of the carrier system. Experimental studies show that a drop in the torsional stiffness 

of the spindle leads to a sharp increase in the amplitude of torsional vibrations and variations in rotational 

speed, which ultimately has a decisive effect on the output parameter of machining accuracy - the rough-

ness of the resulting surface. 

To minimize negative dynamic phenomena, innovative methods of vibration damping and process 

optimization are being developed. An effective solution to reduce vibrations in thin plates is to apply 

partially limited bed damping and then optimize it under moving loads [20]. In addition, ultrasonic vi-

bration treatment (UVAM) using specially designed longitudinal torsional transducers has been suc-

cessfully used to reduce cutting forces during machining of complex composite materials [21]. 

In general, the cited literature indicates the complexity of combating vibrations during machining 

and the need for a systematic approach, including improvements to diagnostic methods, mathematical 

modeling, and optimization of the dynamic characteristics of technological systems, such as the stiffness 

parameters of the main motion drives. 

The purpose and objectives of the research 

The aim of this study is to improve the vibration resistance of the face milling process and the 

quality of the machined surface by optimizing the level of torsional vibration (torsional stiffness) of the 

spindle assembly. 

Objectives of the study: 

– to develop a mathematical model of a closed dynamic system of a machine tool that takes into 

account the non-stationary nature of the lag constant and angular velocity fluctuations caused by tor-

sional vibrations in the drive of the main motion; 

– to determine the optimal value of the torsional stiffness of the drive, which provides effective 

suppression of high-frequency vibrations of the machine; 

– to determine the effect of the amplitude of torsional vibrations on the level of low-frequency and 

high-frequency linear vibrations of the machine’s load-bearing system, as well as on the roughness of 

the machined surface. 

Materials and methods of the research 

One of the main features of milling dynamics is its impact on the stability of trace or cut regenera-

tion. Each tooth of the cutter removes chips of variable cross-section, the changes in which depend on 

the vibrations induced by the previous tooth. Under certain conditions, this phenomenon can lead to 

increased oscillations and loss of stability. The assessment of the effect of torsional vibrations on the 

mechanism of trace regeneration can be carried out using a method based on the theory of random pro-

cesses. 

In the calculations of vibration resistance of metal-cutting machines, the phenomenon of trace re-

generation is described by including a multiplier determined by the lag in the dynamic characteristic of 

the cutting process: 

 u

(

cut

)

c t (1 )T iwTW W qe −= − ,  (1) 

where: 
cutW  – dynamic characterization of the cutting process without delay; q – overlap factor; Т – lag 

time equal to the time of one spindle rotation when machining with a single-blade tool or the time be-

tween the passes of the two nearest cutting edges of a multi-blade tool; w – circular frequency of vibra-

tions normal to the treated surface. 

Vibrations tangential to the surface to be treated, for example, vibrations in the drive systems of 

the main and auxiliary motions, turn out to be strongly related to orthogonal forms of vibrations only 

when the natural frequencies of vibrations are close. Usually, the natural frequencies of vibrations, nor-

mal and tangent to the treated surface, are very different, and therefore, the interaction of the 
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corresponding vibration forms can be considered weak and the stability of the dynamic system of the 

machine can be determined separately for each of the forms, taking into account only the effect of tor-

sional vibrations of the rotation drive on the change in the lag time. 

The equations of motion of a closed dynamic system of a machine tool will be written down using 

vector notations: 
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where: ju  – normal coordinate of the elastic system of the machine; 

, , ,j j jm b c  – reduced mass, coefficient of linear friction and stiffness for j-th eigenform;  

( , , )x y zP P P P


– cutting force;  

cutT – chip time constant;  

S  – feed per revolution;  

D  – cutter diameter;  
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Let us move on to dimensionless time t =  and transform equations (2) into a system of integro-

differential equations: 
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The lower limit of integration 
0 is determined from the condition that the constant component of 

the solution vanishes. 

Torsional vibrations in the spindle drive lead to changes in the dimensionless lag constant, as de-

scribed by the expression 1 1 sin v =  +   . The frequency of torsional vibrations is not related to the 

frequencies of vibrations normal to the workpiece surface by any multiplicity ratios, and therefore the 

values sinv  are distributed in the interval (−1, +1) according to the arcsine law [17]. Statistical pro-

cessing of torsional vibration oscillograms occurring in finishing boring and milling machines shows 

that the distribution function of a positive random variable can be represented as: 

 ( )
2

2( )
0 ,

( )
at
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where:   – maximum rotation period deviation 
11  from its average value 

1 . From this we obtain a 

uniform distribution of the lag constant in the interval 
1 1( , ) −  + : 
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Small random changes in the values jr of , depending on S and
1  , do not affect the stability of 

the solutions of system (3), therefore jr  can be considered equal to their average values. However, 

small changes in the delay constant significantly alter the values of the dynamic characteristic of the 

cutting process (1), in which the overlap coefficient becomes different: 

 0 0

sin sin
,q q q

 
= =

 
 (6) 

where: 
0q  complies T=const.  

The study of the stability of the solutions of the system (3) under the conditions of excitation of 

several main oscillations can be carried out using a computer. However, it is useful to consider analyti-

cally the case of a single main oscillation, which is characteristic of many types of machine tools. In 

vertical milling machines, oscillations develop in the opposite phase of the spindle head and the canti-

lever group.  

Us extract from system (3) the equation describing the main oscillation in the direction of the nor-

mal to the work surface with a natural frequency   , assuming that the interaction with other forms of 

oscillation is weak: 
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 . (7)  

The condition for the stability of solutions of equation (7) in the most unfavorable case, when the 

phase shift between ( )u   and 
1( )u −   is equal to   , has the form: 

 
1

1

0 0

( )
.

1 (sin ) 1 (sin )q q

−
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  (8) 

With an increase in the interval in which the amplitudes of torsional vibrations are distributed, the 

effect of trace regeneration on the stability of the closed dynamic system of the machine decreases. In 

the limit, the stability condition (8) corresponds to the system without lag:  

 
1 1( ) ( ).− − +  +     +  +    

From ratio (8), we determine the conditions under which regeneration of the trace changes the 

margin of stability of the machine’s closed dynamic system by no more than 10%.  

When milling, ≤0.7. Therefore, we require that sin 0.14   , from which we find 3 2    

. This requirement is met under typical face milling conditions if the relative change in spindle speed 

due to torsional vibrations reaches 7%. 

In order to check the above theoretical ideas about the possibility of increasing the stability of the 

dynamic system of the machine and reducing the level of linear oscillations in the direction of the normal 

to the processed surface in the event of torsional vibrations of the cutter, as well as to assess the effect 

of increasing the level of torsional vibrations on the accuracy of machining, an experimental study was 

carried out. Dynamic processes during face milling under conditions of reduced torsional stiffness of 

the drive of the main movement have been studied. 

Reducing torsional rigidity was achieved by grinding the intermediate shaft of the vertical spindle 

head. The shaft diameter ranged from 35 mm, the value accepted in manufactured machines, to 10 mm. 

The experimental stand (Fig. 1) is assembled on the 6Б75В machine. When machining specimen 

5 with milling cutter 6, linear vibrations are measured using strain probe 8, fixed to bracket 1 with a 

clamp on the spindle head sleeve 2. The tip of the probe slides over the surface of the measuring ruler 7 

mounted on the machine table.  

To measure torsional vibrations, a pulse sensor 4 is used, in the slot of which the rim of the disc 3 

moves; the disc 3 has 30 equally spaced slots and rotates together with the cutter. The set of equipment 

includes a strain gauge, an oscilloscope, and a rectifier to power the sensor. 
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Fig. 1. Bench for measuring linear and torsional vibrations during milling 

Torsional stiffness measurements were carried out under stepped loading of the spindle with torque 

(Fig. 2, a). Mandrel 1 with a square axial protrusion was installed in the cone of the vertical spindle. The 

lever 2, with a square hole, was dressed over the mandrel protrusion and loaded using a torque bracket 

3. The angle of rotation was determined by the readings of two indicators 4. Measurements were carried 

out with the rotor of the electric motor stalled with the help of a massive bar (Fig. 2, b). 
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Fig. 2. Scheme for measuring the torsional stiffness of the main motion drive: stepped loading of the spindle 

with torque (a); measurements with the rotor of the electric motor stalled (b) 

The level of linear vibrations was determined from oscillograms as the average value of the dimen-

sion over two frequency ranges: low-frequency Рlow, which contains the tool rotation frequency and 

tooth frequency, and high-frequency Рhigh, which contains the elastic vibration frequencies of the sup-

porting system. Two quantities were adopted to characterize the level of torsional vibrations: the ampli-

tude of torsional vibrations 
0  and, expressed as a percentage, the change in rotational frequency caused 

by torsional vibrations tor. 

Discussion of results 

The measured parameter of machining accuracy was the roughness of the treated surface. The results 

of the experiments for six countershaft diameters (35, 20, 15, 12, 11 and 10 mm) are shown in Fig. 3.  

Torsional stiffness changed from 350 to 250 Nm/rad. Torsional vibrations reached their maximum 

(tor = 8%) at d = 12 mm. Note that the absolute value of the torsional vibration amplitude remained be-

tween 
0 = 0.5 and 

0 = 2°. Linear vibrations reached their minimum at the same diameter. 

It should be noted that low-frequency oscillations at d = 12 mm have a level close to that detected 

at the initial value d = 35 mm, and high-frequency oscillations decrease when the shaft is turned by 2.5 

times. This fact provides direct experimental confirmation of the developed theoretical model: torsional 

fluctuations in angular velocity effectively destroy the regenerative mechanism underlying self-oscilla-

tions through parametric phase displacement and delays in the timing of adjacent cutting-edge passes. 
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With further reduction of the shaft diameter to 11…10 mm, a deterioration in dynamic indicators is 

observed. This indicates that there is a rational limit to reducing torsional stiffness, beyond which ex-

cessive drive compliance begins to destabilize shaping. 
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Fig. 3. Effect of torsional stiffness changes on oscillations: torsional vibrations (a); linear vibrations (b) 

Roughness decreased slightly when moving from d = 35 mm to d = 12 mm: from Ra = 2.3…2.5 µm 

to Ra = 1.9…2.0 µm. This change is due to the near-complete elimination of dynamically generated 

microroughnesses superimposed on the profile. 

Thus, the usefulness of torsional rigidity optimization is confirmed in both dynamic and accuracy terms. 

Conclusions 

Studies have shown that torsional vibrations in the main drive play a critical role in ensuring the 

dynamic stability of the face milling process. It has been analytically substantiated and experimentally 

confirmed that a deliberate reduction in the torsional stiffness of the spindle shaft induces continuous 

microfluctuations in the tool’s angular velocity. This effect destabilizes the kinematics of the trace re-

generation mechanism, rendering the overlap factor non-stationary and effectively suppressing the con-

ditions for self-excitation of the system and the development of self-oscillations. 

Full-scale tests have demonstrated that when a rational level of tangential oscillations is reached, 

the amplitude of high-frequency linear vibrations in the machine’s bearing system is reduced by a factor 

of 2.5. Suppression of orthogonal vibrations directly correlates with improved processing quality, yield-

ing a statistically significant reduction in high roughness parameters of the formed microrelief. Thus, 

parametric optimization of the torsional stiffness of drive elements is a technologically feasible method 

to increase the overall vibration resistance of milling machines. 

Further prospects for research in this direction lie in the development of a comprehensive engi-

neering method for the analytical calculation of optimal torsional stiffness values for various kinematic 

schemes of spindle joints. 
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