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Abstract 
A methodology is proposed to optimize an electro-spindle for robotic machining applications. In addition 

to the common maximization of the material removal capability, other requirements are specific for the 

robotic application: minimization of the weight and estimation of the cutting force on the tool by a special 

embedded sensor. A parametric dynamic model of the spindle is built, integrating reduced order finite 

element models of the main structural elements (housing, rotating shaft, preload piston and tools), taking 

into account the boundary conditions provided by the robot end-effector. A damping solution based on 

elastomeric dampers is considered. The dynamic performance are evaluated by computing objective 

functions that take into account critical speeds, imbalance vibrations, regenerative chatter stability and 

forced vibrations for two reference milling operations. Additionally, the embedded sensor requires to assure 

a sufficient shaft displacement at sensor locations, to get the desired resolution in cutting force estimation.  

 

1 Introduction 

Industrial robots are more and more exploited to perform metal cutting operations like milling and deburring. 

A growing application requires trimming, drilling or milling of composites for the aerospace or automotive 

industries [1], where positioning accuracy in order of 0.1 mm is appropriate. The main advantages are 

agility, because of the high number of controlled axes, reduced cost, compared to a CNC machine tool with 

comparable workspace, and process intelligence, because of the adoption of adaptive and model-based 

control strategies able to cope with unknown workpiece variations, e.g. while deburring casted parts. The 

major drawbacks are robot poor static accuracy and high dynamic compliance, as well as lower resonance 

frequencies, compared to traditional CNC machine tools [2]. Vibration phenomena may affect, as in 

machine tools, the quality of machined parts and the tools and spindle useful life. These vibrations occur at 

specific machining conditions depending on robot [3] and spindle dynamic properties [4]. In particular, 

spindle dynamics plays a paramount role due to the high cutting velocities typical of robotic machining. 

additionally, control strategies that can mitigate vibration and accuracy issues often require sensing the 

actual cutting force. In fact, a force feedback can be used to adapt the feed or the trajectory to the actual 

material to be removed from the workpiece or, more rarely, to estimate and compensate robot structural 

deformation, caused by its low static stiffness [5]. 

On these premises, the goal of this work is to present a methodology to design an optimal electro-spindle 

taking into account the specific requirements of robotic machining (basically concerned with high 

power/weight ratio and high cutting dynamic stability), and integrating a high-dynamic force sensor for 

process monitoring purpose. 

3581



Vibrations can be classified into forced and self-excited vibrations [6]. Forced vibrations are due to nominal 

force variability in interrupted cutting, typical of milling: significant vibrations occur when harmonics of 

the cutting forces coincide with a natural frequency of the machining system. Forced vibrations are predicted 

computing the cutting forces and knowing the dynamic compliance of the machining system. Additionally, 

self-excited vibrations, can occur, mainly ascribed to regenerative chatter: relative vibrations between the 

active cutting edge and the workpiece generate a surface waviness that will modify the actual chip thickness 

of the subsequent cutting edge, when it will be engaged on the same position [8]. In this case, the process 

stability limit is a function of the spindle speed, as depicted by the “Stability Lobes Diagram” (SLD), that 

takes into account system dynamic response and process parameters. 

Spindle optimization aimed at avoiding such vibration phenomena is a well-known problem. Based on the 

above-mentioned theory, different typologies of objective functions could be defined. In practice, two 

different features must be combined: the level of detail and constraint in cutting operations definition (e.g., 

the spindle speed can be fixed or free in a range) and the approach used to manage the multi-objective nature 

of the optimization (e.g., weighted summation, minmax approach, pareto set, etc.). Dealing with 

regenerative chatter, Abele et al. in [9] use spindle simulation models for design optimization. The 

optimization can be aimed at achieving maximum dynamic stiffness at all speeds, for general operations, or 

to reach maximum axial depth of cut at the specified speed, with a designated cutter, for a specific operation 

(i.e. to get the working point inside a stability pocket of the SLD). The same approach is followed by Altintas 

in [10] for the optimization of bearing spacing to obtain either maximum dynamic stiffness or maximum 

chatter-free depth of cut for multiple flute cutters. The same work presents a non-linear FE model of the 

spindle that includes bearing preload, gyroscopic and centrifugal speed effects. In Albertelli et al. [11], the 

objective function to be maximized is a weighted summation of the critical depths of cut associated to a set 

of reference milling operation. The greater and lower tooth passing frequency associated to the targeted 

milling operations defines the frequency range of dynamic compliance that affects the interested 

performance: while the superior bound takes origin by process damping phenomenon [12], the inferior 

bound is usually set considering the effect of the position of the first stability lobe, but a rigorous criterion 

is not provided. Tackling vibration problem in a more general way, Zhang et al. in [13] observe that, 

normally, cutting parameters optimization aims at improving final surface quality and maximizing Material 

Removal Rate (MRR), while the stable depth of cut is treated as a constraint, together with technological 

limitations on cutting velocity. In this perspective, also force vibrations become of paramount importance. 

While spindle design usually relies on classical parameters like bearings spacing and topology, shaft and 

housing material and sizing, the adoption of particular damping devices like squeeze film dampers or 

elastomer rings at bearings support could provide new design possibilities and enhance the dynamic 

performance of the spindle. Elastomer rings, in particular, have demonstrated to be effective in reducing 

vibrations of rotating machinery [14], while accurate and relatively simple models are available to evaluate 

their effect in design phase. For instance, Bonfitto et al. [15], using a biaxial excitation and displacement 

sensors, extracted the response of the elastomer thanks to Genetic Algorithm optimization. The results show 

a good agreement between the elastomer model, exploited in a FE model of a pump shaft, and the 

experimental measurements. 

As mentioned before, cutting force measurement for monitoring and control is another essential feature in 

a spindle for robot milling. Zäh and Rösch [16] developed a compensation of static deflection due to cutting 

forces by a model-based fuzzy controller: this approach uses a force dynamometer at the workpiece to 

measure process-forces and an acceleration sensor at the spindle to detect chatter. Another approach for 

online compensation uses a spindle holder with integrated force sensors to measure cutting forces and 

calculate the resulting deviation [17]. Thus, the complexity using additional sensors is removed. Anyway, 

all these solutions are usually rather expensive or do not guarantee the necessary bandwidth to analysis 

dynamic cutting forces in high speed cutting operations.  

In this paper, a methodology is presented for the design of a new spindle for robot milling operations that 

takes into account all the aforementioned issues by means of a holistic modelling approach. In fact, together 

with the usual design parameters like bearings spacing, house and shaft stiffness and inertia, elastomeric 

bearing supports are modelled and optimized. 
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Cutting force are estimated measuring shaft deflection by inductive displacement sensors. To assure the 

prescribed measurement resolution, a proper constraint on minimum induced displacement at sensor 

location is considered. Thus, the proposed design methodology allows the spindle to exploit profitably both 

an the embedded high-dynamics cutting force sensor that enables the adoption of monitoring and adaptive 

control strategies. 

The paper is structured as follows. Firstly, the system under study is explained. Secondly, the proposed 

modelling and optimization approach is developed. Here, the model used for the optimization is illustrated. 

Then, the results of Multi-Objective optimization on the reference case are shown, with a detailed analysis 

of the main solution clusters. Finally, conclusions are presented. 

2 Electro-spindle for robotic machining 

The envisaged application scenario is to perform machining operations in a small workshop or design 

department by a medium sized robot. The spindle must satisfy constraints on weight, limited by the 

maximum payload of the robot, and on the housing outer diameter, to assure adequate dexterity in 

approaching complex work pieces. The target machining tasks are deburring and light milling: in both cases, 

to limit cutting forces, High-Speed Cutting (HSC) is adopted. To avoid selecting an optimal design linked 

to a single case, two different milling operations/tools have been considered. A key element in spindle design 

is bearing disposition (see following figure): a common solution for high-speed electro-spindles is composed 

by two fixed bearings in tandem in front (B1 and B2) and two floating bearings in tandem on the rear (B3, 

B4). In traditional spindle solutions, the axial preload is applied by a set of helical spring acting on the seat 

of the rear bearing unit, which can move along the spindle axis thanks to a ball bushing bearing between the 

Housing and the Rear Bushing support. To allow force control schemes, shaft-housing displacement in X 

and Y directions is measured by inductive eddy current sensors. The cutting force is then evaluated through 

static & dynamic calibration. One inductive sensor is placed near the spindle nose along the shaft axis Z in 

order to measure the axial displacement of the shaft due thermal expansion and speed-dependent ball 

bearings kinematics.  

 

 

Figure 1: Electrospindle main components (tool and tool-holder not shown)  
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3 Methodology 

3.1 Structure model 

As described also by Abele et al. in [9], the spindle is modelled using a finite element method (FEM) for all 

main components: shaft, housing, the bushing used as seat for the rear bearing unit, tool and tool holder. For 

some components (e.g. motor stator and rotor, water cooling system) where a detailed representation would 

be uselessly complex, an equivalent homogeneous material, characterized in past experimental campaigns 

[18], is adopted. Due to the nonlinearity of the bearing caused by the Hertzian contact and the speed 

dependency, a linearization is performed applying to the spindle the axial preload and linearizing the bearing 

stiffness at four different spindle speeds. The tool is connected to a manual tool-holder HSK25C that is fixed 

to the shaft through a lumped linear bending compliance. 

In order to automatize the spindle analysis and reduce the optimization computational time, the FE models 

of the spindle components are simplified, applying the Craig Bampton reduction techniques [20], and 

exported to the MATLAB environment. In this way, most of the thousands of DOFs of the original meshes 

are represented as dependent DOFs, while few tenths DOFs are preserved as independent DOFs, to represent 

boundary connections (e.g. bearing connections, tool tip etc) and internal dynamics of each component. The 

obtained modal stiffness matrix ]
~

[ iK , modal mass matrix ]
~

[ iM  and mode shape matrix ][ i , for each 

thi   component, is processed to add a uniform modal damping (relative damping 3%) and then modelled 

in MATLAB Simulink environment as standard ABCD elements. Structural components are connected by 

compliant connector elements representing respectively the ball bearing, the HSK tool-holder and the 

damped bearing supports, obtaining the overall spindle dynamic model, from the interaction of the various 

components. 

To analyse the spindle dynamics is important to properly represent its boundary conditions, i.e. the dynamic 

stiffness of the supporting structure, that, for the examined case, is the end-effector of a medium size 

anthropomorphic robot. A modal analysis on a similar robot [3] has shown that robot’s most significant 

structural resonances are located at low frequencies (e.g. 10-40Hz), while spindle dynamics and cutting 

process are at much higher frequencies (i.e. higher than 250 Hz). For this reason, in the frequency range of 

interest, the constraint realized by the robot can be represented as a small inertia connected to the spindle 

housing, modelled then in free-free conditions. 

As the dynamic behaviour of the spindle depends on its speed, because bearing’s stiffness decreases at high 

speed (while gyroscopic effects are negligible for the examined shaft and maximum speed), computing the 

stability lobe diagram referring to the dynamic compliance at null velocity can produce significant 

approximations. The spindle speed operational range has been therefore divided in 3 sections: the spindle is 

linearized at each speed, computing the corresponding dynamic compliance at the tool tip. For each FRF 

the SLD is computed only in the surrounding speed range. After that, all portions of the stability lobe 

diagram are joined together to obtain an approximated overall SLD. As shown in the following figure, 

spindle dynamics is clearly speed-dependent for the smaller tool (diameter 6), while, for the bigger tool 

(diameter 12), the stability limit is basically due to the resonance at 780 Hz, that is marginally affected by 

the speed: the SLDs computed at the different speeds are therefore very similar. Hence, for the optimization, 

only the diagram at the highest speed allowed by the tool (30’000 RPM) is used, for the bigger tool. 
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Figure 2: Dynamic compliance at the tool tip for three rotation speeds and corresponding SLD diagrams, 

for the two examined tools (diameters 6 and 12mm). 

3.2 Dampers models 

To alleviate both forced vibration and chatter instabilities, modal damping must be increased, to reduce peak 

dynamic compliance. For this reason, two suspension systems are designed, between the housing and the 

front bearing unit and the rear bearing unit, in order to provide the optimal elastic and damping reaction 

force. 

In order to limit the spindle complexity and cost, a damping solution based on elastomeric materials has 

been investigated. Damping in elastomeric materials (e.g. rubber) is characterized by an elastic component 

(storage modulus) and a damping component (loss modulus). For each elastomer, the ratio between the two 

quantities is defined by the Loss Factor η(f), which is frequency-dependent. Usually the maximum Loss 

Factor value is near 1, producing a dynamic compliance with a phase delay of approximately 45° (i.e. the 

stored elastic energy and the maximum dissipated energy have comparable magnitudes). 

In the below graph are depicted two dynamic stiffness of elastomers (commercial name E-A-R Isodamp 

[19]). 

 

Figure 3: Dynamic stiffness of EAR C1002 and C1100 elastomeric materials  
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3.3 Optimization problem 

The Multi-Objective optimization is set up with Objective Functions (OF) referable to three main 

performances categories: 

1) Forced vibrations: in the frequency range excited by the milling process, the displacement response 

at the tool tip has to be minimized for each of the two tools considered. The OF analysed are the 

highest resonance peak in this frequency range and the RMS value of the dynamic compliance. 

2) Chatter instability: the stable depth of cut in respect to regenerative instability is a crucial 

parameter of machining operations. For this reason, the depth of cut stable at all speeds, limb , is 

considered as performance to be maximized. In addition, to appreciate the presence of wide stability 

pockets in the useful spindle speed range, the average value of the stability boundary medb  is 

calculated. Notice that in this way, assuming the width of cut to be constant, we are indirectly 

maximizing the Material Removal Rate (MRR), since  nzfabMRR ze  lim

max
, where ae is 

the width of cut, fz is the feed per tooth, z is the flutes number and n the spindle speed. 

3) Vibration due to rotor imbalance: at high speed, imbalance can excite synchronous vibrations. 

Even if the spindle shaft is balanced by the manufacturer, additional imbalance can occur due to the 

tool and the accuracy of the HSK coupling. The spectrum of displacement at the tool tip is evaluated 

adopting a specific grade of precision of equilibrature G , in the spindle speed range. The related 

performance indices are the RMS and maximum value of the displacement spectrum at tool tip, 

which are to be minimized. 

 

To guarantee safety, reliability and performance of the spindle, constraints have to be satisfied: 

• Considering the high-speed application, bending instability due to the critical speeds must be 

considered. Two alternative acceptable conditions are considered: in the first one, the first bending 

spindle resonance frequency is larger than 1.5 times the maximum spindle speed. In the second case, 

if the first bending resonance frequency is smaller than 0.5 the maximum spindle speed, than the 

second bending resonance frequency must be larger than the maximum spindle speed. The second 

condition is often used in small, high speed, spindles, where it is quite difficult to satisfy the first 

constraint. During run-up and run-down, the spindle has to go quickly through the first resonance. 

• To assure the requested resolution in cutting force estimation, the shaft radial displacement, where 

the sensor is located, under the radial force corresponding to the desired force resolution (Fres) must 

be larger than the inductive sensor resolution. 
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The following Design Variables (DV) are considered for spindle optimization: 

• Frontal and rear shaft supports: the visco-elastic suspension, with an elastomeric film, is placed 

between the bearing casing and the spindle housing, as described in chapter 3.2. Design Variable of 

for the suspension consist of in a gain that multiplies the dynamic stiffness of the elastomer: by a 

physical point of view, the gain is the “quantity” of material in the suspension. In this way, the 

elastic and damping characteristic will increase proportionally according to the Loss Factor curve 

of the selected material. 

• Shaft and housing proprieties (i.e. stiffness and inertia). Those components are represented, during 

optimization, as reduced order inertia and stiffness matrices. It is therefore impossible to operate 

structural modifications using geometrical DVs. Nevertheless, in order to give preliminary overall 

indications to the designer, DVs are defined to modulate, by a unique scalar multiplier, the inertia 

and stiffens matrices of the shaft and the housing. Those actions correspond to the adoption of a 

different “virtual material”, with modulated density and Young modulus. For the shaft, the modal 

damping in kept constant, while, for the housing, also the modal viscous damping is considered as 

an independent DV, to investigate the possible adoption of damping solutions in the fixed structure. 

• Frontal bearing disposition. As described in chapter Fout! Verwijzingsbron niet gevonden., the 

frontal bearing unit is composed by two bearings in tandem with a spacer (disposition D1). To 

modify the frontal tilting stiffness of the shaft, the bearing can be attached side-by-side toward the 

spindle nose (D2) or toward the motor side (D3). 

Considering the high number of DVs (11), the strong non-linearity of the Objective and Constraint functions 

and the presence of some integer DVs, such as the bearing disposition, a Genetic Algorithm (GA) approach 

was adopted [22]. The Multi-Objective optimization identifies the dominant individuals that describe the 

Pareto front. 

3.4 Analysis target frequency range 

An important decision, in setting up the optimization and modelling approach, is the definition of the proper 

frequency range of analysis. It must allow a correct evaluation of the selected Objective Functions and 

Constraints. 

The frequency range to analyse machining dynamical performance is derived from the considered minimum 

and maximum tooth passing frequencies (TPF). 

Firstly, let the lower bound of the relevant frequency range be identified. In SLD, the lobes corresponding 

to a single resonance frequency can be numbered with respect to the number of entire oscillation cycles that 

occur between subsequent teeth passes, whose periodicity depends on tooth passing frequency. The “1-st 

lobe” corresponds to one oscillation cycle, i.e. to a TPF that is close to the chatter frequency, the 2-nd lobe 

corresponds to a TPF that is near half of chatter frequency, and so on for the 3-rd, 4-th …, n-th lobe. 

Beyond 1-st lobe, stability limit increases indefinitely, giving, at high speeds, no practical limitation to the 

cutting process. Therefore, for a given TPF, the dynamic behaviour of the system at frequencies sufficiently 

lower than the TPF is irrelevant. This is the reason why, for high speed milling, machine structural dynamics 

(typically significant at low frequencies) is less important than local spindle and tool dynamics, usually 

characterized by higher resonances frequencies. Note that a high TPF does not imply necessarily a high 

cutting speed, but only a high spindle speed: high spindle speeds are required to get an adequate cutting 

velocity with small tool diameters. 

It is well known that the critical depth of cut is inversely proportional to the minimum of the real-part of the 

dynamic compliance [8]. Adopting a modal decomposition and assuming that significant resonances are 

spaced, the analysis can be tackled considering a single resonance (i.e. dynamical system with a single DoF) 

for each direction defining the milling plane, denoted respectively as X and Y. Then, a threshold can be 

defined as the ratio between the real part minimum and the negative residual value of the dynamic 

compliance at higher frequencies: this ratio defines how much the stable depth increases moving away from 

the frequency associated to the worst situation. 
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Let a one DoF dynamical system be considered with mass m, undamped natural frequency 𝜔𝑛 and relative 

damping . The real part of the dynamic compliance is: 

 

    
 

 

2 2

2
2 2 2 2 2

1
ω

:

ω 4ξ ω

n

R

n n

mG G


 

 



  

 

  (1) 

It can be demonstrated that: 

)1(4

/1
2)(min 





n

m
RG  

(2) 

Now, we can identify a frequency ωth, beyond the resonance, where the real part of the dynamic 

compliance becomes negligible, namely, smaller than a given fraction, denoted by “α”, of the absolute 

minimum. Frequency ωth is the limit value of the following minimization problem: 

      
 2

2 2 2 4 4 2 2 3 4 3 2

1/
min ,  with       

4 ξ ξ 1

α 2αξ 2ξ 2 α ξ 2αξ α ξ 2αξ ξ 2ξ ξ α 2ξ

α

R R R

n

th n

m
G G R G


     



  

     


            
 

  

 (3) 

The given expression is used to identify the minimum resonance frequency that has to be considered, in 

order to neglect components in the real part of the dynamic compliance smaller than the maximum allowed 

error 𝛼 ∙ min
𝜔

(𝐺𝑅(𝜔)) in the analysed frequency range. The lowest resonance frequency to be taken into 

account, 𝜔inf, produces the maximum error at the lower limit of the frequency interval used to compute the 

SLD, i.e. infn  : the first lobe associated to this resonance must be uninfluential according to condition 

(3) at the minimum spindle speed Ωmin. Considering the limiting case, knowing the analytical relationship 

between spindle velocity Ωmin, chatter frequency th and resonance frequency inf, according to 0-order 

approach and 1 DoF system, for the 1st lobe, the following equation can be written: 
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(4) 

where N is the number of the tool teeth. Substituting th  expression into equation (4) and solving w.r.t. 

inf , it yields: 

 inf min, , ΩL N     (5) 

where L is a rather long function depending on the number of teeth, the relative damping and the error factor 

α. For instance, function L is depicted in the figure below, for N=4. 
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Figure 4. Function L for a tool with four cutters (N=4). 

 

The described function is used, for a given tool and structure, to compute the lowest resonance frequency 

of interest. 

The upper frequency limit is set assuming that, considering high order lobes (i.e. going toward the lower 

rotational speeds), process damping becomes important, increasing the stable depth of cut up to values that 

usually do not limit anymore the machining process. Typically, while computing the SLD, a maximum lobe 

order of 20 is considered [12]: 

maxmax 20 TPFfSLD   (6) 

where 
max

SLDf  is the maximum frequency and 
maxTPF  the maximum tooth passing frequency. 

 

4 Results 

In our case the anthropomorphous robot used has an arm length about 1.5 m and a payload 16 kg. The limitis 

on spindle housing diameter and the overall mass are taken from a commercial electrospindle; respectively 

ø100 mm and kg1210  . The motor power is fixed at 6 kW adopting the same value of a similar commercial 

spindle, used for HSC machining, with a toolholder HSK25C. The small tool adopted is ø6x65 while the 

big one is ø12x105. They use the same cutting speed range min1000400 m
CV  , assuming machining of 

Aluminium 6061, with a radial depth of cut 10/Dae   and a feed per tooth tooth
mm

za 05.0 . 

The effect of Housing’s damping has been evaluate computing a quadratic Response Surface on the 

Dominant population (several thousand spindle configurations) for the OF limb . The ANOVA shown a 

limited significance (p-value > 0.05), therefore the Housing’s modal damping has been fixed to %3
~
  in 

the following analyses. 
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4.1 Multi-objective solutions 

The cloud of dominant solutions provided by the GA is represented, in the following figures, for different 

sections of the (DV, OF) hyperspace in order to identify clusters of similar solutions and trade-off between 

different OFs. The chosen planes are: 

• limb  for the two tools (to be maximized) 

• RMS value of the dynamic compliance at the tool tip in the frequency range of the cutting forces 

(to be minimized) 

• RMS value of the spectrum of the displacement at tool tip, caused by the 1 per turn rotational 

imbalance of the shaft, adopting a pessimistic grade of balancing precision of 
s

mmG 3.6  (to be 

minimized) 

• Static displacement measured by the frontal and rear inductive sensor under a unitary radial force 

applied at tool tip (it must be bigger than sensor’s resolution, equal to 100  nm ) 

• The two DVs that represent the gain applied to the elastomeric curve. The curve is normalized in 

order to have the same static stiffness of the commercial spindle (very stiff and without damping) 

with a unitary gain. 

In the following graphs are also depicted the results of the reference commercial spindle, with a comparable 

size (by the “Base Spindle” black star). The cloud of dominant points has been manually classified in three 

sets, across the different plots. 
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Figure 5: Pareto front for various spindle Performances and Design Variable 

The three clusters are: 

• Cluster A: is characterized by the “standard” bearing arrangement, where the frontal bearings are 

spaced (D1). The shaft is 15% stiffer and 15% lighter than the standard solution. Both front and rear 

suspensions are very selective (about 
43 102,10   ). Large improvement of the cutting performance 

as well as forced vibrations for the big tool (D 12 mm): 5 times the standard depth of cut. Increase of 

imbalance vibrations. Cutting performances of the smaller tool are more or less the same of the 

commercial spindle, but big improvements are noticed in imbalance vibrations. Housing’s stiffness 

has to be increased by %15 , keeping the same mass. 

• Cluster B: is characterized by attached bearing configuration where B1 moves towards B2 (D3). This 

bearing configuration leads to a reduction of the frontal tilting stiffness. In this way, vibrations 

introduced by the cutting forces generate larger displacement at the rear suspension. The shaft is 

stiffer ( %30 … %45 ) in comparison to the Base Spindle, but the shaft mass is basically 

unchanged ( %15 … %15 ). The elastomeric suspension is quite soft both in frontal and rear side. 

For this reason, the inductive sensor can measure correctly in both locations. Chatter response, as well 

as forced vibrations, are increased only for tool D6, while for tool D12 are about the same as the 

commercial spindle. Appreciable improvements are noticed in the imbalance response for both tools.  

• Cluster C: is characterized by attached bearings configuration where B1 moves towards B2 (D1). The 

elastomeric suspension must be finely tuned in the rear support while in the front support it can 

assume a wide range of gains. For this reason, the inductive sensor can measure always in the rear 

location and, for some configurations, also in the front one. Cutting performance, as well as forced 

vibrations, are increased for both tools. Appreciable improvements are noticed in the imbalance chart 

for both tools. The shaft is stiffer (about 45%) and lighter ( %30 … %15 ) in comparison to the 

Base Spindle. The housing’s stiffness can be reduced till %30 … %15  keeping approximatively 

the same mass. 

 

4.2 Detailed analysis of sample solutions 

After a global view on the trade-off between the DV and OF, let consider in this chapter, two sample 

solutions in detail, to better appreciate the differences between clusters A and C, reassumed in the following 

table: 

C 

A 

B 
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Spindle 

Model 

Front. 

Bearing 

config. 
ghouK sin  ghouM sin  shaftK  shaftM  

Gain of  

suspension 

frontal 

(rear) 

6lim Db  

( 12lim Db ) 

RMS 

compliance 

Tool D6 

(Tool D12) 

EU - - - - - - mm m/N 

Commercial Spaced 1 1 1 1 
1 

(1) 

1.57 

(0.30) 

2.95 e-6 

(3.30 e-6) 

Cluster A 

solution 

Attached  

to motor side 
1 1 1.15 0.85 

7e-4 

(3e-4) 

1.15 

(1.5) 

3 e-6 

(1.8 e-6) 

Cluster C 

solution 
Attached  

to motor side 
1 1.15 1.30 0.85 

5.4e-2 

(2e-4) 

2.20 

(0.85) 

2.58 e-6 

(2.21 e-6) 

Table 1: Sample solutions in cluster A and C, in comparison to the reference spindle 

 

4.2.1 Sample solution for Cluster A 

The dynamic compliance at tool tip and the SLD for this solution are depicted below. 

 

 

Figure 6: FRF at tool tip and SLD for tool ø6 and ø12, cluster A sample solution  
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In the SLD, the “power line”, indicates the depth of cut that requires the maximum available motor power. 

For A cluster, strong improvements are noticed in the performances of tool D12, also confirmed by the Real 

part of the compliance. This is mainly due to the increased damping of the main resonances, visible in the 

dynamic compliance. Thanks to this strong improvement, the motor power can be better exploited and 

heavier machining is now possible. For tool D6, the first resonance is no more a limiting factor and the 

second resonance, at 3000 Hz, becomes the new constraint. 

4.2.2 Sample solution for cluster C 

The dynamic compliance at the tool tip and the SLD for this solution are depicted below. 

 

 

 

Figure 7: FRF at tool tip and SLD for tool ø6 and ø12, cluster C 

 

Cluster C is characterized by the improvement for both tools: the first resonance of tool D6 is no more a 

limiting factor and for this reason, the lobe train associated to this resonance disappears in favour of the 

second and third resonance. For tool D12, the first resonance continues to be the constraint for the cutting 

process but since the height of the min(real(X/F)) became smaller, the stability line moves up. 

  

STRUCTURAL DYNAMICS: METHODS AND CASE STUDIES 3593



5 Conclusions and further developments 

A comprehensive Multi-Objective optimization approach has been proposed to design a spindle for robotic 

machining, taking into account both forced vibrations, machining instability, imbalance and critical speed. 

The analysis of the obtained Pareto Front allows the classification of different solution clusters. Generally, 

the obtained design shows a low static stiffness and an improved damping of the key resonance frequencies, 

bringing a significant improvement of cutting performance. 

Further investigations will evaluate the possibility of realizing the prescribed stiffer and lighter spindle shaft, 

by a composite solution, with an hollow shafr in carbon fiber. 

The next step of the study will be the experimental evaluation of the elastomeric damper performances. The 

validated model will be used to design the spindle, following the indications of the performed optimization, 

in collaboration with a spindle manufacturer. Finally, the prototype spindle will be tested, analysing the 

dynamic, the machining performances and the performance of the cutting force measurement system. 
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