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Abstract. Receptance coupling method was often used to predict frequency response function
(FRF) at the tool point of CNC milling. In this paper, it was applied in the frequency response
prediction of cylindrical workpiece in CNC lathe. In order to improve prediction accuracy,
receptance pre-experiment method was proposed to obtain 2x2 receptance matrix of chuck section
which represented the most crucial coupling receptance of the workpiece-chuck assembly. In this
method, FRF measurement of a “calibration shaft” inserted in the chuck was combined with some
numerical calculations to obtain translational and rotational receptance data which reflected
coupling dynamics between the workpiece and the chuck. Besides, some major influences on the
receptance matrix of chuck section were experimentally analyzed, such as impact distance, free
length, clamping length, diameter of calibration shaft and its real clamping effect, so that we can
find out an appropriate calibration shaft to ensure the accuracy of receptance matrix of chuck
section. At last, practicability and efficiency of receptance coupling method had been
demonstrated by a verification case using a stepped cylindrical workpiece as the object machined
in CAK3675 lathe. The predicted direct and cross FRF were observed to have a good agreement
with measured results.

Keywords: frequency response function, receptance pre-experiment method, receptance coupling,
cylindrical workpiece.

1. Introduction

Cylindrical workpiece is often machined into different sizes of shaft by CNC lathe, such as
axle shaft, stepped shaft, taper shaft and hollow shaft. The frequency response function (FRF) of
these machined shafts or cylindrical workpiece can indicate dynamic characteristics of the
workpiece-chuck assembly and it is frequently applied in the area of structural modification and
finite element model updating [1]. Besides, it is a crucial parameter for the stability lobe diagram
which identifies stable and unstable cutting zones as a function of the chip width and spindle speed
[2]. Therefore, successfully obtaining accurate FRFs data will be of much help to fault diagnosis,
dynamic response analysis, cutting optimization, performance evaluation and etc. Impact modal
testing can directly measure the workpiece’s FRFs, but the pulse signal and response signal
measured by accelerometer or no-contact sensor are inevitably affected and interfered by
background noise in the process of measurement and signal transmission, especially when the
noise pollution is serious (often occurred in machining plant and assembly plant where CNC lathe
is operated), the accuracy of FRFs data will be greatly reduced [3]. Another problem is that FRF
measurement is a time-consuming process, including attaching transducers to the measuring
points, recording and saving measured signals, adopting some data processing techniques (e.g.
filtering, windowing, smoothing, spectral analysis) to get the final test results and etc. Meanwhile,
it is unfeasible to carry out FRF measurement every time if different sizes of workpiece (with
different diameter or length) are frequently installed in the CNC lathe. Therefore, further research
efforts on predicting FRFs of cylindrical workpiece are still needed, particularly, providing some
analytical or simulation methods with high practicability and efficiency.
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Bishop [4] firstly proposed receptance coupling method in his book. Schmitz et al. [5-6] have
further developed this theory and applied it on the field of high-speed machining dynamics
prediction as well as the field of chatter recognition and control. For instance, they treated the
tool-holder-spindle assembly as separate substructures, i.e. the tool and the holder-spindle, and
employed receptance coupling substructure analysis (RCSA) to predict the tool point dynamic
response by combining frequency response measurements of individual components through
appropriate connections. Later Schmitz et al. [7-9] employed the concept of multi-point coupling
to provide more accurate models of the joint interfaces stiffness and damping. Schmitz et al. [10]
also proposed a new experimental method to determine the character of the real portion of FRF in
the tool point of high-speed machining by sampling the tool displacement at peak force, where an
optical displacement sensor was used as the response sensor and non-contact magnetic the force
sensor was placed in close proximity to the tool point.

Park et al. [11] presented an improved receptance coupling technique to identify the end
mill-spindle/tool holder joint dynamics, which included both translational and rotational degrees
of freedom. Three blank cylinders with different length were mounted with a set length to the tool
holder, the short cylinder was used to identify the spindle—tool holder assembly dynamics, and the
long cylinder was used to identify the joint parameters. Finally, the rotational dynamics of the end
mill-spindle assembly were extracted mathematically from the direct and cross FRF measurements
applied to the medium cylinder. But the author did not discuss the influences of the length of blank
cylinder on the accuracy of receptance coupling. Besides, they did not give quantified formula to
help choose appropriate cylinder. Erturka et al. [12] used receptance coupling and structural
modification techniques to calculate the tool point FRF in a machining center so that chatter
stability analysis can be done. They believed that spindle, holder and tool were not slender enough
to neglect the effects of shear deformation and rotary inertia, so Timoshenko beam theory was
used for modeling their dynamics, and contact stiffness and damping representing the joint
between these components had been considered as well. Ahmadi and Ahmadian [13] took into
account the change in normal stiffness along the tool shank part and proposed a new approach in
modeling high-speed machining dynamics by using the measured dynamic flexibility of the
holder—spindle assembly and an analytic model for the tool. Modal tests in the tool tip were
performed by an impact hammer and the measured FRFs were employed in identifying the joint
interface parameters. Zhang et al. [14] divided the machine-spindle-holder-tool assembly into
three parts, including holder and tool shank, machine-spindle and the fluted portion. Consequently,
dynamic responses in the tool point were predicted using the receptance coupling technique. The
receptances for the fluted portion of the tool were calculated by FEM and an equivalent beam
diameter Timoshenko model. The tool shank and holder receptances were also modeled using
Timoshenko beam theory, while the machines-spindle receptances were measured by impact
testing. Catania and Mancinelli [15] proposed a model of the milling machine-tool, the machine
frame and the spindle were modeled by an experimentally evaluated modal model, several FRFs
were collected by exciting the tool and the spindle of 4 axis NC milling machine with an
instrumented impact hammer. FRFs results were used as important inputs to calculate the stability
lobe charts. Besides, natural frequencies and modal damping ratios were identified from the
resulting FRFs by a least square complex method.

However, the above studies made by scholars and researchers were mainly focused on the FRF
prediction of tool point of CNC milling or machining center, prediction studies on FRFs of
cylindrical workpiece in CNC lathe were still rare. This research described the application of
receptance coupling method to the analytic prediction of FRFs of cylindrical workpiece with
different diameters and lengths. In order to overcome the limitations in traditional
calculation methods and improve the prediction accuracy, receptance pre-experiment method was
proposed to obtain 2x2 receptance matrix of chuck section which represented the most crucial
coupling receptance of the workpiece-chuck assembly. In this method, FRF measurement of a
“calibration shaft” inserted in the chuck was combined with some numerical calculations to obtain
translational and rotational receptance data which reflected coupling dynamics between the
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workpiece and the chuck. Besides, some major influences on the receptance matrix of chuck
section were experimentally analyzed, such as impact distance, free length, clamping length,
diameter of calibration shaft and its real clamping effect, so that we can find out an appropriate
calibration shaft to ensure the accuracy of receptance matrix of chuck section. At last,
practicability and efficiency of receptance coupling method had been demonstrated by a
verification case using a stepped cylindrical workpiece as the object machined in CAK3675 lathe.
The predicted direct and cross FRF were observed to have a good agreement with measured
results, and the predicted FRF has a broad application prospect in the field of dynamic response
analysis, finite element model updating, vibration performance evaluation, cutting chatter
prediction and etc.

2. Prediction principle

For a cylindrical workpiece installed in the lathe chuck, its receptance coupling model can be
depicted by two individual substructures: substructure A and substructure B, as shown in Fig. 1.
Where substructure A represents the free part of the workpiece with length [4 and diameter d*,
substructure B is consist of the clamped part of the workpiece (clamping length is (%) and lathe
chuck. And number 1-3 refer to different cross section of the receptance coupling model,
specifically, the free section of the workpiece is represented by 1, the clamped section of the
workpiece 2 and the chuck section 3. It should be noted that the reason why the clamped part of
the workpiece is divided into substructure B rather than A is that we can get the information on
the joint interface between the workpiece and the chuck by receptance pre-experiment method
(we will describe it in section 3), which could avoid imprecise or uncertain results of the concerned
receptance matrix of chuck section, introduced by some traditional calculation methods.

3 Cross section
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Cylindrical workpiece
The chuck Substructure B Substructure 4
Fig. 1. Receptance coupling model of cylindrical workpiece-chuck assembly

2.1. Substructure receptance

The following will give the principle formulas of substructure receptance by taking
substructure A as an example, suppose this substructure can be modeled as an Euler-Bernoulli
beam [4], and X{, X4, F{, F{, 04, 04, M#, M4 are the displacements, forces, rotations and
moments at cross section 1 and 2 respectively, where the directions of the forces and moments are
in the same directions of displacements and rotations, as seen in Fig. 2.
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Fig. 2. The position and direction of the displacement and rotation of beam model

According to receptance coupling principle [4-7], the receptance matrix R}k(a)), can be
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expressed as:
[X /

Ri(w) =] % MIL(J [

H Lk,
Jk Y ] (1)

where, R}k(w) is consist of four -elements, such as H ik (displacement/force), Lj-k

(displacement/moment), Nj, (rotation/force) and Pj, (rotation/moment). The superscript i
denotes the different substructure or assembly, because substructure 4 is the major concern in this
example, it can be defined as i = A; and the subscript j, k denote different cross section of the
substructure respectively. For substructure A and its free section 1 and constraint section 2, it can
be defined as j = 1, k = 2. If cross section k is coincident with cross section j, the receptance

Rji(w) is regarded as a direct receptance; otherwise, it is a cross receptance.

Assume that m* is the mass (kg) of substructure A, w is the frequency (rad/s), E4 is the elastic
modulus (N/m?), J4 is the second area moment of inertia (m*), 7 is the structural damping factor
(unitless). Based on motion equation of the beam and its boundary conditions, e.g., the free-free
beam in Fig. 2, the direct and cross receptance matrix of substructure A at cross section 1 and 2
can be expressed as:

_WSA WlA
<[l ) [P B B
NA PA WA WA
,EA]AVV3A/12 EA]AV|/3A). ]
[ W Wiy ]
R{lz _ -Hflz L;lz_ _ EA]AM/?,A/13 EA]AVVSA/12 (3)
INf, P Wiy wy
EAJAWSA22 EAJAWS2 |
wg' Wip ]
i [Hh L4 _[EAAWER AW W
21 N4  pA —WA WA
-iv21 21- 10 7
_EA]AVV;’AAZ EA]AV|/3A/1 ]
[ _WSA _WIA i
o= [t M) _|ETWE B o
Nf, Pf —-wi we'
|[EAJAWAA2  EAJAWAL |
where:
A= YmAw?/EAJAIA(L + in), W = sin(Al4)sinh(A14),

W4 = cos(Al*)cosh(Al4) — 1, W& = cos(Al#)sinh(Al4) — sin(Al4)cosh(A14),
W& = cos(Al*)sinh(Al4) + sin(Al4)cosh(A14), WA = sin(Al4) + sinh(A14),
Wg' = sin(Al4) — sinh(414), Wy = cos(Al4) — cosh(Al4).

2.2. Substructure receptance coupling

The following will deduce the principle formulas of substructure receptance coupling, and
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frequency response prediction principle of cylindrical workpiece can be clarified during the
derivation process.

2.2.1. Direct FRF prediction

Usually, when the FRFs is tested or predicted by experimental or analytical method, it is
essential to determine one or more excitation point positions as well as response point positions.
For the direct FRF prediction by receptance coupling method, suppose that the concerned
excitation point and response point are at the same cross section 4, which divides substructure A
into two separated substructures, namely substructure C and substructure D with the related cross
section 4a and 4b. Receptance coupling model of substructure B and C can be seen in Fig. 3.

4 32) 4a
[ :
EEC Coupled
\ Xk f
Substructure C A bly BC
ssembly

Fig. 3. Schematic of receptance coupling model between substructure B and substructure C

Suppose that a virtual internal force, FZ is applied on the substructure B at cross section 3, and
the corresponding internal displacement can be expressed XZ; Similarly, Ff is applied on the
substructure C at cross section 2, and X¥ is the internal displacement. Then, assembly BC (or
called the coupled substructure BC) can be obtained by coupling B and C, suppose that a virtual
external force, FZC is applied on assembly BC at cross section 3 (or cross section 2, if that F2¢
would be used), and the corresponding external displacement can be expressed XZ¢; similarly,
FEC is applied on assembly BC at cross section 4a, and X2¢is the external displacement.

Considering the relation of force and displacement at cross section 4a, 2 and 3:

Xfac _ H£a4a Hfaz F4-Bac
C - C C Cc | (6)
XZ H24a H22 FZ
X2 = HE,FB. (7

The equilibrium and compatibility conditions at cross section 4a, 2 and 3 provide the following
boundary conditions:

ch =FEF + FZC, (8a)

which are used in coupling the substructure B with substructure C.

By considering the compatibility and equilibrium conditions (bring Eq. (8) into Eq. (6) and
Eq. (7)), we obtain the following equation:

X3¢ = X7 = HjyoFay + H5,Fy, (9a)
F3B = F_??C - cm = (Hzcz + H§33)_1(H2C4aF4€1C + H2CzF3BC)- (9b)

After simplifying Eq. (9), the displacements X2¢ and XZ¢ can be expressed as functions of
displacement-to-force receptance Hjy, (i = C, j, k =4a or 2) and applied forces FEC and F5¢ as
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follow:
XBC = H4a4aF aC + HEaZ(F’fC - F’f) = Hga4aF4-BaC + HtfazF??C - HtfazF??: (10a)
XBC = HiyoFiy + H5,(F$¢ — F3) = Hiy Fiy + H5,F3¢ — HE,F3. (10b)

The equations can be rearranged in a matrix form as follow:

[ ] [Hﬁwa—ﬁﬁua¢;+ﬂgyﬂﬂaa H@Z—Hzaaﬁ;+”%’ﬂH”][ ] o
HSyo — HS,(HS, + HE)'HS,,  H§, — HE,(HS, + HE)THE,

Extract the first element of the matrix in Eq. (11), we can get HES, ; as follow:
BC
a -
H4-a4-a = FEC = Hfatl-a - HEaZ(ng + H§3) 1HZC4-a' (12)
4a

Similarly, based on the derivation process of Eq. (6) to Eq. (12), we can also get LES,,
(displacement/moment), N2S,, (rotation/force) and PZS, (rotation/'moment), and through
combining these receptances with H5S, ., we can obtain the 2x2 receptance matrix of assembly
BC at cross section 4a, RES, , as follow:

HEC L
R4a4—a = [ ata 4-a4a] = R£a4-a - szaz (RZCZ + RSBS _1R2C4-a' (13)
N4a4-a P4a4-a

where, RS 40, R$az, RS, and RS,, can be calculated by reference to the derivation process of
Eq. (1) to Eq. (5), and the receptance matrix of chuck section, R%;, can be obtained by receptance
pre-experiment method, we will introduce this method in section 3.

4a jf s
sC gD
|F,, + E, ]| Coupled ‘ {}
(e S |
Coupling N/
Assembly BC | Fy” > | Substructure D Assembly BCD
| XBCD J

Fig. 4. Schematic of receptance coupling model between assembly BC and substructure D

After REC, , is deduced, again, couple assembly BC with substructure D and their receptance
coupling model can be seen in Fig. 4, and suppose that a virtual external force, FZ¢P is applied on
the assembly BCD at cross section 4 and the corresponding external displacement can be
expressed XZ¢P; similarly, suppose that a virtual internal force, Ff, is applied on the substructure
D at cross sectlon 4b, and the corresponding internal displacement can be expressed X2),.

Considering the relation of force and displacement at cross section 4a, 4b and 4:

HBC ng 14
4asa = TBC (14)
4a

X4b

Hppap = 2 (15)
XBCD

HEEP = 22— (16)
F4—
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The equilibrium and compatibility conditions at cross section 4a, 4b and 4 provide the
following boundary conditions:

FECD = FEC + Fp, (17a)
XBC _ X4b = XBCD, (17b)

which are used in coupling the assembly BC with substructure D.
Bring Eq. (17) into Eq. (14) to Eq. (16), and we can get HEEP as follow:

HEZP = HGyq(Hesaa + Hipan) " Hipap- (18)

Similarly, we can also get LESP (displacement/moment), NECP (rotation/force) and PEEP
(rotation/moment), and through combining these receptances w1th HEEP | we can obtain the 2><2
receptance matrix of assembly BCD at cross section 4, REP as follow.

BCD HBCD LBCD b >
Ris™ = [NBCD PBCD] Rissa(Rescsa + Ripan) " Ripans (19)

where, RY,,, can be calculated by reference to the derivation process of Eq. (1) to Eq. (5), and
REC,, can be calculated by Eq. (13) (where RE; is obtained by the proposed receptance
pre-experiment method in section 3 to guarantee the accuracy), so RE(P is already known.
Because substructure A represents the cylindrical workpiece, which is a combination of
substructure C and substructure D, we can realize the FRF prediction by extracting HZ{?, one of
four matrix elements in Eq. (19).

2.2.2. Cross FRF prediction

It is necessary to predict cross FRF of the workpiece as it can prevent bad prediction results
when excitation point and response point being placed at same the nodes of certain mode. Suppose
that the concerned excitation point and response point are at different cross section and they have
different distances with chuck section, i.e., excitation point is at cross section 4 while response
point is at cross section 5 which further divides substructure D into two separated substructures,
namely substructure E and substructure F with the related cross section Sa and 5b. Receptance
coupling model of assembly BC and substructure E can be seen in Fig. 5(a), and receptance
coupling model of assembly BCE and substructure F' can be seen in Fig. 5(b).

Referring to the derivation process of receptance coupling between substructure B and
substructure C or assembly BC and D, we can obtain the direct and cross receptance, H5E, and

HECE at cross section 5a and 4 (including 4a and 4b) as follow:

Hé;'}i’i“ = HESEaSa HEy 4 (Hipap + Higaa) " Hipsa, (20)
HESY = HEpup (Hipap + Hifaa) "Hipap- 2n

Similarly, we can get LEE | NBCE  PBCE and LECE, NBCE PBCE as well, and through
combining these receptances with HESE, and HECE respectively, we can obtain the direct and cross
receptance matrix of assembly BCE at cross section 5a and 4 in Eq. (22) and Eq. (23). Then,
following the same derivation process, cross receptance matrix at cross section 4 and 5, RECEF
can be obtained by coupling assembly BCE and substructure F. Finally, cross FRF of the

workpiece can be predicted by extracting HECEF | one of four matrix elements from Eq. (24):
BCE HSBcfSEa ngga E -1pE
Rggsa = NBCE  pBCE = Rggsq — 5a4b (R4b4b + R4—a4a Ripsar (22)
5a5a 5a5a
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BCE _ Hgacf ngi __ pE E BC -1pE 23
R5a4- - NBCE PBCE I R5a4b (R4b4-b + R4-a4a R4—b4b' ( )
5a4 5a4
HngF LEEEF F F BCE BCE
BCEF _ — -1
R54 - BCEF PB(;EF - RSbSb (R5b5b + RSaSa R5a4- (24)
54 54
4a 4b . Sa 5b
Ty R
RN / +
Assembly BC Substructure £ Assembly BCE Substructure F'
Coupled Coupled
4 4 5}
N\/ ‘ N\// |
Assembly BCE Assembly BCEF
a) Coupling between assembly b) Coupling between assembly
BC and substructure E BCE and substructure F

Fig. 5. Schematic of cross receptance coupling model
3. Receptance pre-experiment method

If theoretical calculation methods on the coupling of two substructures are used to get the
information on the joint interface between the workpiece and the chuck, the receptance coupling
model would be established under many hypotheses and simplifications. Which not only lead to
tedious calculation formulas, but also the dubious results of contact stiffness, damping and other
dynamic parameters. Besides, when the workpiece is under clamped-free boundary condition, its
real joint interface is affected by many complex factors, and mishandling or careless treatment
with them could easily lead to the rise of calculation error. As the measured FRFs of the
workpiece-chuck assembly contain the useful information of the joint interface, here an
experimental method is proposed to overcome the limitations in traditional calculation methods,
namely “receptance pre-experiment method”. In this method, FRF measurement of a “calibration
shaft” inserted in the chuck is combined with some numerical calculations to obtain 2x2
receptance matrix of chuck section, which reflects coupling dynamics between the workpiece and
the chuck by the related translational and rotational receptance. Then, according to the prediction
principle in section 2, we can employ receptance coupling method to predict FRF of cylindrical
workpiece with high precision and efficiency.

3.1. The receptance matrix of chuck section

Assume that a calibration shaft A’ is installed in the chuck with the free length [, clamping
length {8’ and diameter d4’, and the clamped part of the calibration shaft is still divided into
substructure B, as seen in Fig. 6. In order to get the receptance matrix of chuck section, RZ;, firstly
it is necessary to obtain 2x2 receptance matrix of assembly A'B at cross section 1, R{{E. Referring
to the derivation process of receptance coupling between substructure B and substructure C,
replace substructure C with calibration shaft A" in Eq. (13) and cross section 4a would be replaced

by cross section 1, thus R{{E (or RZ{") can be expressed as follow:

1738 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. JUN 2015, VOLUME 17, ISSUE 4. ISSN 1392-8716



1630. RECEPTANCE COUPLING FOR FREQUENCY RESPONSE PREDICTION OF CYLINDRICAL WORKPIECE IN CNC LATHE.
Hui L1, GANG XUE, YANG ZHOU, HE L1, BANGCHUN WEN

A!B AIB
RAE = A,B A,B] R{ — R{y (RS, +R33) R (25)
11

Extract R2; from the right side of Eq. (25), and it can be expressed as follow:
R%; = RY{(R{] — R{1°)'R{; — R, (26)

where, R%, R%, R{, R4, can be calculated by reference to the derivation process of Eq. (1) to
Eq. (5), therefore, only RA’B is still unknown. The following will adopt two FRF measurement

techniques to get R{4E, including two points impact method and three points impact method.

Calibration shaft 4' Calibration shaft A"

Substructure B = [==tammer === Hammer
3 b b

Substructure B
le

i ] vV VY
_______ _>Z R S| _>Z
MAccelerometer P :Accelerometer
<pra
"
a) Two points impact method b) Three points impact method

Fig. 6. FRFs measurement of the calibration shaft

3.1.1. Two points impact method

Two points impact method can be used to obtain Rf{Z, when the measured curves of FRF data
of the calibration shaft are smooth and the corresponding coherence coefficient is close to 1.
Suppose an accelerometer is placed at cross section 1 along the y direction (or x direction), and a
fixed impact distance, M, between the cross section 1 and 1b is chosen to conduct two points
impact measurement with the same direction of the accelerometer (the influence of impact
distance will be discussed in section 3.2), so that FRFs data of assembly A'B, H{{® and H{{E, can
be obtained. Then, using the first-order finite difference method [16], other translational and
rotational receptance, L{;5, NA'E, PA'E can be derived by Eq. (27) and Eq. (28), and through
combining these receptances with Hn’B , R{4B can be also derived by Eq. (29). Finally, substitute
Eq. (29) into the Eq. (26), and the 2x2 receptance of chuck section, RE;, can be completely
obtained:

A'B A'B
Hiy” — H{7p

L = A = , 27)
M
H A B
AIB £\ AIB ArB? <T11b> 2
pB = LAy NG” L (28)
T T O
! AIB
[HAIB H{y? — H{i} 1
, HA!B LAIB M
R{i® = AIB AIB] = | yas AIB AIB AB\ 2 - (29)
N{3 P. H{7"® — H{7} H{{® — H{%p AR
M M /Hix

3.1.2. Three points impact method

If the resulting FRFs of the calibration shaft are not very well due to the interference of
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background noise, three points impact method can be used as an alternative to obtain R{{5.
Suppose that an accelerometer is placed at cross section 1 along the y direction (or x direction),
and a fixed impact distance, M, between the cross section 1, 1b and 1c is chosen to conduct three
points impact measurement with the same direction of the accelerometer, so that we can obtain
FRFs data of assembly A'B, H{{®, H{{E and H{{E. Similarly, using the second-order finite
difference method, L{{5, NIA’B P#'B can also be derived by Eq. (30) and Eq. (31), and through
combining these receptances with H{Y5, R4/5 can be derived by Eq. (32). Finally, substitute
Eq. (32) into the Eq. (26), and the 2x2 receptance matrix of chuck section, RE;, can be completely
obtained:

SH{® — 411 + H{L?

e — s , (30)
Ni7 M
] <3H 4;1515 + H11C>
LAIBNAIB LAIB (3 1)
PAIB = ! 1 = ! )
H{P Hle H{B
s I $HE + G|
11
2M
5 _ [HAP 147 s
R{i® = NAB PAIB] = 3H{ " 4H{415 + Hllc | (32)
3H{{® — 4H{{} + H{{¢ M
2M H1A1’B

3.2. Influences on the receptance matrix of chuck section

Successfully obtaining the receptance matrix of chuck section, R%;, is the prerequisite and
basis for the prediction of FRF of cylindrical workpiece. In this section, the influences on RZ; are
experimentally analyzed, so that a practical methodology can be found out to determine: (I) The
number of calibration shaft; (II) The free length [4’, clamping length [®’ and diameter d4’; (III)
Some techniques which can help improve accuracy of RZ;.

40
. C= = 20Nm
~ ! = = =40Nm
£ 30 I 60Nm
k= [}
520 '
= i
_ l -
= = A
Z0 1 ﬁ
7% h

0
0 250 500 750 1000 1250 1500 1750
Frequency (Hz)

Fig. 7. FRFs of the calibration shaft measured at different tightening torque
3.2.1. The real clamping effect of the inserted calibration shaft

Install the calibration shaft into the chuck with {4’ = 40 mm, [¥’ = 80 mm, d4’ = 25 mm
(these parameters are all measured by vernier caliper for three times and the average is used as
test result, and clamping length is indirectly obtained by subtracting free length from the total
length), and experimentally obtain FRFs data of the inserted calibration shaft clamped at 20 Nm,
40 Nm and 60 Nm, as seen in Fig. 7.

It can be observed that there is a big difference between each nature frequency as well as the
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corresponding amplitude under different clamping torque, which will undoubtedly affect the
accuracy of RZ;. Therefore, in receptance pre-experiment, we must ensure that one end of the
calibration shaft be effectively clamped. To this end, a torque wrench is used to determine the
level of tightening torque on the square holes of the chuck, and several tests on the first 2 nature
frequencies of the calibration shaft need to be conducted. If the resulting nature frequencies
between each experiment are close to each other, we will keep using this tightening torque value
to finish all of the experiment. If the difference between each nature frequency is big (e.g., more
than 10 Hz), we need to increase torque value and to repeat above experiment.

3.2.2. The impact distance

Install and set the calibration shaft with the following parameters, [4’ = 120 mm,
B’ = 85 mm, d4' = 25 mm. Firstly, make sure it is effectively clamped by lathe chuck. Then,
conduct FRF measurement by three points impact method with different impact distance M,
namely 20 mm, 40 mm, 60 mm, and Fig. 8 gives the direct and cross FRFs, H{{Z, H{{Z and H{{8
at the cross section 1, 1b and 1¢ with M = 20 mm. Subsequently, substitute different M into the
Eq. (32) and then obtain RZ; by Eq. (26), the resulting displacement-to-force receptance hZ; can
also be extracted, as seen in Fig. 9. It can be observed that impact distance does not have obvious
influence on R%; as each coupling frequency with different M is close to each other (receptance
amplitude seems to be different, but it can be adjusted by inputting different loss factor).

20 T 20 T
i : ‘
R ; - H” R | - HY
Zis | R £15 — H
£ i L ! A T Rt H'
10 1 310
Ef i E
= i &
g5 ] Es
R & A
IR -
o B R 0 S L
6 256 506 750 100G 1256 1500 1750 0 250 500 750 1000 1250 1500 1750
Frequency (Hz) Frequency (Hz)
Fig. 8. The measured FRFs at different cross section Fig. 9. The calculated displacement-to-force
with impact distance of 20 mm receptance of chuck section with

different impact distance
3.2.3. Free length of calibration shaft

Choose three different calibration shafts with free length [4’ = 40, 90, 245 mm and other
parameters unchanged (12’ = 85 mm, d4’ = 25 mm). FRF measurement is done within 0-2096 Hz
by three points impact method, the resulting FRFs at cross section 1 with different free length are
given in Fig. 10. Besides, the corresponding displacement-to-force receptance curves can be
obtained, as seen in Fig. 11. It can be observed that free length of the calibration shaft does not
have obvious influence on RE;. However, the used free length should not be too long, otherwise
the frequency value might be the nature frequency of the calibration shaft itself (e.g., the first
nature frequency, about 250 Hz of the calibration shaft with 245 mm, as seen in Fig. 10, which
lead to incorrect coupling frequency of 250 Hz in Fig. 11), rather than the desired coupling
frequency value, which would be a serious disturbance to RZ;. Good practice in our test dictates
that the free length [4’ should meet the following relation in Eq. (33):

L<IA <2, (33)

Wl =
w| N

where, L refers to the length of the lathe chuck.
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Fig. 11. The calculated displacement-to-force
receptance of chuck section with different free length
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Fig. 10. The measured FRFs at cross section 1
with different free length

3.2.4. Clamping length of calibration shaft

Choose four different calibration shafts, namely S,, Sz, S¢, Sp with clamping length
IB' = 40, 80, 120, 165 mm and other parameters unchanged (14’ = 80 mm, d4’ = 25 mm).
Table 1 lists the resulting coupling frequencies of chuck section obtained by receptance
pre-experiment method when FRFs of calibration shafts with different clamping length are tested.
From which we can found out that the receptance matrix of chuck section, RE;, is closely related
to the clamping length of calibration shaft, the frequency values will gradually raise with the
increase of [, and the first coupling frequency seems to be heavily affected than the second one
as the frequency difference between S, and Sy, reaches to 13.5 % while the second one 6.9 %. In
order to improve prediction accuracy of the workpiece by receptance coupling method, we need
to establish the relation between RZ; and [’ by repeating receptance pre-experiment several times
in practice. For instance, get different R%; by increasing (5’ at a fixed interval (20 mm or shorter),
which may lower prediction efficiency a little bit, but it will allow us to get FRFs of cylindrical
workpiece with high precision.

Table 1. The first two coupling frequencies of chuck section obtained by receptance pre-experiment
method when FRFs of calibration shafts with different clamping length are tested

Clamping Mode 1 Mode 2
Type length Coupling Frequency Coupling Frequency
(mm) frequency (Hz) difference (%) frequency (Hz) difference (%)
S 40 503 - 1189 —
Sp 80 540 7.4 1231 3.5
Sc 120 564 12.1 1243 4.5
Sp 165 571 13.5 1271 6.9

3.2.5. Diameter of calibration shaft

Choose several different calibration shafts, namely S, Sg, S¢, Sy, S; with different diameter
(d4" =20, 25, 37, 54, 102 mm) and other parameters unchanged (I’ = 85 mm, [4’ = 120 mm)
to complete FRF measurement. Table 2 lists the resulting coupling frequencies of the chuck
obtained by receptance pre-experiment method when FRFs of calibration shafts with different
diameter are tested. It can be found out that the receptance matrix of chuck section RZ; is also
affected by the diameter of calibration shaft. But frequency difference is within an acceptable
range (the max frequency difference between S; and Sy is below 5 %, except for the one between
Sg and S;, which is above 20 % due to the small ratio of length to diameter of S; (it cannot be
modeled as an Euler-Bernoulli beam). Therefore, if the ratio of length to diameter of calibration
shafts can meet the following relation in Eq. (34), we can basically neglect the influence from the
diameter parameter, and use a single calibration shaft to get R%;:

1742
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14
o7 > 2.5~3. (34)

Table 2. The first two coupling frequencies of chuck section obtained by receptance pre-experiment
when FRFs of calibration shafts with different diameter are tested

. . Mode 1 Mode 2
Diameter|Ratio of length to - -
Type (mm) diameter Coupling .Frequency Coupling .Frequency
frequency (Hz) | difference (%) | frequency (Hz) | difference (%)
Sg 20 6.0 538 — 1213 —
Sp 25 4.8 544 1.1 1238 2.1
S 37 3.2 523 2.8 1203 -0.8
Sy 44 2.7 517 -3.9 1182 -2.6
S 98 1.2 405 —24.7 1117 -7.9

From the analysis of the above influences, it can be concluded: (I) Only one calibration shaft
is needed in the receptance pre-experiment, but this calibration shaft should be effectively clamped
by lathe chuck; (II) Receptance matrix of chuck section is mainly affected by clamping length of
calibration shaft if its free length and diameter can meet the relation in Eq. (33) and Eq. (34); (1II)
It is necessary to establish the relation between the receptance matrix of chuck section and
clamping length of calibration shaft by repeating receptance pre-experiment several times, so that
we can employ receptance coupling method to predict FRF of different workpiece with high
precision.

4. Prediction procedure

Combining with the proposed receptance pre-experiment method in section 3, prediction
procedure of FRFs of cylindrical workpiece by receptance coupling method can be divided into
the following steps.

4.1. Obtain the receptance matrix of the chuck section under certain clamping length of
calibration shaft

This step involves four substeps. Firstly, choose an appropriate calibration shaft, whose free
length and diameter should meet the relation in Eq. (33) and Eq. (34); then, install the calibration
shaft into the chuck with certain clamping length and make sure that one end of the calibration
shaft be effectively clamped by the torque wrench; next, obtain FRFs of the calibration shaft by
two or three points impact method; finally, obtain the 2x2 receptance matrix of chuck section by
finite difference method.

4.2. Establish the relation between the receptance matrix of chuck section and clamping
length of calibration shaft

According to the experimental analysis conclusion on the influences of the receptance matrix
of chuck section in section 3, it is mainly affected by clamping length of calibration shaft.
Therefore, it is necessary to establish the relation between the receptance matrix of chuck section
and clamping length of calibration shaft by increasing clamping length at a fixed interval (20 mm
or shorter). Thus, for different cylindrical workpiece while its lamping length is close to the one
of calibration shaft, its FRFs can be predicted by using the related receptance data already obtained
in the receptance pre-experiment.

4.3. Calculate the receptance of cylindrical workpiece

According to the prediction principle in section 2, cylindrical workpiece can be represented by
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substructure A, which can be simpled as an Euler-Bernoulli beam model with different free length
and diameter measured by the vernier caliper. After inputting the specific parameters, such as
length, diameter, mass, density, Young’s modulus, Poisson’s ratio, moment of inertia and loss
factor (which can be determined by the “half-power bandwidth” calculation on the FRFs data),
the direct receptance and cross receptance of the workpiece can be calculated in the free-free state.
It should be noted that the mass of the workpiece involved in the calculation is only the free part
as its clamped part is already divided into substructure B.

4.4. Predict FRFs of cylindrical workpiece

Use different cross section to divide cylindrical workpiece (substructures A), to represent
different excitation point and response point, and sequentially couple different substructure with
lathe chuck (substructures B) by receptance coupling method. For direct FRF prediction of the
workpiece, extract the displacement-to-force receptance from Eq. (19), and for cross FRF
prediction, extract the displacement-to-force receptance from Eq. (24).

5. Experimental verification

In this section, a stepped cylindrical workpiece, whose dimensions and mass parameters is
listed in Table 3, is installed into the chuck of CAK3675 CNC lathe with tightening torque of
60 Nm on its square holes, as seen in Fig. 12. It is composed of #45 steel with Young’s modulus
of 2x10'"! Pa, Poisson’s ratio of 0.3, and the density of 7800 kg/m*. FRF measurement system is
set up to experimentally measure the workpiece’s direct and cross FRF, and these measured FRFs
are used to verify the predicted results.

Table 3. Dimensional and mass parameters of stepped cylindrical workpiece

Clampin Step-1 Step-11
leng;h g Free length Diameter Mass Free length Diameter Mass
(mm) (mm) (€9) (mm) (mm) (2
85 35 20 85.8 105 15 144.7

5.1. FRF measurement system

Fig. 12 shows the schematic of FRF measurement system of cylindrical workpiece, The pulse
excitation is provided by a hammer (BK 8206-002) and response signal is measured by lightweight
accelerometer, BK4517 of mass 0.6 g (to avoid the errors due to the additional mass and stiffness
by contact measurement). BK PULSE 3560D Mobile Front-End is used to record excitation and
response signals, PULSE LabShop software, version 12.6, is used to control the data acquisition.
Besides, Dell notebook computer (with Intel Core 17 2.93 GHz processor and 4G RAM) is used
to operate PULSE LabShop software and store measured data.

5.2. Verification procedure and results

On the one hand, FRFs data of stepped cylindrical workpiece with the clamping length of
85 mm is measured by impact testing within 0-3200 Hz. The accelerometer is attached firmly by
3 M adhesive tape on the free end (cross section 1) of the measured workpiece along the x
direction, and two different excitation points are chosen to be knocked by the hammer, one is at
cross section 1, the other is at cross section 1c (the distance between them is about 40 mm).
PULSE LabShop software takes excitation signal and response signal and conducts FFT to convert
the data to the frequency domain, and numerical integration technique (Simpson) is adopted to
convert acceleration to displacement, so that the output is the desired FRFs curve (amplitude of
displacement-to-force versus frequency). The measured direct and cross FRF of stepped
cylindrical workpiece along the x direction can be seen in Fig. 13(a) and Fig. 13(b), and finishing
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the experiment takes about 1-2 minutes, yet time cost in installing and clamping the measured
workpiece into the chuck is high (about 3-5 minutes), so the total measurement time is about
4-7 minutes.

Excitation
| signal
- . 4
Notebook computer Hammer
Data Force
processing signal
acquisition
Acceleration
signal D Response
| acquisition (\ signal i oy
BK PULSE 3560D Accelerometer Cylindrical workpiece and CNC lather

Fig. 12. Schematic of FRF measurement system of cylindrical workpiece of CNC lathe
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a) Direct FRF curve b) Cross FRF curve

Fig. 13. The measured and predicted FRFs of stepped cylindrical workpiece along the x direction

On the other hand, FRFs data of stepped cylindrical workpiece is predicted in accordance with
the prediction procedure proposed in section 4. Firstly, choose an appropriate calibration shaft A’
(with free length [4’ = 120 mm and diameter d4’ = 25 mm, which could meet the relation in
Eq. (33) and Eq. (34)) and carry out FRF measurement by three points impact method. Then,
obtain the required 2x2 receptance matrix of chuck section R%; under different clamping length.
Next, choose clamping length [®’ = 85 mm and the related R%;, and couple R%; with the

calculated receptance, such as Rﬁ(, Rﬁ(c, Rﬁ\,_, Rﬁ(CD , ﬁCCE , Rﬁ(CEF (j, k denote different cross

section), which can be obtained by dividing the workpiece (substructure A) into different
substructure C, D, E, F with cross section 1 and 1c. Finally, the predicted direct and cross FRF of
stepped cylindrical workpiece along the x direction can be obtained by extracting the
displacement-to-force receptance from Eq. (19) and Eq. (24), which are also plotted in Fig. 13(a)
and Fig. 13(b) respectively. The related calculation program has already been realized by
MATLAB, it takes about 1 minute to input the required dimensions, material and damping
parameters, and the total calculation time is less than 20 seconds, which is an obvious reduction
in time costs than experimental method.

5.3. Result analysis

As can be seen from Fig. 13, the overall agreement between the predicted and measured FRFs
of stepped cylindrical workpiece is good. Thus, practicability and effectiveness of receptance
coupling method have been demonstrated. However, small deviations are also seen, the possible
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reasons are: (I) Calculation error in loss factor due to the complexity of damping characteristics,
which lead to amplitude differences of FRF curves; (II) Inaccurate dimensional and mass
parameter of the workpiece as well as calibration shaft resulted from test error; (IIT) Deviations
and uncertainties in joint interface between the workpiece and chuck.

6. Conclusions

In this research, receptance coupling method is applied in the analytic prediction of FRFs of
cylindrical workpiece in CNC lathe, and its practicability and efficiency have been demonstrated.
In order to improve prediction accuracy, receptance pre-experiment method is proposed to obtain
2x2 receptance matrix of chuck section which represents the most crucial coupling receptance of
the workpiece-chuck assembly.

Some major influences on the receptance matrix of chuck section are experimentally analyzed,
and it has been found that: (I) Only one calibration shaft is needed in the receptance
pre-experiment, but this calibration shaft should be effectively clamped by lathe chuck; (II)
Receptance matrix of chuck section is mainly affected by clamping length of calibration shaft; (IIT)
It is necessary to establish the relation between the receptance matrix of chuck section and
clamping length of calibration shaft, so that receptance coupling method can be used to predict
FRF of different workpiece with high precision.
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