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ABSTRACT

The aim of this dissertation is to describe the dynamic response of helical endmill geometries to enable the use of receptance coupling substructure analysis (RCSA) to predict the tool tip vibration response of a tool-holder-spindle combination. The tool tip vibration response, or receptance, is a key input for milling stability prediction. Currently, a measurement is required to determine the tool tip receptance for each tool-holder-spindle combination, which may not be possible in production environments. In the RCSA approach, the spindle receptances are measured once and archived, while the tool and holder are modeled. Tool tip receptances are predicted by analytically coupling the tool and holder models, described as equivalent diameter Timoshenko beams, to the archived spindle receptances. In this study, a two-diameter Timoshenko beam model approach will be used to predict the dynamic response of the fluted portion of the endmill geometry. 
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Introduction 
In milling operations, the pre-process selection of spindle speed and depth of cut combinations which produce stable cutting conditions can be the difference between a profit and a loss. The pre-process (before making a cut) prediction of stable parameters has received significant attention in the research community. Three common methods used to determine the stability boundary are: average force method (Tlusty method) [1], Fourier series method (Altintas method) [2], and time domain simulation [3]. The stability boundary varies slightly for each of these models, and each has advantages and disadvantages in different use cases. However, all three predictive methods require knowledge of the tool tip frequency response function (FRF), or receptance.  
Traditionally, impact testing is performed using an instrumented hammer and linear transducer (e.g., accelerometer, vibrometer, or capacitance gauge) to measure the tool tip FRF for a specified tool-holder-spindle-machine assembly [3]. The measured FRF is then used to generate a stability map, a diagram that separates spindle speed-axial depth of cut combinations that provide stable machining conditions from those that exhibit chatter, or unstable behavior, for a given radial immersion. The effectiveness of on-machine FRF measurements has been demonstrated in the literature. However, each stability map is unique to a specific tool-holder-spindle-machine assembly with the tool inserted in the holder with a given extension length, or stickout length, from the holder [4]–[6]. This assembly-specific relationship makes the collection of the required data expensive and time consuming.  Due to the required capital and time investment, many shops rely on prior experience or iterate through combinations when selecting spindle speed-axial depth combinations. This can result in scrapped parts, underutilization of machine capability, and longer-than-necessary cycle times. 
The objective of this project is to enable the selection of stable machining parameters without the need for individual measurements of each tool-holder-spindle-machine assembly. Receptance coupling substructure analysis (RCSA) is used to predict the tool tip receptance [7]. Using this approach, a single on-machine artifact measurement is required for each spindle-machine. Inverse receptance coupling is used to isolate the spindle-machine receptances from the artifact-spindle-machine measurement. The resulting spindle-machine receptances can then be coupled to an arbitrary tool and holder models to determine the tool-holder-spindle-machine receptances. Holder models are typically radially symmetric and can be modeled as a series of cylindrical Timoshenko elements. The fluted section of the tool has widely been described in the literature by a single equivalent diameter beam based on some cross-sectional property of the tool with varying degrees of success. This dissertation will focus on a two-diameter equivalent Timoshenko beam model to more accurately predict the dynamic response of the helical portion of the endmill. 
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Literature Review
Tool tip receptance is a key input to milling stability analyses in which stable and unstable conditions are separated for combinations of spindle speed and axial depth of cut [2], [3], [8], [9]. Typically, a measurement is required for each tool-holder-spindle-machine combination [3]. In facilities with many machines, limited FRF measurement capability, or lack of time and capital, this tool-holder-spindle-machine specific measurement hinders the ability to use stability maps for optimized parameter selection. 
Receptance coupling is a technique where component/substructure receptances, or frequency response functions (FRFs), are joined analytically to predict assembly dynamics. It was first introduced in 1960 by Bishop and Johnson [10] and has become a standard tool in structural dynamics modeling. Schmitz and Donaldson first pioneered the use of receptance coupling substructure analysis (RCSA) in 2000 for the prediction of tool tip frequency response functions in milling [7]. This method provided a shift from on-machine measurements to a modelling-based approach for the determination of tool tip receptances. First, key elements of the RCSA procedure and algorithm are described [7]. Second, a discussion of the implementation and modification of the approach is provided. 
The RCSA model includes: 1) transverse deflections, xi and Xi, for the components (lower case variables) and assembly (upper case variables) due to internal and external forces, fj and Fj; and 2) rotations about lines perpendicular to the beam axis, i and i, and bending moments (or couples), mj and Mj, to completely describe the transverse dynamic behavior of beams. To describe the procedure, consider the cylinder-prismatic cantilever beam assembly displayed in Figure 2‑1. This is representative of a tool (cylinder) rigidly attached to a holder-spindle-machine (prismatic cantilever beam). 

X1
1
X2
2

[bookmark: _Ref101908980][bookmark: _Toc102232531]Figure 2‑1. RCSA example for a cylinder rigidly coupled to a prismatic cantilever beam to form an assembly.

x1
1
x2b
2b
x2a
2a

[bookmark: _Ref101909016][bookmark: _Toc102232532]Figure 2‑2. Cylinder and prismatic cantilever beam components for RCSA example.

To calculate the assembly receptances, all four bending receptances are included in the component (i.e., cylinder and prismatic cantilever beam) descriptions. These four bending receptances include displacement-to-force, hij, displacement-to-couple, lij, rotation-to-force, nij, and rotation-to-couple, pij, where i is the displacement/rotation coordinate location and j is the location where the force/couple is applied. There are three primary steps followed to predict the Figure 2‑1 assembly receptances.
1. Define the components and coordinates for the model. In this example, there are two components: a prismatic beam with fixed-free (or cantilever) boundary conditions and a cylinder with free-free (or unsupported) boundary conditions; see Figure 2‑2.
2. Determine the component receptances. These can be based on measurements or models. For the models, an analytical choice is closed-form receptances for flexural vibrations of uniform Euler-Bernoulli beams with free, fixed, sliding, and pinned boundary conditions [10], [11]. A numerical option is the Timoshenko beam model [12]. For measurements, tap testing may be applied, where the structure is excited using a modal hammer (impact force) or shaker-stinger combination (sinusoidal, chirp, or other force profile) and the response is measured using a linear transducer, such as a low-mass accelerometer [11].
3. Based on the model from step 1, express the assembly receptances as a function of the component receptances from step 2. Determine the assembly receptances using the component displacements/rotations, compatibility conditions, and equilibrium conditions.
The procedure for coupling the components in Figure 2‑2 to form the assembly in Figure 2‑1 requires the component receptances. In Figure 2‑2, coordinates are placed at the prediction location (1) and coupling locations (2a and 2b) on the two components. For the cylinder, the direct receptances at the coordinate 1 end are shown in Eq. 2.1.
				
	(2.1)


The cross receptances are given by Eq. 2.2.
				
	[bookmark: _Ref102116950](2.2)


At coordinate 2a on the cylinder, the direct and cross receptances are provided in Eqs. 2.3 and 2.4.
				
	(2.3)

				
	(2.4)


Similarly, for the prismatic cantilever beam, the direct receptances at the coupling location 2b are given by Eq. 2.5.
				
	(2.5)


To simplify notation, the component receptances may be represented in matrix form as shown in Eqs. 2.6 through 2.9 for the cylinder and Eq. 10 for the prismatic cantilever beam. In Eqs. 2.6-2.10 Rij is the generalized receptance matrix that describes both translational and rotational component behavior [13] and ui and qj are the corresponding generalized displacement/rotation and force/couple vectors.
	 or 	
	(2.6)

	 or 
	(2.7)

	 or 	
	(2.8)

	 or 	
	(2.9)

	 or 	
	(2.10)


The component receptances are written using the generalized notation:  and  for the cylinder and  for the prismatic cantilever beam. For a rigid connection between the two components, the compatibility condition is . This indicates there is no relative motion at the coupling location. Additionally, if the component and assembly coordinates are at the same physical locations, then  and  (due to the rigid coupling). The assembly receptances are written as shown in Eq. 2.11, which again incorporates the generalized notation.
	, where , , and 
	(2.11)


To determine the four assembly receptances at the free end of the cylinder, G11, the generalized force Q1 is applied to assembly coordinate U1 as shown in Figure 2‑3, where the generalized Ui and ui vectors are shown schematically as “displacements”, although they describe both transverse deflection and rotation. The associated equilibrium conditions are  (i.e., the internal forces/couples are balanced) and  (because the component and assembly generalized forces are located at the same spatial location).
By substituting the component displacements/rotations and equilibrium conditions into the compatibility condition, the expression for q2b shown in Eq. 2.12 is obtained. The component force q2a is then determined from the equilibrium condition .
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[bookmark: _Ref101909075][bookmark: _Toc102232533]Figure 2‑3. Receptance coupling model for determining G11 using a rigid connection. (Top) assembly. (Bottom) components.


	
	(2.12)


The expression for G11 is given by Eq. 2.13. The (1, 1) location, H11, in the 2×2 matrix, G11, is the displacement-to-force receptance required for milling stability prediction.
			
	(2.13)


For a non-rigid coupling with energy dissipation (damping) between the tool and holder, Eq. 2.13 is modified to include a connection stiffness matrix, [K], as shown in Eq. 2.14.
		
	(2.14)


The complex-valued, frequency-dependent connection stiffness matrix is defined in Eq. 2.15, where k indicates stiffness, c represents viscous damping, and  is frequency. The subscripts for the 2×2 stiffness matrix entries identify their function. For example, kf represents resistance to rotation due to an applied force.
	
	(2.15)
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[bookmark: _Ref101915713][bookmark: _Toc102232534]Figure 2‑4. Three-component RCSA model with the spindle-machine identified as component III. (Top) assembly. (Bottom) components.
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[bookmark: _Ref101915886][bookmark: _Toc102232535]Figure 2‑5. Artifact-spindle-machine model. (Top) assembly. (Bottom) components.
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[bookmark: _Ref101937829][bookmark: _Toc102232536]Figure 2‑6. Direct and cross artifact-spindle-machine assembly measurement locations used to determine assembly rotation-to-force receptance N22.
In 2005, Duncan and Schmitz [14] expanded the RCSA model, and applied a three-component model. The spindle-machine receptances were identified by impact testing of a standard artifact; see Figure 2‑4, where the tool is component I, the holder is component II, and the spindle-machine is component III, which contains the machine, spindle, portion of the holder inside the spindle (i.e., the taper), and the holder flange. This is a convenient separation point for the holder because the flange geometry is consistent for any spindle-holder interface, such as HSK-63A or CAT40. This is required for automatic tool changers to have a uniform geometry to grip. 
As shown, the tool (component I) and holder (II) receptances can be modeled using beam theory and the generalized receptance matrices, Rij, can be populated. For the spindle-machine (III), however, measurements are necessary because the required information is not generally available to accurately model this complex component. To enable identification of both the displacement and rotation receptances, a standard artifact is inserted in the spindle. The artifact-spindle-machine model is displayed in Figure 2‑5. It is composed of the portion of the artifact beyond the spindle flange (component II) and the spindle-machine (component III), where the spindle-machine receptances are required to predict the tool tip receptances for arbitrary combinations of tools and holders inserted in the selected spindle-machine. 
The artifact-spindle-machine receptances are written by modifying Eq. 2.13. By replacing coordinate 1 with 2, coordinate 2a with 3a, and coordinate 2b with 3b, the assembly receptances in Eq. 2.16 are obtained.
	
	(2.16)


Unlike the tool-holder-spindle-machine model, where the desired prediction outcome is the tool tip assembly receptances contained in the generalized matrix G11 (Eq. 2.13), the intent in this case is to determine the component receptances R3b3b. This generalized receptance matrix contains the receptances for the spindle-machine, which are not conveniently modeled or measured. To determine R3b3b, an inverse RCSA approach is applied where Eq. 2.16 is rewritten to solve for R3b3b. See Eq. 2.17.
	
	(2.17)


Here, the G22 assembly receptances are measured, while the R22, R23a, R3a2, and R3a3a component receptances are modeled. As before, either Euler-Bernoulli or Timoshenko beam models may be applied to describe the component receptances. To determine the four G22 receptances, the displacement-to-force direct receptance  may be measured by tap testing, where an impact hammer is used to excite the artifact-spindle-machine assembly at coordinate 2 and the response is measured at the same location using a low-mass accelerometer or other linear sensor. To find the rotation-to-force receptance , a first-order finite difference approach may be implemented [15]. By measuring both the direct receptance H22 and the cross receptance , N22 may be calculated using Eq. 2.18. The displacement-to-force cross receptance H2a2 is obtained by exciting the assembly at U2 and measuring the response at coordinate U2a, located a distance S from the artifact’s free end, as shown in Figure 2‑6. Equivalently, H22a could be measured, where the linear transducer is placed at U2 and the force is applied at U2a.
	
	(2.18)


The other off-diagonal term in the Eq. 2.16 G22 matrix term is assigned by reciprocity, L22 = N22. Finally, P22 may be determined by synthesis using Eq. 2.19 [16]. Given a fully populated assembly matrix, G22, Eq. 2.17 may be used to determine the spindle-machine receptances and this result may be archived and used to predict the tool tip receptance for any tool-holder combination.
	
	(2.19)


Following the initial paper [7], contributions have been made by numerous authors to expand on the RCSA model. 
In the first RCSA study [7], the tool was modeled as an Euler-Bernoulli beam. This analytical approximation of transverse bending modes is sufficient for long, slender beams, but loses accuracy for short, non-slender beams [10]–[12]. Additional work using closed-form receptances of Euler-Bernoulli [10] beam to describe the tool tip FRF are presented in [14], [17], and [18]. Models of the tool and holder, and additional applications, using Timoshenko [8] beam theory were presented in [14], [19], [28]–[32], [20]–[27]. 
Initially [7], the holder-spindle-machine was treated as one structure. This segmentation does not take full advantage of the capability for the RCSA method to predict the resulting tool tip receptance for assemblies with variations in the holder as well as the cutting tool. In [3], [11], [14], [33], and [34] the authors present a three-component model: tool, holder, and spindle-machine. This allowed for a more general solution for modeling any tool-holder combination. Schmitz et al. [35], [36] described the tool, holder, and spindle-machine as "genes" in the “Machine Tool Genome Project” and used RCSA to predict the assembly FRFs (analogous to physical traits in the human genome) for pre-process parameter selection. Wen et al. also modeled the assembly as three substructures: machine-spindle-holder, holder-tool shank, and extended portion of the tool [37], [38].
Due to the difficulty in measurement, Schmitz and Donaldson assumed the rotational receptances to be zero [7]. Despite simplifications, accurate tooltip receptances were made for three different tools in the same holder-spindle-machine substructure using a single connection parameter matrix. Follow-on papers by Schmitz and colleagues [9-11] extended the experimental validation using new tool-holder-spindle combinations with the same simplifications. In 2003, Park et al. [12] extended the RCSA approach to include rotational receptances. Burns and Schmitz [13] followed this work by incorporating rotational receptances in the holder-spindle-machine model to study the tool-holder connection parameters. 
Several authors have presented methods for measuring or deriving rotational receptances. Kumar and Schmitz [39], [40] used a single, direct FRF measurement of an artifact mounted in a selected spindle to identify displacement and rotational spindle-machine receptances. Each mode in the direct FRF was fit as a fixed-free beam using a close-form Euler-Bernoulli model [10]. The rotational receptances were then obtained from the same beam models. Additional methods for determining rotational receptances or deriving them from translational receptances have been presented in [19], [41]–[49]. 
An accurate model of the tool and holder are required for an accurate tool tip receptance prediction. Methods for simplifying the tool and holder geometry have been addressed. Several authors describe an equivalent diameter beam for the fluted portion of the endmill based on cross-sectional moment of inertia [50]–[52]. Kumar [53] described an equivalent diameter beam model based on different cross-sectional properties. Özşahin and Altintas [54] predicted tool tip FRFs using RCSA with helix angle and lag angle considered when defining the fluted section of the endmill. Some authors used spectral- Tchebychev techniques [20], [55].  Zhang et al. coupled Timoshenko beam models of the holder and shank to receptances of the fluted portion of the tool found by FEA [21]. Tunc [56] implemented an STL slicing algorithm to determine the cross-sectional properties of the fluted section of the endmill and used the slices to develop an improved beam model for RCSA.
[bookmark: _Hlk99983250]In general, no connection interface can be considered to be infinitely rigid. The complex-valued, frequency-dependent connection stiffness matrix defined in Eq. 2.15 has been evaluated, and modified, by several authors. Researchers have identified a dependence of the connection parameters on holder type (e.g., thermal shrink fit vs. collet), tool diameter, tool extension length from the holder, and spindle speed [25], [26], [57]–[64]. In addition, the spindle-holder connection stiffness and damping have also been studied for the taper interface (e.g., HSK or CAT) [22], [23], [58], [61], [65]–[69]. Impact testing [26], [61], [64], [65], [70]–[73], finite element analysis [38], [57], [61], [62], [65], [74]–[78], and optimization algorithms and machine learning methods [63], [70], [71], [79]–[84] have all been implemented in connection parameter studies. 
Given the predictive capability afforded by RCSA, many research groups have applied the method to assembly dynamics prediction in a wide variety of scenarios including, for example:
· Milling stability prediction [5], [29], [93], [85]–[92] 
· Machine tool design, characterization, and evaluation of pose dependent dynamics [31], [94]–[101] 
· Tool and tool holder design [102]–[109]
· Sensor filtering and compensation [110], [111], [120], [112]–[119] 
· Micro-milling [18], [28], [97], [121], [122]
· Turning (tool and workpiece modeling) [123]–[125]
· Workpiece dynamics [32], [126]–[129] 
· Drilling [130], [131]
and others [4], [6], [132]–[138]. 
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Materials and Methods
[bookmark: _Toc102232505]Milling
Because milling is defined by a rotating tool with discrete cutting edges and the teeth enter and exit the cut on every revolution, a periodic forcing function is produced [3]. This periodic force acts on the flexible tool-holder-spindle-machine assembly. Forced vibrations occur when the periodic force excites the system’s structural dynamics. As the tool vibrates, its displacement from a nominal position results in a variation in chip thickness as shown in Figure 3‑1. The result is that the instantaneous chip thickness is a function of the commanded chip thickness and vibration of the tool. 
As the teeth rotate past the surface, the cutter vibration leaves a wavy surface on the workpiece. As the next tooth removes material, this may result in a chip thickness variation depending on the phase of vibration between the current tooth and previous tooth. The instantaneous chip thickness, h, can be written as a function of time:
	
	(3.1)


where n(t - τ) describes the vibration along the surface normal of the previous tooth and n(t) describes the current tooth. 
This dependence of the current chip thickness on the deflections of the current and previous tooth and the corresponding cutting force variation is referred to as regeneration [3]. The result of regeneration is a potential for instability, or chatter, in the form of self-excited vibration. The large forces and displacements when chatter occurs can lead to scrapped workpieces, broken tools, and potential damage to the machine. 

[image: ]
[bookmark: _Ref101959960][bookmark: _Toc102232537]Figure 3‑1. In milling the instantaneous chip thickness is a function of the commanded chip thickness, vibration at the current revolution, and vibration state at the previous revolution [3].
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[bookmark: _Ref101958274][bookmark: _Ref101958235][bookmark: _Toc102232538]Figure 3‑2. Notation for Fourier series stability analysis [3].


[bookmark: _Toc102232506]Stability Maps
Stability maps define a boundary which separates stable and unstable spindle speed-depth of cut pairs for a given radial depth of cut. The frequency-domain modeling of the stability boundary is described in the following paragraphs.  
[bookmark: _Toc102232507]Fourier Series Approach
The Fourier series approach described by Altintas and Budak [2] is one method used to evaluate the stability boundary for milling operations. In this approach, the dynamic milling equations are transformed into a time invariant form by expanding the time varying coefficients into a Fourier series which is then truncated to only the average component. The model notation is shown in Figure 3‑2. 
The projection of the x (feed direction) and y vibration into the surface normal, n, or radial [2], direction is:
	
	[bookmark: _Ref101958971](3.2)


where  is the tooth angle. The instantaneous chip thickness of tooth j as a function of cutter angle is:
	
	(3.3)


where ft is the feed per tooth and  is a switching function equal to one when the tooth is engaged in the cut and zero otherwise. 
The tangential and normal force components, Ft and Fn, can be written as: 
	
	(3.4)

	
	(3.5)


where b is the axial depth of cut, and Kt and Kn are cutting force coefficients in the tangential and normal directions. 
To account for multiple teeth in the cut, the forces are summed over the number of teeth Nt in the x and y directions. 
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The x and y forces can then be arranged in matrix form:
	
	[bookmark: _Ref101966124](3.7)


where the components of the A matrix are the time varying directional dynamic force coefficients [2], each of which is a function of time. To remove the time dependence, [A(t)] is expanded into a Fourier series:
	
	(3.8)


Setting r = 0 leads to the desired time invariance. For the Fourier series approach, the model is less accurate for small radial depths of cut. A radial immersion of 50% was used for all cutting tests so that the Fourier stability analysis method would be sufficiently accurate.
To analyze stability, frequency-domain vibrations are equated to the FRF matrix and frequency-domain force representations. 
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The off-diagonal terms are set to zero in (3.9) because the measurement directions are assumed orthogonal with zero-cross talk. The vibrations from the previous tooth period can be written as:
	
	(3.10)


Taking the difference in vibrations between the two states yields:
	 
	(3.11)


The form on the right-hand side allows substitution into the frequency-domain representation of Eq. 3.7, which can be rearranged to:
	
	(3.12)


which has a non-trivial solution only if:
	
	(3.13)


This is the characteristic equation of the dynamic milling system [2]. 
	
	(3.14)


Λ is defined as:
	
	(3.15)


So that the characteristic equation can be re-written as:
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Solving Eq. 3.16 results in a quadratic equation in Λ. Solving for Λ1,2 using the quadratic formula yields two complex eigenvalues which are a function of ωc, the chatter frequency should it occur. 
Finally, the simplified expression for the stability limit blim can be written as:
	
	(3.17)


The frequency dependent spindle speeds are:
	
	(3.18)


where the tooth passing period, τ, is defined by Eq. 3.19(3.19), and ε is the phase shift in the surface undulations between subsequent tooth passages, see Eq. 3.20. 
	
	[bookmark: _Ref102079989](3.19)

	
	[bookmark: _Ref102079997](3.20)


[bookmark: _Toc102232508]Cutting Force Coefficients
To predict the stability map, both the tool tip receptances and cutting force model are required. The cutting force coefficients required for a complete force model are tool-workpiece specific. Normal, tangential, and axial cutting force coefficients as well as the respective edge coefficients can be determined experimentally. To do so, cutting test are completed at a single spindle speed over a range of feedrates on a workpiece fixed to a dynamometer, which measures the cutting force components in the x, y, and z directions. 
To identify the cutting force coefficients, the average of the force signal in each direction is calculated over the range of selected feedrates. A linear regression is then applied to determine the six coefficients kn, kt, ka, kne, kte, and kae from the mean of the measured values using the three slope and three intercept values from the best fit lines. In this notion, the coefficient with a single-letter subscript identify shearing, or cutting, coefficients. Coefficients with two-letter subscripts identify edge, or rubbing, effects. In the general case, the forces in each direction can be calculated by Eq. 3.18 through Eq. 3.20. 
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	(3.22)

	 
	[bookmark: _Ref101967852](3.23)


To calculate the mean force per revolution, all teeth on the cutter must be considered, and a switching function, , is incorporated which is non-zero between the cut start (ϕs) and exit (ϕe) angles only [3]. The mean force per revolution can be calculated by Eq. 3.21- Eq. 3.23.
	
[bookmark: _Ref101967894](3.24)

	
(3.25)

	 
[bookmark: _Ref101967896](3.26)


The mean force can then be determined by integrating between the start and exit angles as shown in Eq. 3.24 for the x direction. 
	
	[bookmark: _Ref101967924](3.27)


The best fit line from the linear regression for the x direction is represented by:
	
	(3.28)


where ft,i and  are the commanded feed per tooth and resulting average force pairs, a0x is the intercept of the line, a1x is the slope, and Ei is the error between the measurement points and the best fit line. 
[bookmark: _Toc102232509]Tool Tip Receptance
[bookmark: _Toc420995905][bookmark: _Toc422997492][bookmark: _Toc427156475]As shown in the previous section, the tool tip receptances in the x and y directions are required to generate a stability map using the Fourier series approach. Impact testing is an experimental method used to measure the dynamics of structures. This method is widely used to measure the tool tip FRF directly. In impact testing, a modal hammer containing a force sensor in the tip is used to generate a short duration impact on the object of interest. The impulse excites a wide range of frequencies. This test is typically repeated multiple times and the results averaged to improve the correlation between input force and measured vibration across the range of measured frequencies [3]. The vibration response is simultaneously measured by a transducer which may record displacement (to define the receptance frequency response function), velocity (mobility), or acceleration (accelerance). The receptance is used for stability analysis.
In this dissertation, RCSA is used to predict the tool tip FRF. The RCSA algorithm was presented in Chapter 2 and will not be repeated here, however an update has been made to Eq. 2.15. By reciprocity (i.e., ), the connection parameter matrix can be re-written from 2.15 as:
	
	(3.29)


where the rotational stiffness and damping due to an applied force (kθf and cθf) and the displacement to moment stiffness and damping ( and ) are equal. For the tool-holder receptance, it can be assumed that because lateral force at the end of the tool causes a rotation at the tool-holder location, the off-diagonal parameters have a greater contribution than the on diagonal terms. In this case, the displacement to force (xf subscripts) and rotation to moment (θm subscripts) are set equal to zero (Eq. 3.30).  
	
	(3.30)


This method was developed to reduce the need for on-machine measurements of individual tools. First, predicted receptances using the RCSA algorithm will be compared to measured tool tip receptances for a tool-holder with free-free boundary condition to determine the stiffness and damping parameters for the tool-holder connection. Next, the predicted receptance will be compared to tool-holder-spindle-machine measurements performed on several machines to determine the tool-holder connection parameters. Finally, a Monte Carlo simulation will be run for a range of coupling parameters to generate a distribution of predicted receptances. Each of these receptances will be used to generate a stability boundary using the Fourier series approach, and the resulting stability map will be compared to a grid of stable/unstable test points from cutting tests. A score will be assigned to the connection pairs based on the agreement between the measured and predicted process stability. 


[bookmark: _Toc420995908][bookmark: _Toc422997495][bookmark: _Toc101345790][bookmark: _Toc102232510]
Results and discussion
A library of 36 tools was selected for RCSA coupling parameter identification. Three diameters [12.7, 15.9, and 19.1] mm were evaluated with four different flute counts [3, 4, 5, and 7] per diameter, D, and three different stickout lengths per flute count [stub (<1.5xD) standard (2xD) long (>2.25xD)]. All of the tools had a 38° helix angle and 0.76 mm corner radius as defined by the manufacturer. One set screw and one heat-shrink tool holder geometry, each with a CAT40 spindle interface, were used for each diameter. The same size set screw was used in each set screw (or side lock) holder, regardless of tool diameter. A torque of 47.5 N-m (35 ft-lb) was used in each set screw assembly. The tool specifications are provided in Table 4‑1. The same tool geometries were used for both the set screw and heat-shrink holder tests.
[bookmark: _Toc101345791][bookmark: _Toc102232511]Set Screw Holders
Set screw holders are an economical tool holding solution which require little setup time and a single torque wrench, typically with a hex or Torx attachment. In this arrangement, a set screw mates with a Weldon flat which has been ground on the tool shank as shown in Figure 4‑1. This positive mechanical engagement results in higher axial pullout resistance versus collet type holders. However, because the tool is being pushed against one side of the holder by the set screw, measured runout is typically higher than radial clamping designs such as collet, hydraulic, or heat-shrink holders [139].
[bookmark: _Toc102232512]Test Sequence
This section describes initial repeatability testing, the connection parameter identification test plan, and initial results. First, assembly repeatability testing is presented. Second, free-free impact testing for the tool-holder combinations is described. In this case, the tool and holder models are coupled and compared to the measured receptances. The connection parameters are selected to provide a best match between the RCSA prediction and measurement. Third, the tool-holder is inserted in a machine spindle and tool tip receptances are measured. Models of the tool and holder are coupled to the spindle-machine measurement to predict the tool tip receptances. Again, the connection parameters are selected to provide a best match between the RCSA prediction and measurement. Fourth, milling tests are performed and the stability is determined for each spindle speed-axial depth combination (50% radial immersion in all cases). The RCSA tool tip receptance prediction is used together with the cutting force model to predict the stability limit. In this case, the connection parameters are selected to match the predicted stability boundary to the cutting test results using a scoring metric and rejection sampling.
[bookmark: _Toc101345798][bookmark: _Toc102232513][bookmark: _Toc101345792]Tool Length Repeatability
RCSA is used to couple Timoshenko beam elements with defined length, diameter, and material properties that describe the tool and holder. As the tool length changes, the assembly receptance and corresponding stability boundary changes [4], [5], [140], [141]. For the RCSA modeling effort to be effective across multiple machines and between tool setups, the stickout length of the tool should be repeatable. In traditional set screw holders, the bottom of the screw contacts only on the Weldon flat, and the stickout length of the tool varies with the screw location between the tapered edges of the ground section as shown in Figure 4‑2. An Accupro modified set screw and holder design was applied here such that the screw would interface at both the Weldon flat and the two tapered edges as shown in Figure 4‑3 and Figure 4‑4. 
Length repeatability tests were completed for one tool-holder pair (tool 13). The tool was inserted into the holder, the set screw was torqued to 47.5 N-m (35 ft-lbs), the stickout length of the tool was measured using calipers as shown in Figure 4‑5, the tool-holder assembly was disassembled, and the test was repeated. This was completed 50 times with a single user. The average measured stickout length and standard deviation were 33.26 mm and 0.017 mm.  The test was then repeated 10 times each with three different users. Distributions of the collected and combined measurements are shown in Figure 4‑6 and Figure 4‑7Figure 4‑8. The average measured stickout length and standard deviation for the first user (U1) were 33.25 mm and 0.013 mm. The average measured stickout length and standard deviation for the second user (U2) were 33.26 mm and 0.019 mm. The average measured stickout length and standard deviation for the third user (U3) were 33.24 mm and 0.014 mm. For the 80 measurements completed between the four different users, the average measured stickout length was 33.25 mm with a standard deviation of 0.020 mm. This value will be considered representative of the repeatability in length of all tools in the set and will be used in the evaluation of uncertainty of the RCSA predicted stability boundary. 
[bookmark: _Toc102232514]Setup Repeatability
Repeatability in the setup of a single tool was evaluated as a change in the measured FRF in same machine between setups. For each setup, the tool was inserted into the holder, torqued to 47.5 N-m, and the combination was inserted into the spindle of a Makino a51nx milling machine. The FRF was measured by impact testing three times with 10 impacts per test in both the x and y directions. The tool-holder assembly was then removed from the spindle, disassembled, and reassembled for three repeats. The resulting FRFs are shown in Figure 4‑9 through Figure 4‑11. Additional testing will be performed to determine the cause of the differences.
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[bookmark: _Ref101531085][bookmark: _Toc102232539]Figure 4‑1. The cross-sectional view of a set screw holder. The set screw interfaces with a Weldon flat, which is ground on the tool shank. 
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[bookmark: _Ref101777396][bookmark: _Toc102232540]Figure 4‑2. A traditional set screw and Weldon flat assembly interacts only on the bottom of the flat and allows the stickout length of the tool to vary. 
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[bookmark: _Ref101777491][bookmark: _Toc102232541]Figure 4‑3. A new set screw design produced by Accupro contacts the Weldon flat on three sides, resulting in more repeatable tool stickout lengths.
[image: ]
[bookmark: _Ref101777495][bookmark: _Toc102232542]Figure 4‑4. The modified set screw design uses an alignment pin and corresponding slot in the holder to orient the screw to the ground flat on the tool.
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[bookmark: _Ref102081248][bookmark: _Ref102081241][bookmark: _Toc102232543]Figure 4‑5. Calipers were used to measure the stickout length of each endmill.
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[bookmark: _Ref101776622][bookmark: _Toc102232544]Figure 4‑6. The distribution of 50 stickout length measurements for a single user.
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[bookmark: _Ref101776625][bookmark: _Toc102232545]Figure 4‑7. The distribution of 10 stickout length measurements for three users.
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[bookmark: _Ref101776627][bookmark: _Toc102232546]Figure 4‑8. The combined distribution for 80 total stickout length measurements.
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[bookmark: _Ref101782150][bookmark: _Toc102232547]Figure 4‑9. Three repeated FRF measurements for setup 1.
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[bookmark: _Ref101782151][bookmark: _Toc102232548]Figure 4‑10. Three repeated FRF measurements for setup 2.
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[bookmark: _Ref101782153][bookmark: _Toc102232549]Figure 4‑11. Three repeated FRF measurements for setup 3.
[bookmark: _Ref101304372][bookmark: _Toc100868630][image: ]
[bookmark: _Ref101531191][bookmark: _Toc102232550]Figure 4‑12. Elastic bands were used to approximate a free-free boundary condition for impact testing of the tool-holder assembly. 

[bookmark: _Toc102232515]Tool-to-Tool Repeatability
For the RCSA modeling effort to be effective for this tool library across multiple machines, the tool length must be repeatable for replacement tools of the same geometry (i.e., different tools with the same model number). The repeatability in location of the Weldon flat with respect to the tool tip will be investigated for a specific tool from one manufacturer. Tool 6, which was used to investigate the repeatability of the holder and set screw design, will be used to investigate the tool-to-tool repeatability. The Weldon flat location, stickout length, and corresponding tool-holder-spindle FRF for 10 tools with the same nominal geometry will be compared using a single holder and spindle-machine.
[bookmark: _Toc102232516]Tool-Holder Measurement
To determine the tool-holder coupling parameters, the assembly was measured using a free-free boundary condition. This boundary condition was approximated using elastic bands attached to the retention knob as shown in Figure 4‑12. The tool tip receptances were measured by impact testing using a small modal hammer (PCB 086E80) and low mass accelerometer (PCB 352C23) adhered at the tool tip using wax. 
In order to complete the RCSA prediction, the holder and tool models are required. To identify the dimensions required for the holder model, the external geometry of each holder was measured using a GOM ATOS Q structured light scanner. These scans were used to discretize the holder as shown in Figure 4‑13. The dimensions for each discretized holder model segment are given in Table 4‑2. Each segment is assumed to have material properties of steel (elastic modulus of 207 GPa, density of 7800 kg/m3, and Poisson’s ratio of 0.292). A Timoshenko beam model was used to describe the individual segments, which were then rigidly coupled using RCSA.
For each end mill geometry, the fluted portion of the tool was modeled using an equivalent diameter cylinder, where the equivalent diameter is assigned such that the fluted section and cylindrical beam have the same second moment of area [53]. Tool segments (Table 4‑3) are assumed to have carbide material properties (elastic modulus of 611 GPa, density of 15,100 kg/m3, and Poisson’s ratio of 0.280). A Timoshenko beam model was used to describe the individual segments, which were then rigidly coupled using RCSA. 
In the RCSA algorithm, tool segments are rigidly coupled to the adjacent section along the length of the tool, and holder segments are rigidly coupled to adjacent holder segments. The interface between the tool and holder is described by a linear stiffness and viscous damping term as shown in Eq. 3.29, which represent the inherent flexibility and energy dissipation at the connection location. These parameters will be identified for each of the 36 tools by visual best fit between the RCSA predicted receptance and the measured free-free receptance.
[bookmark: _Ref101822658]To ensure the mode used to identify the RCSA parameters was a tool bending mode and not a rigid body mode, the mode shapes for tools 1-3 were measured and taken to be representative of the full tool set. The direct FRF was measured at the tool tip, and cross FRFs were measured at 5 mm intervals along the tool as shown for tool 1 in Figure 4‑14. The imaginary portions of the direct FRFs for each tool are shown in Figure 4‑15, and the lowest natural frequency for each was used to construct the mode shapes plotted in Figure 4‑16.  
[bookmark: _Ref102233955][bookmark: _Toc102232525]
Table 4‑1. The tool library consists of 36 unique tool geometries. Each tool had a 38° helix angle and 0.76 mm corner radius as defined by the manufacturer.
	[bookmark: _Hlk101389154]Tool number
	Diameter (mm)
	Flutes (-)
	Length

	1
	12.7
	3
	Stub 

	2
	12.7
	3
	Standard

	3
	12.7
	3
	Long

	4
	12.7
	4
	Stub 

	5
	12.7
	4
	Standard

	6
	12.7
	4
	Long

	7
	12.7
	5
	Stub 

	8
	12.7
	5
	Standard

	9
	12.7
	5
	Long

	10
	12.7
	7
	Stub 

	11
	12.7
	7
	Standard

	12
	12.7
	7
	Long

	13
	15.875
	3
	Stub 

	14
	15.875
	3
	Standard

	15
	15.875
	3
	Long

	16
	15.875
	4
	Stub 

	17
	15.875
	4
	Standard

	18
	15.875
	4
	Long

	19
	15.875
	5
	Stub 

	20
	15.875
	5
	Standard

	21
	15.875
	5
	Long

	22
	15.875
	7
	Stub 

	23
	15.875
	7
	Standard

	24
	15.875
	7
	Long

	25
	19.05
	3
	Stub 

	26
	19.05
	3
	Standard

	27
	19.05
	3
	Long

	28
	19.05
	4
	Stub 

	29
	19.05
	4
	Standard

	30
	19.05
	4
	Long

	31
	19.05
	5
	Stub 

	32
	19.05
	5
	Standard

	33
	19.05
	5
	Long

	34
	19.05
	7
	Stub 

	35
	19.05
	7
	Standard

	36
	19.05
	7
	Long
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[bookmark: _Ref101349103][bookmark: _Toc102232551]Figure 4‑13. A GOM structured light scanner was used to measure the external geometry of the tool and holder. The scan was used to create a discretized model of the tool holder.
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[bookmark: _Ref101381597][bookmark: _Toc102232552]Figure 4‑14. Impact testing locations as measured from the holder face for tool 1 were used for mode shape identification of the tool-holder assembly with free-free boundary conditions. 

[bookmark: _Ref101355663][image: ]
[bookmark: _Ref101528187][bookmark: _Toc102232553]Figure 4‑15. The imaginary part of the measured tool-holder frequency response function for tools 1-3 with free-free boundary conditions.
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[bookmark: _Ref101528244][bookmark: _Toc102232554]Figure 4‑16. The mode shape corresponding to the lowest measured natural frequency for tools 1-3 is a bending mode.

[bookmark: _Ref101531333][bookmark: _Toc102232526]Table 4‑2. Segment dimensions for the set screw tool holders. 
	Segment
	Length (mm)
	Outer diameter (mm)
	Inner diameter (mm) 
12.7 mm 
	Inner diameter (mm) 
15.9 mm 
	Inner diameter (mm) 
19.1 mm 

	1
	3.00
	16.75
	7.1
	7.1
	7.1

	2
	3.00
	19.00
	7.1
	7.1
	7.1

	3
	1.00
	16.50
	7.1
	7.1
	7.1

	4
	9.50
	14.00
	7.1
	7.1
	7.1

	5
	2.75
	17.50
	7.1
	7.1
	7.1

	6
	6.50
	23.00
	7.1
	7.1
	7.1

	7
	7.00
	26.50
	7.1
	7.1
	7.1

	8
	7.00
	28.50
	13.4
	13.4
	13.4

	9
	7.00
	30.50
	13.4
	13.4
	13.4

	10
	7.00
	32.50
	13.4
	13.4
	13.4

	11
	7.00
	34.50
	13.4
	13.4
	13.4

	12
	7.00
	36.50
	13.4
	13.4
	13.4

	13
	7.00
	38.50
	13.4
	13.4
	13.4

	14
	7.00
	40.50
	13.4
	15.9
	19.1

	15
	7.00
	42.50
	13.4
	15.9
	19.1

	16
	7.00
	44.50
	12.7
	15.9
	19.1

	17
	8.00
	63.50
	12.7
	15.9
	19.1

	18
	3.50
	56.50
	12.7
	15.9
	19.1

	19
	6.00
	63.50
	12.7
	15.9
	19.1

	20
	5.10
	44.50
	12.7
	15.9
	19.1

	21
	5.10
	44.50
	12.7
	15.9
	19.1

	22
	5.10
	44.50
	12.7
	15.9
	19.1

	23
	5.10
	44.50
	12.7
	15.9
	19.1

	24
	5.10
	44.50
	12.7
	15.9
	19.1


[bookmark: _Toc101345793]

[bookmark: _Ref102232469][bookmark: _Toc102232527]Table 4‑3. Segment dimensions for the endmills.
	
	Tool 1
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	3.03
	3.18
	3.17
	3.18
	3.17
	3.17
	3.18
	3.18
	3.15
	
	
	

	Diameter (mm)
	12.70
	12.19
	12.19
	12.19
	8.80
	8.80
	8.80
	8.80
	8.80
	
	
	

	
	Tool 2
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	3.12
	3.18
	3.17
	3.18
	5.08
	5.08
	5.08
	5.08
	5.04
	
	
	

	Diameter (mm)
	12.70
	12.19
	12.19
	12.19
	8.80
	8.80
	8.80
	8.80
	8.80
	
	
	

	
	Tool 3
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	3.09
	3.18
	3.18
	3.17
	6.35
	6.35
	6.35
	6.35
	6.35
	
	
	

	Diameter (mm)
	12.70
	12.19
	12.19
	12.19
	8.80
	8.80
	8.80
	8.80
	8.80
	
	
	

	
	Tool 4
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	3.10
	3.33
	3.17
	3.02
	3.33
	3.17
	3.18
	3.18
	3.02
	
	
	

	Diameter (mm)
	12.70
	12.19
	12.19
	12.19
	9.15
	9.15
	9.15
	9.15
	9.15
	
	
	

	
	Tool 5
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	2.93
	3.12
	3.17
	3.23
	5.03
	5.08
	5.08
	5.08
	5.13
	
	
	

	Diameter (mm)
	12.70
	12.19
	12.19
	12.19
	9.15
	9.15
	9.15
	9.15
	9.15
	
	
	

	
	Tool 6
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	3.17
	3.11
	3.18
	3.23
	6.29
	6.35
	6.35
	6.35
	6.41
	
	
	

	Diameter (mm)
	12.70
	12.19
	12.19
	12.19
	9.15
	9.15
	9.15
	9.15
	9.15
	
	
	

	
	Tool 7
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	3.10
	3.33
	3.17
	3.02
	3.33
	3.17
	3.18
	3.18
	3.02
	
	
	

	Diameter (mm)
	12.70
	12.19
	12.19
	12.19
	9.41
	9.41
	9.41
	9.41
	9.41
	
	
	

	
	Tool 8
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	3.23
	3.07
	3.17
	3.28
	4.98
	5.08
	5.08
	5.08
	4.97
	
	
	

	Diameter (mm)
	12.70
	12.19
	12.19
	12.19
	9.41
	9.41
	9.41
	9.41
	9.41
	
	
	

	
	Tool 9
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	3.13
	3.03
	3.18
	3.31
	6.21
	6.35
	6.35
	6.35
	6.49
	
	
	

	Diameter (mm)
	12.70
	12.19
	12.19
	12.19
	9.41
	9.41
	9.41
	9.41
	9.41
	
	
	

	
	Tool 10
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	3.14
	3.33
	3.17
	3.02
	3.33
	3.17
	3.18
	3.18
	3.05
	
	
	

	Diameter (mm)
	12.70
	12.19
	12.19
	12.19
	10.44
	10.44
	10.44
	10.44
	10.44
	
	
	

	
	Tool 11
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	2.95
	3.28
	3.17
	3.08
	5.18
	5.08
	5.08
	5.08
	4.98
	
	
	

	Diameter (mm)
	12.70
	12.19
	12.19
	12.19
	10.44
	10.44
	10.44
	10.44
	10.44
	
	
	

	
	Tool 12
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	3.14
	3.03
	3.18
	3.31
	6.21
	6.35
	6.35
	6.35
	6.47
	
	
	

	Diameter (mm)
	12.70
	12.19
	12.19
	12.19
	10.44
	10.44
	10.44
	10.44
	10.44
	
	
	

	
	Tool 13
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	1.44
	4.23
	4.24
	4.23
	3.81
	3.81
	3.81
	3.81
	3.89
	
	
	

	Diameter (mm)
	15.88
	15.24
	15.24
	15.24
	11.00
	11.00
	11.00
	11.00
	11.00
	
	
	

	
	Tool 14
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	1.55
	4.20
	4.24
	4.23
	6.35
	6.35
	6.35
	6.35
	6.35
	
	
	

	Diameter (mm)
	15.88
	15.24
	15.24
	15.24
	11.00
	11.00
	11.00
	11.00
	11.00
	
	
	

	
	Tool 15
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	1.54
	4.27
	4.24
	4.19
	7.62
	7.62
	7.62
	7.62
	7.62
	
	
	

	Diameter (mm)
	15.88
	15.24
	15.24
	15.24
	11.00
	11.00
	11.00
	11.00
	11.00
	
	
	

	
	Tool 16
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	1.52
	4.19
	4.24
	4.27
	3.77
	3.81
	3.81
	3.81
	3.85
	
	
	

	Diameter (mm)
	15.88
	15.24
	15.24
	15.24
	11.43
	11.43
	11.43
	11.43
	11.43
	
	
	

	
	Tool 17
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	1.61
	4.16
	4.24
	4.30
	6.28
	6.35
	6.35
	6.35
	6.42
	
	
	

	Diameter (mm)
	15.88
	15.24
	15.24
	15.24
	11.43
	11.43
	11.43
	11.43
	11.43
	
	
	

	
	Tool 18
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	1.50
	4.30
	4.24
	4.16
	7.69
	7.62
	7.62
	7.62
	7.55
	
	
	

	Diameter (mm)
	15.88
	15.24
	15.24
	15.24
	11.43
	11.43
	11.43
	11.43
	11.43
	
	
	



	
	Tool 19
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	1.52
	4.20
	4.24
	4.26
	3.78
	3.81
	3.81
	3.81
	3.84
	
	
	

	Diameter (mm)
	15.88
	15.24
	15.24
	15.24
	11.76
	11.76
	11.76
	11.76
	11.76
	
	
	

	
	Tool 20
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	1.57
	4.27
	4.24
	4.19
	6.39
	6.35
	6.35
	6.35
	6.31
	
	
	

	Diameter (mm)
	15.88
	15.24
	15.24
	15.24
	11.76
	11.76
	11.76
	11.76
	11.76
	
	
	

	
	Tool 21
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	1.51
	4.26
	4.24
	4.20
	7.65
	7.62
	7.62
	7.62
	7.59
	
	
	

	Diameter (mm)
	15.88
	15.24
	15.24
	15.24
	11.76
	11.76
	11.76
	11.76
	11.76
	
	
	

	
	Tool 22
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	1.53
	4.18
	4.24
	4.28
	3.76
	3.81
	3.81
	3.81
	3.86
	
	
	

	Diameter (mm)
	15.88
	15.24
	15.24
	15.24
	11.76
	11.76
	11.76
	11.76
	11.76
	
	
	

	
	Tool 23
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	1.56
	4.25
	4.24
	4.21
	6.37
	6.35
	6.35
	6.35
	6.35
	
	
	

	Diameter (mm)
	15.88
	15.24
	15.24
	15.24
	11.76
	11.76
	11.76
	11.76
	11.76
	
	
	

	
	Tool 24
	
	
	

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	Length (mm)
	1.54
	4.25
	4.24
	4.21
	7.64
	7.62
	7.62
	7.62
	7.62
	
	
	

	Diameter (mm)
	15.88
	15.24
	15.24
	15.24
	11.76
	11.76
	11.76
	11.76
	11.76
	
	
	

	
	Tool 25

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	Length (mm)
	5.46
	5.29
	5.30
	5.07
	5.08
	5.09
	5.07
	5.09
	-
	-
	-
	-

	Diameter (mm)
	18.29
	18.29
	18.29
	13.20
	13.20
	13.20
	13.20
	13.20
	-
	-
	-
	-

	
	Tool 26

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	Length (mm)
	5.31
	5.29
	5.30
	5.07
	5.08
	5.09
	5.07
	5.08
	6.36
	6.30
	-
	-

	Diameter (mm)
	18.29
	18.29
	18.29
	13.20
	13.20
	13.20
	13.20
	13.20
	13.20
	13.20
	-
	-

	
	Tool 27

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	Length (mm)
	4.63
	5.33
	5.30
	5.07
	5.08
	5.09
	5.07
	5.08
	6.36
	6.35
	6.35
	6.34

	Diameter (mm)
	18.29
	18.29
	18.29
	13.20
	13.20
	13.20
	13.20
	13.20
	13.20
	13.20
	13.20
	13.20



	
	Tool 28

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	Length (mm)
	5.41
	5.29
	5.30
	5.07
	5.08
	5.09
	5.07
	5.03
	-
	-
	-
	-

	Diameter (mm)
	18.29
	18.29
	18.29
	13.72
	13.72
	13.72
	13.72
	13.72
	-
	-
	-
	-

	
	Tool 29

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	Length (mm)
	5.41
	5.29
	5.30
	5.07
	5.08
	5.09
	5.07
	5.08
	6.36
	6.29
	-
	-

	Diameter (mm)
	18.29
	18.29
	18.29
	13.72
	13.72
	13.72
	13.72
	13.72
	13.72
	13.72
	-
	-

	
	Tool 30

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	Length (mm)
	5.45
	5.29
	5.30
	5.07
	5.08
	5.09
	5.07
	5.08
	6.36
	6.35
	6.35
	6.27

	Diameter (mm)
	18.29
	18.29
	18.29
	13.72
	13.72
	13.72
	13.72
	13.72
	13.72
	13.72
	13.72
	13.72

	
	Tool 31

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	Length (mm)
	18.29
	18.29
	18.29
	14.11
	14.11
	14.11
	14.11
	14.11
	-
	-
	-
	-

	Diameter (mm)
	18.29
	18.29
	18.29
	14.11
	14.11
	14.11
	14.11
	14.11
	-
	-
	-
	-

	
	Tool 32

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	Length (mm)
	5.21
	5.29
	5.30
	5.07
	5.08
	5.17
	4.99
	5.08
	6.36
	6.21
	-
	-

	Diameter (mm)
	18.29
	18.29
	18.29
	14.11
	14.11
	14.11
	14.11
	14.11
	14.11
	14.11
	-
	-

	
	Tool 33

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	Length (mm)
	5.16
	5.29
	5.30
	5.07
	5.08
	5.09
	5.07
	5.08
	6.36
	6.35
	6.48
	6.17

	Diameter (mm)
	18.29
	18.29
	18.29
	14.11
	14.11
	14.11
	14.11
	14.11
	14.11
	14.11
	14.11
	14.11

	
	Tool 34

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	Length (mm)
	5.16
	5.29
	5.30
	5.07
	5.08
	5.09
	5.07
	5.01
	-
	-
	-
	-

	Diameter (mm)
	18.29
	18.29
	18.29
	15.66
	15.66
	15.66
	15.66
	15.66
	-
	-
	-
	-

	
	Tool 35

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	Length (mm)
	5.19
	5.29
	5.30
	5.07
	5.08
	5.09
	5.07
	5.08
	6.36
	6.19
	-
	-

	Diameter (mm)
	18.29
	18.29
	18.29
	15.66
	15.66
	15.66
	15.66
	15.66
	15.66
	15.66
	-
	-

	
	Tool 36

	Segment
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	Length (mm)
	5.34
	5.29
	5.30
	5.07
	5.08
	5.09
	5.07
	5.08
	6.36
	6.35
	6.30
	6.30

	Diameter (mm)
	18.29
	18.29
	18.29
	15.66
	15.66
	15.66
	15.66
	15.66
	15.66
	15.66
	15.66
	15.66



[bookmark: _Toc102232517]Tool-Holder-Spindle-Machine Measurement
The second method used to determine the RCSA stiffness and damping parameters was spindle-based testing, where the tool-holder was inserted in the spindle-machine and the assembly’s tool tip receptance was measured by impact testing. Because the RCSA tool tip receptance prediction is performed by coupling the tool and holder models to the measured spindle-machine receptances, the spindle-machine receptances needed to be measured using the standard artifact. 
In this inverse RCSA step, a standard artifact is selected, clamped in a spindle, and the receptances in the x and y directions are measured by impact testing as shown in Figure 4‑17. For these tests, an artifact with a 60 mm extension beyond the flange was selected. Inverse RCSA is then used to remove the effects of the artifact from the measurement, such that the dynamics of the spindle-machine can be isolated. Because the geometry of the holder from the front of the flange to the retention knob is the same for all holders using a CAT-40 interface, only the cylindrical portion of the artifact is required to be removed (in simulation). Additionally, because the flange-taper geometry and contact stiffness/damping are captured in the measured artifact-spindle-machine dynamics, additional coupling parameters for the holder-spindle interface do not need to be identified. New holder geometries can then be modeled and rigidly coupled to the archived spindle-machine receptance. 
In this study, seven different machines are included: Makino a51nx (1), Haas TM-1P (1), Haas VF-4 (3), Haas UMC-750 (1), and Haas VF-5XT (1). The three Haas VF-4 machines will be denoted from newest to oldest as VF-4-R, VF-4-L, and VF-4-MS. Artifact measurements were collected for each spindle-machine and archived. Next, each of the 36 tool-holder configurations was clamped in a spindle, and the receptances were measured as shown in Figure 4‑18. Each of the tool-holder-spindle-machine and artifact-spindle-machine measurements were collected using a modal hammer (PCB 086C04) and low mass accelerometer (PCB 352C23). 
For the tool-holder-spindle-machine coupling parameter identification, two commercially available software products developed by Manufacturing Laboratories, Inc. (MLI) were used [142]. First, SPA was used to separately model the tool and holder as discretized Timoshenko beam elements as shown in Figure 4‑19. An equivalent diameter based on the second moment of inertia was again used to represent the fluted portion of the tool (far right), and the relieved section of the tool and shank diameter were modeled based on measured values. In SPA, the elements in each of the two individual models are rigidly connected to one another. Second, using TXF the tool and holder models are coupled using stiffness and damping parameters and this result is rigidly coupled to the archived spindle-machine receptances. The coupling parameters are selected to provide visual agreement between the RCSA prediction and tool tip measurement. An example measured and fit receptance plot for tool 14 is shown in Figure 4‑20. Coupling parameters were determined for both the x and y, and the average was recorded. The coupling parameters which have been collected to date are given in Table 4‑4.

[image: ]
[bookmark: _Ref101384133][bookmark: _Toc102232555]Figure 4‑17. The artifact-spindle-machine receptances are measured for each machine spindle in the x and y directions. Inverse RCSA is used to remove the portion of the holder extending past the flange to isolate the spindle-machine dynamics.
[image: ]
[bookmark: _Ref101385267][bookmark: _Toc102232556]Figure 4‑18. Tool-holder-spindle-machine receptances were measured by impact testing using a modal hammer and low mass accelerometer.

[image: ][image: ]
[bookmark: _Ref101386724][bookmark: _Toc102232557]Figure 4‑19. The section of the holder extending beyond the flange (left) and tool (right) are modeled as discretized beam elements using SPA. Cyan denotes steel and gold denotes carbide material properties. Note that the scales are not the same in both images. 
[image: ]
[bookmark: _Ref101388799][bookmark: _Toc102232558][bookmark: _Toc101345794]Figure 4‑20. TXF was used to compare the measured receptances (magenta) to the RCSA receptances (red) and adjust the fit by modifying the stiffness (KTF) and damping (CTF) coupling parameters. The KTF and CTF parameters used in the TXF software correspond to the kθf and cθf parameters in the connection matrix (Eq. 3.29).  

[bookmark: _Ref101396006][bookmark: _Toc102232528]Table 4‑4. The coupling parameters determined from tool-holder-spindle measurements for each tool-set screw holder assembly on all tested machines.
	
	TM-1P
	UMC-750
	VF-5XT
	VF-4-L

	Tool
	KTF (x106)
(N/m)
	CTF
(N-s/m)
	KTF (x106)
(N/m)
	CTF
(N-s/m)
	KTF (x106)
(N/m)
	CTF
(N-s/m)
	KTF (x106)
(N/m)
	CTF
(N-s/m)

	1
	6.25
	75
	3.50
	12
	4.70
	12.5
	3.30
	22

	2
	4.10
	17.5
	3.30
	5
	3.70
	18.5
	3.60
	10

	3
	3.03
	13.5
	2.55
	11
	3.05
	0
	2.35
	11

	4
	2.80
	7.5
	3.60
	40
	3.20
	14
	3.27
	27

	5
	2.15
	11.5
	2.20
	4
	2.45
	9
	3.40
	4

	6
	2.48
	7.5
	1.95
	8
	2.45
	1.5
	2.05
	5

	7
	6.50
	40
	5.20
	30
	5.60
	40
	4.80
	31

	8
	4.20
	6.5
	3.35
	1
	3.45
	9
	2.40
	6

	9
	2.95
	6
	2.20
	2
	2.90
	0
	2.40
	3

	10
	7.75
	22.5
	4.80
	25
	6.15
	47.5
	4.80
	34

	11
	3.65
	3.5
	2.75
	1
	3.40
	4
	3.77
	9

	12
	1.98
	7.5
	2.40
	6
	2.15
	7.5
	2.55
	0

	13
	7.65
	12.5
	7.50
	12
	10.75
	20
	8.00
	50

	14
	7.25
	25
	7.20
	0
	7.05
	15
	7.20
	0

	15
	7.10
	2.5
	*
	*
	6.50
	17.5
	*
	*

	16
	5.90
	25
	6.60
	25
	5.75
	37.5
	6.60
	25

	17
	5.70
	30
	4.30
	14
	4.40
	8.5
	4.90
	15

	18
	4.15
	15
	4.40
	11
	4.40
	8.5
	4.20
	10

	19
	10.00
	7.5
	8.40
	25
	13.00
	20
	8.20
	23

	20
	6.25
	5
	6.70
	10
	5.35
	7.5
	6.70
	10

	E21
	5.70
	5
	5.45
	5
	5.30
	0
	4.80
	5

	22
	8.35
	7.5
	5.80
	0
	6.25
	0
	6.60
	24

	23
	5.65
	17.5
	5.50
	10
	4.85
	0
	5.50
	4

	24
	5.30
	10
	5.30
	5
	3.90
	13.5
	5.10
	2

	25
	7.85
	8.75
	11.00
	45
	11.50
	25
	12.00
	75

	26
	8.55
	7.5
	8.30
	40
	7.00
	30
	8.00
	20

	27
	6.40
	10
	7.90
	35
	6.00
	27.5
	7.90
	0

	28
	6.65
	22.5
	7.90
	32
	6.15
	60
	7.90
	30

	29
	6.00
	17.5
	6.00
	24
	4.20
	47.5
	5.70
	10

	30
	4.35
	32.5
	4.60
	25
	4.70
	30
	4.30
	20

	31
	9.25
	7.5
	8.50
	0
	9.30
	33.5
	10.00
	40

	32
	7.50
	7.5
	7.50
	5
	5.80
	33.5
	7.50
	5

	33
	4.70
	2.5
	6.15
	30
	5.05
	6
	6.15
	15

	34
	9.50
	10
	8.50
	0
	6.75
	17.5
	8.50
	0

	35
	7.90
	2.5
	7.30
	0
	7.35
	0
	7.20
	0

	36
	5.70
	0
	5.60
	10
	5.40
	20
	5.40
	10


*No data (tool not available)

[bookmark: _Toc102232518]Experimental Determination of Cutting Force Coefficients
To predict the stability map, both the tool tip receptances and cutting force model are required. The cutting force coefficients required for a complete force model are tool-workpiece specific. Therefore, the normal, tangential, and axial cutting force coefficients as well as the edge coefficients were measured for each of the tools used in the stability testing (tool 6, tool 18, and tool 27). For continuity, tests for stability and determination of cutting force coefficients were completed using the same workpiece.  
To measure the cutting force coefficients, tests were completed on a Kistler force dynamometer at 50% radial engagement as shown in Figure 4‑21. Forces were collected in the x, y, and z directions. Five feed per tooth values [0.050 0.075 0.100 0.125 0.150] mm/tooth were selected, and three repeats were collected at each feed per tooth value. Spindle speeds were selected such that all cuts were stable. Tool 18 and tool 27 were tested at 8000 rpm with an axial depth of cut of 5.1 mm. Tool 6 was tested at 10650 rpm with an axial depth of cut of 3 mm. All cuts were performed in a down milling (climb milling) orientation. 
To extract the six cutting force coefficients, the average of the force signal in each direction was calculated over the range of selected feedrates. The linear regression method described in Chapter 3 was then used to determine the coefficients kn, kt, ka, kne, kte, and kae using the slope and intercept of the best fit lines. 
For the x, y, and z axis forces measured by the force dynamometer for tools 6, 18, and 27, the average of three cuts was used to calculate the force in each direction and resulting cutting force coefficients as shown in Figure 4‑22 through Figure 4‑24. Results for the cutting force coefficients are given in Table 4‑5.
To determine an uncertainty in the cutting force coefficients, one of the three tests was sampled at random for each feedrate and the linear regression was completed. The slope and intercept were then used to calculate the coefficients. This process was repeated for 150 iterations and the mean and standard deviation for the coefficients for the distributions were calculated. The 95% confidence interval (two standard deviations) is reported in Table 4‑5, where σ is one standard deviation of the coefficient over all iterations. 
The cutting force coefficients were used in a time domain simulation [3] and compared to the measured forces to verify the linear fit. Inputs to the time domain simulation include the tool diameter, corner radius, number of teeth, helix angle and runout, in addition to the spindle speed and feedrate. Runout was measured as [0 -7.62 -2.54] μm for tool 27 using a dial indicator as shown in Figure 4‑25. For all cutting tests, the forces were filtered to remove the effects of the dynamometer dynamics on the measured force [143]. An example comparison for tool 27 with a spindle speed of 8000 rpm and feedrate of 0.15 mm/tooth is shown in Figure 4‑26, where TDS is the time domain simulation, Fx/y is the unfiltered force in the x/y direction, and Fx/y filtered is the filtered force in the x/y direction. 
[bookmark: _Toc102232519]Stability Testing for Parameter Identification
Stability testing is the final method used to determine the tool-holder connection parameters. For this method, three representative tool geometries were selected. 
Tool 6: 12.7 mm, 4 flute, 44.44 mm stickout length
Tool 18: 15.9 mm, 4 flute, 52.30 mm stickout length
Tool 27: 19.1 mm, 3 flute, 66.05 mm stickout length


[image: ]
[bookmark: _Ref101706965][bookmark: _Toc102232559]Figure 4‑21. Cutting force coefficients were collected at 50% radial immersion in a down milling direction for all cuts.
[image: ]
[bookmark: _Ref101782670][bookmark: _Toc102232560]Figure 4‑22. The mean force and linear fit for tool 6 tested over five feedrates at 10650 rpm.

[image: ]
[bookmark: _Ref101782672][bookmark: _Toc102232561]Figure 4‑23. The mean force and linear fit for tool 18 tested over five feedrates at 8000 rpm.
[image: ]
[bookmark: _Ref101782674][bookmark: _Toc102232562]Figure 4‑24. The mean force and linear fit for tool 27 tested over five feedrates at 8000 rpm.

[bookmark: _Ref101735830][bookmark: _Toc102232529]Table 4‑5. Measured cutting force coefficients and uncertainty for tools 6, 18, and 27.
	Tool
	
	kn 
(N/mm2)
	kt
(N/mm2)
	ka
(N/mm2)
	kne
(N/mm)
	kte
(N/mm)
	kae
(N/mm)

	6
	Measured
	107.27
	602.77
	187.81
	16.79
	15.11
	-0.20

	
	2σ
	24.40
	12.30
	18.74
	1.36
	0.41
	0.94

	18
	Measured
	168.89
	684.81
	210.80
	11.25
	10.039
	0.08

	
	2σ
	16.53
	16.78
	7.02
	1.30
	0.85
	0.47

	27
	Measured
	84.22
	645.80
	200.13
	13.95
	13.39
	-0.37

	
	2σ
	9.11
	26.43
	9.19
	0.96
	1.91
	0.70


[image: ]
[bookmark: _Ref101735757][bookmark: _Toc102232563]Figure 4‑25. Runout of the tools was measured using a dial indicator.
[image: ]
[bookmark: _Ref101735298][bookmark: _Toc102232564]Figure 4‑26. Time domain simulation versus measured forces for tool 27 with a spindle speed of 8000 rpm and feedrate of 0.15 mm/tooth. 

Stability testing was conducted on a Makino a51nx with an aluminum 6061-T6 workpiece. For each tool, a feed per tooth of 0.1 mm and 50% radial immersion was commanded, and a grid of spindle speed and axial depth of cut combinations were evaluated. The range of spindle speeds was 8000 rpm to14000 rpm in 1000 rpm increments for all tools. The starting axial depth of cut was 1 mm and was increased by 1 mm until an unstable cut was completed. 
To determine stability, the cutting sound was measured using a microphone located next to the machine door. The fast Fourier transform (FFT) of the audio signal was used to transform from the time domain to the frequency domain. The tooth passing frequency for each test was calculated by:
	
	(4.1)


where ftooth is the tooth passing frequency in Hertz, Ω is the spindle speed in revolutions per minute (rpm), and Nt is the number of flutes on the tool. In the case of a stable cut, frequency content should be present only at the tooth passing frequency and its integer multiples. In an unstable cut, peaks in the frequency plot occur at a chatter frequency which is not a multiple of the tooth passing frequency, in general. Examples of stable and unstable results for tool 6 are shown in Figure 4‑27 and Figure 4‑28. The results for all three tools are shown in Figure 4‑29, Figure 4‑30, and Figure 4‑31. 
A rejection sampling approach will be used to identify best fit coupling parameters. For each of the three tools, a distribution of connection parameters will be selected. A Monte Carlo simulation will be used to predict the tool tip receptance using RCSA and generate stability boundaries for many iterations of randomly sampled stiffness and damping parameters. For each iteration, a score will be assigned for the fit of the RCSA stability boundary to the cutting test results. For each unstable point above the modeled boundary and each stable point below the boundary, one point will be awarded for the selected coupling parameter pair. For each stable point above the boundary or unstable point below the boundary, one point will be deducted. The parameter combinations with the top scores will be identified. If a tie is obtained, the experimental and predicted chatter frequency will be compared for each candidate set of coupling parameters. The best coupling parameters will then be identified as the one with the highest score and best chatter frequency match.
[bookmark: _Toc101345795][bookmark: _Toc102232520]Coupling Parameter Comparison
Once coupling parameters have been identified using all three methods, the values for each of the tools will be compared. The intent is to determine whether the difference methods give the same results.
[bookmark: _Toc101345796][bookmark: _Toc102232521]Uncertainty
Uncertainty in the connection parameters will be assessed as a function of the impact testing receptances, tool length variation, and material properties assigned to the Timoshenko beam elements in the RCSA models. The uncertainty intervals will be used in the coupling parameter comparison to identify statistical differences.
[bookmark: _Toc101345801][bookmark: _Toc102232522]Heat-Shrink Holders
While set screw holders have some advantages in terms of cost and ease of assembly, heat-shrink holders have been shown to provide a stiffer connection versus collet type holders and improved concentricity when compared to set screw designs [139], [144]. The methods used to evaluate the RCSA coupling parameters for the set screw holders presented in the previous section will be applied to heat-shrink holders, the RCSA coupling parameters for both tool types will be compared, and conclusions will be drawn.  
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[bookmark: _Ref101395318][bookmark: _Toc102232565]Figure 4‑27. A stable cut using a four flute end mill at 9000 rpm and 3 mm axial depth of cut. The tooth passing frequency is 600 Hz. 
[image: ]
[bookmark: _Ref101395333][bookmark: _Toc102232566]Figure 4‑28. An unstable cut using a four flute end mill at 9000 rpm and 6 mm axial depth of cut. The tooth passing frequency is 600 Hz. Content present at 3569 Hz indicates chatter.
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[bookmark: _Ref101531588][bookmark: _Toc102232567]Figure 4‑29. Stability results for tool 6.
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[bookmark: _Ref101531590][bookmark: _Toc102232568]Figure 4‑30. Stability results for tool 18.
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[bookmark: _Ref101531591][bookmark: _Toc102232569]Figure 4‑31. Stability results for tool 27.
[bookmark: _Toc420995910][bookmark: _Toc422997497]

1. 
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