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A GEOMETRIC ACCURACY DESIGN METHOD OF MULTI-AXIS NC MACHINETOOL
FOR IMPROVING MACHINING ACCURACY RELIABILITY

METODA PROJEKTOWANIA | POPRAWY NIEZAWODNOSCI DOKLADNOSCI
OBROBCZEJ WIELOOSIOWEJ OBRABIARKI NC WYKORZYSTUJACA POJECIE
DOKLADNOSCI GEOMETRYCZNEJ

The reliability of machining accuracy is of great significance to performance evaluation and optimization design of the machine
tools. Different geometric errors have various influences on the machining accuracy of the machine tools. The main emphasis of
this paper is to propose a generalized method to distribute geometric accuracy of component for improving machining accuracy
reliability under certain design requirements. By applying MBS theory, a comprehensive volumetric model explaining how indi-
vidual errors in the components of a machine affect its volumetric accuracy (the coupling relationship) was established. In order
to reflect the ability to reach the required machining accuracy, the concept of machining accuracy reliability is proposed in this pa-
per. Based on advanced first order and second moment (AFOSM) theory, reliability and sensitivity with single failure modes were
obtained and the model of machining accuracy reliability and the model of machining accuracy sensitivity with multiple failure
modes were developed. By taking machining accuracy reliability as a measure of the ability of machine tool and taking machin-
ing accuracy sensitivity as a reference of optimizing the basic parameters of machine tools to design a machine tool, an accuracy
distribution method of machine tools for improving machining accuracy reliability with multiple failure modes was developed and
a case study example for a five-axis NC machine tool was used to demonstrate the effectiveness of this method. It is identified that
each improvement of the geometric errors leads to a decrease in the maximum values and mean values of possibility of failure,
and the gaps among reliability sensitivity of geometric parameter errors improved also decreased. This study suggests that it is
possible to obtain the relationships between geometric errors and specify the accuracy grades of main feeding components of
mechanical assemblies for improving machining accuracy reliability.

Keywords: Machine tool; Geometric error; Accuracy distribution; Machining accuracy reliability; Multi-body
system theory.

Niezawodnos¢ w zakresie dokladnosci obrobki ma wielkie znaczenie dla oceny funkcjonowania oraz projektowania optymaliza-
cyjnego obrabiarek. Rozne blgdy geometryczne majq rozny wplyw na doktadnosé obrabiarek. Glownym celem niniejszej pracy jest
zaproponowanie uogolnionej metody rozkladu dokltadnosci geometrycznej elementow skiadowych obrabiarki, pozwalajgcej na
poprawe niezawodnosci w zakresie dokladnosci obrébczej przy spetnieniu pewnych wymagan projektowych. Dzigki zastosowaniu
teorii uktadow wielomasowych MBS, opracowano kompleksowy model wolumetryczny, ktory wyjasnia, w jaki sposob pojedyncze
bledy wystepujgce w elementach skiadowych obrabiarki wplywajg na jej doktadnos¢ wolumetryczng (velacja sprzezen). Zapropo-
nowane w prezentowanym artykule pojecie niezawodnosci doktadnosci obrébki odnosi si¢ do mozliwosci uzyskania przez urzq-
dzenie wymaganej doktadnosci obrobki W oparciu o zaawansowang teorie estymacji momentow AFOSM (Advanced First Order
and Second Moment therory), obliczono niezawodnosé i czutosé dla przypadku wystgpienia pojedynczej przyczyny uszkodzenia
oraz opracowano model niezawodnosci doktadnosci obrobki oraz model czutosci dokladnosci obrobki dla przypadku wystgpienia
wielu przyczyn uszkodzen. Przyjmujgc niezawodnos¢ doktadnosci obrébki za miare poprawnego dziatania obrabiarki oraz przyj-
mujgc czutos¢ doktadnosci obrobki za punkt odniesienia dla optymalizacji projektowej podstawowych parametrow obrabiarek,
opracowano metode, opartq na rozkladzie dokladnosci obrabiarki, majqcg na celu poprawe niezawodnosci doktadnosci obrobki
dla przypadku wystgpienia wielu przyczyn uszkodzen. Skutecznos¢ metody wykazano na przykladzie pigcio-osiowej obrabiarki
NC. Stwierdzono, ze kazda korekta bledu geometrycznego prowadzi do spadku maksymalnych i srednich wartosci mozliwosci
wystgpienia uszkodzenia oraz zmniejsza rozstep miedzy poszczegolnymi czutosciami niezawodnosciowymi skorygowanych bledow
parametrow geometrycznych. Przedstawione badania wskazujg, ze mozliwe jest ustalenie zwigzku pomigdzy bledami geometrycz-
nymi oraz okreslenie stopni doktadnosci glownych elementow skiadowych zespotow mechanicznych odpowiedzialnych za ruch
posuwowy obrabiarki w celu poprawy niezawodnosci dokladnosci obrobki.

Stowa kluczowe: Obrabiarka; Blqd geometryczny; Rozklad doktadnosci; niezawodnosé doktadnosci obrobki;
Teoria uktadow wielomasowych.
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1. Introduction

Machining accuracy is critical for the quality and performance
of a mechanical product and is an important consideration for any
manufacturer. It is influenced by machining errors belonging to sev-
eral categories, e.g. geometric errors caused by mechanical-geometric
imperfections, misalignments, wear of the linkages and elements of
the machine tool structure, by the non-uniform thermal expansion
of the machine structure, and static/dynamic load induced errors [8].
Geometric errors include pitch errors of the lead screws, straightness
errors of the guide ways, angular errors of machine slides, and or-
thogonal error among machine axis [3]. Because its contribution to
30% of the total error so it is given special consideration through the
configuration and allocation of appropriate dimensional errors in the
design of machine tools with satisfactory machining accuracy [19].
Machine tools are usually made by several assembling parts, and the
dimensional and geometric variations of each part have to be specified
by tolerances which guarantee a certain level of quality in terms of
satisfying functional requirements [20]. A as a result, the distribution
of accuracy of machine tools is a problem of distribution of tolerances
of these geometric errors. However, this practice of allocation has not
been developed and applied in any systematic manner to the design
of machine tools.

To enhance the machining accuracy of CNC machine tools, there
are two steps included in the accuracy design. The first is accuracy
prediction, which refers to forecasting volumetric errors of machine
tools based upon the known accuracy for updated and maintained
parts, and then predict the machining accuracy of work piece. The
other is accuracy allocation, which is to obtain the accuracy of up-
dated and maintained parts from the preset total accuracy of machine
tools, and let the accuracy of parts reach optimal scheme [15]. Be-
fore accuracy distribution, a error modeling is crucial to maximize
the performance of machine tools, and robust and accurate volumetric
error modeling is also the first step to correct and compensate these
errors [5], therefore, a model explaining how individual error of the
components of a machine affect its volumetric accuracy is crucial to
the accuracy distribution approach and it is one aspect of importance
of this paper.

Geometric errors for each of the assembled parts and components
are random variables; the machining errors caused by such errors are
also random [40]. As a result, the dimensional and geometric varia-
tions for each error source are random and have to be specified by
variance (or standard deviation) and the probabilistic nature of the
errors produced on the dimensions of a manufactured part is taken
into consideration in this paper. Uncertainty in parameters such as
material, loading, geometry and the model exist in the process of
structural design and optimization, and it results from data shortage,
model simplification and human error [18]. Some of these errors can
be reduced by collecting more data, with a better understanding of the
problem and by implementing strict quality control; however, others
such as deviations due to random events cannot be reduced by the
above means [6]. To solve this problem, two main philosophies deal-
ing with the uncertain deviations exist: ‘Deterministic Structural Op-
timization’ (DSO) uses safety-factors to accomplish the safety, while
‘Reliability-Based Structural Optimization’ (RBSO) takes the random
character of the variables into consideration [27]. Reliability-based
design optimization simulates all the uncertain variables to the ran-
dom variables or random process and minimizes an objective function
under probabilistic constraints. The reliability of machine tool reflects
the ability to perform its specified functions under the stated condi-
tions for a given period of time and it is often studied by possibility
of failure [26], so accuracy distribution based on the reliability theory
can maintain and improve the level of quality in terms of satisfying
functional requirements while keeping the maximum tolerances of
these geometric errors. As a result, the development of a systematic

method to realize accuracy distribution of machine tool based on reli-
ability theory according to failure modes for improving machining
accuracy reliability is the second very important aspect of this paper.

The rest of this study is organized as follows: In Section 2, the
review of accuracy design of machine tool is given. Section 3 explains
the process of modeling machining tool geometric errors. Section 4
presents the proposed method to realize accuracy distribution of ma-
chine tool. A case study is accomplished as an example in Section 5.
The conclusions are presented in the last Section.

2. Accuracy Design of NC Machine Tool

2.1. Accuracy prediction

Up to present, there are many researches on the error modeling
technique to show the difference between the actual response of a
machine to a command issued according to the accepted protocol of
that machine’s operation and the response to that command antici-
pated by that protocol [9]. The development of modeling methods has
been experienced many years and it turns out to be various kinds such
as matrix translation method, error matrix method, rigid body kin-
ematic, D-H method, model methods based on the multi-body system
kinematics theory and so on. In 1973 Love and Scarr obtained the
combined effects of the elemental errors in the machine tool and then
developed the volumetric errors of a multi-axis machine by using the
trigonometric technique [25]. In 1977 a matrix translation method was
reported and a calibration technique using three-dimensional metrol-
ogy on a coordinate measuring machine (CMM) was presented by
Hocken et al. [13]. In 1981 Dufour and Groppetti reported the “error
matrix” method to obtain error predictions by interpolation between
the stored values [10]. In 1982 Portman used rigid body kinematics
to evolve an expression for the geometric error of a mechanism [30].
In 1991, Kiriden developed a general model to understand the effects
of component geometric errors on the kinematic chain of a machine
and the volumetric errors in the work space [21]. In 1993, they used
the D-H convention to develop kinematic models for three types of
machine. In 1995 a method based on direct consideration of the shape
and joint transformations was put forward by Srivastava et al. [33]. In
2007 Bohez et al. presented a new method to identify and compensate
the systematic errors in a multi-axis machine tool [1]. In recent years,
multi-body system (MBS) theory is used to generalize and provide
a unique systematic approach for its advantages such as stylization,
normalization, versatility, and ease for computer modeling [36]. There
are many investigators have carried out error modeling research for
complicated machinery system using MBS [41, 23, 44, 39], mainly
focus on designing and constructing a model to determine geomet-
ric error of machine tool and developing the key technique for com-
pensation-identifying geometric error parameters.[43, 17, 4, 7, 22, 2,
11] introduce the methods of geometric error compensation, thermal
error modeling, position error compensation, position-independent
geometric errors modeling, volumetric error modeling and sensitivity
analysis and establishing a product of exponential(POE) model for
geometric error integration.

2.2. Accuracy allocation

In earlier years, many researches focused their attention to obtain
the tolerance allocation on structural design. In 2005 Prabhaharan et
al. introduced a kind of metaheuristic approach as an optimization tool
for minimizing the critical dimension deviation and allocating the cost-
based optimal tolerances [29]. In 2006 Huang and Shiau obtained the
optimized tolerance allocation of a sliding vane rotary compressor’s
components for the required reliability with the minimum cost and
quality loss [16]. In 2007 Huang and Zhong established the sequential
linear optimization models based on the process capabilities to release
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the working tolerances, reduce manufacturing costs [14]. Siva Kumar
and Stalin [31] used Lagrange multiplier method to simultaneously
allocate both design and manufacturing tolerances based on mini-
mum total manufacturing cost. Isabel Gonzalez et al. [12] developed
a methodology to allow an automatic tolerance allocation capable of
minimizing manufacturing costs based on statistical approach. Muthu
et al. [28] used metaheuristic method to balance the manufacturing
cost and quality loss to achieve near optimal design and process tol-
erances simultaneously for minimum combined manufacturing cost
and quality loss over the life of the product. In 2010 K. Sivakumar, et
al proposed a novel multi-objective optimization method to enhance
the operations of the non-traditional algorithms and Multi-Objective
Particle Swarm Optimization and systematically distribute the toler-
ances among various the components of mechanical assemblies [32].
From the above literature, the previous researches on tolerance al-
location mainly focus on structural design taking manufacturing cost
or manufacturing process into consideration, besides, there are many
of accuracy allocation in the field of hull construction, robotics, mili-
tary application, and instruments [35, 24, 37, 42, 34]. However, works
on accuracy allocation of multi-axis machine tools are few. Reliabil-
ity is a specification to measure the ability of
machine tool to overcome a certain functions
and reliability sensitivity reflects the influence
of basic parameters to the possibility of failure,
so reliability theory plays an important role
in accuracy allocation of NC machine tools
by determining the levels for these geometric
parameter errors, what’s more, multi-axis NC
machine tools composed of various parts are
complex structures and so they have multiple
failure modes. In 1994 Dorndorf U proposed
an error allocation approach to optimize alloca-
tion of manufacturing and assembly tolerances
along with specifying the operating conditions
to determine the optimal level for these errors
so that the cost is minimized [9], it is regardless
of reliability sensitivity and the model is a two-
axis machine. In 2013 Yu proposed a geometric z

error propagation model and reliability approx- X"y

imately model to by response surface method

with error samples and improved the functions

of machine tools by optimization of the sensi-

tivity [40] with single failure model. As a result,

the continuous effort lies on accuracy allocation

of NC machine tools taking machining accuracy reliability and sensi-
tivity with multiple failure modes into consideration.

3. Error modeling of NC machine tool

There are two important aspects in this study: the first is the devel-
opment of a systematic approach to obtain geometric/kinematic errors
on the kinematic chain of a machine tool. Another aspect, considered
more important, is the proposing of the concept of machining accu-
racy reliability and the addressing a reliability and sensitivity analysis
method in the multiple failure modes to realize the distribution of the
standard deviation for the geometric errors.

A method called MBS is used to establish a machine tool geomet-
ric/kinematic error model showing the relation between the individual
error of the components of a machine, and its volumetric accuracy is
crucial to the allocation of standard deviation for the geometric pa-
rameter errors. In this paper, a 5-axis machine tool is used to analyze
geometric errors and the geometric/kinematic error model is devel-
oped. This XKH1600 five-axis machining center is designed for leaf
blade machining, configured as three linear axes X, Y, Z axes and two

B axis

Working table

Fig. 1. The 3-dimension digital structure model of the NC machine tool
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Fig. 2. The coordinate system structure diagram

Table 1 Lower body array of five-axis NC machine tool

Jggiycj 2 3 4 5 6 7
L9) 1 2 3 4 5 6 7
L) 0 1 2 3 0 5 6
L2(j) 0 0 1 2 0 0 0
L3()) 0 0 0 1 0 0 0
L4(j) 0 0 0 0 0 0 0
15() 0 0 0 0 0 0 0
L5() 0 0 0 0 0 0 0

rotary axes A, B axis. The 3-dimension digital structure model of the
machine tool is shown in Figure 1.

Taking the error factors and coupling relations of the various parts
into consideration, based on the MBS theory, the five-axis machine
tool can be abstracted into a multi-body system. The coordinate sys-
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tem structure diagram is shown in Figure 2. The error model between
By and B revealed, when the displacement and the displacement
error are zero, O and O coincide, ¢y refers to the initial position
vector between O, ( B, ’s origin) and Oy ( B ’s origin), and e is the
position error vector, including load error and thermal error. Sy, is the
displacement vector between By and B;, and Sy, is the displacement
error vector, including geometric error and dynamic error. When there
is a displacement in one part or component of a machine tool, this
displacement is the position increment. The lower body array is listed
in Table 1.
T
Pt:[Ptx By Ptz 1j| (1)
The work-piece forming point in the work-piece coordinate system
coordinate is:

Pw:[wa Pwy By 1:|T )

When the machine tool moves in ideal form, that means the ma-
chine tool is without error, the ideal forming function of tool forming
point in work-piece coordinate system is:

k=1
n

k=n,L" (t):O

u=1
TZ; (t)kal(t)TLi O (t)JPt _[ B Ll_{ - TLI‘J‘ (wy! (w)TLﬁ (w)L“‘(W)]P‘”
A3)

In this paper, the ideal forming function of tool forming point of
this five-axis machine tool is:

k=1 ! =1
P = T TS ™ TS P,
' [“,l;[(,)o it ‘(z)] [H)O et oy 1<w>} .
1 0 0 —x/)—cosp sing 0 0)1 0 0 0
|01 0 -y || -sinp —cosp O 0] 0 —cos4 sind 0
o0 1 -z o 0 1 0//0 —sind —cosd 0
000 1 0 o0 o0 1)lo o 0 1
100 0)1 00 0Y1 00 x 4)
010 0010 -y0100
00120010}0010}
000 1) o 00 1J)lo 001
—cosB 0 -sinB 0)(1 0 0 x,,
0 1 0 0|01 0 yu
sinB 0 —cosB 00 0 1 z,|"
0 0 0 1)loo0o0 1

Machining accuracy is determined by relative displacement error
between the tool forming point of machine and work-piece. During
the actual machining process, the actual position of cutting tool point
will inevitably deviate from the ideal location, which results in volu-
metric error. Table 2 lists the characteristic matrices of this 5-axis
CNC machining center, including body ideal static, motion character-

istic matrix ( TL‘: ) and body static, kinematic er-

00 T o)

o . P s
ror characteristic matrix (ATLk AT e (t)),As a result,

O 0 Mk
the comprehensive volumetric error caused by the gap between actual
point and ideal point in this paper can be written as:

u=>5
_ P P S S
E= I1 T ayer eyt ol et e ayet gy | B
u=n,L”(7)=O

P -
u=n,L" (4)=O

In the above equation, the values and means of the expressions

such as Ty , ATgs , Tgs ATg% and so on can be obtained from Ta-
ble 2.

4. Accuracy allocation based on Reliability Theory

In Section 3, the development of a systematic approach to obtain
geometric/kinematic errors on the kinematic chain of a machine tool
has been finished. As a result, the concept of machining accuracy reli-
ability should be proposed, besides, a reliability and sensitivity analy-
sis method with multiple failure modes for improving machining ac-
curacy reliability to realize the geometric errors allocation should be
addressed.

4.1. The concept of Machining Accuracy Reliability and
AFOSM Theory

The reliability of structure reflects the ability to perform its speci-
fied functions under the stated conditions for a given period of time
and it is often studied by possibility of failure. In order to reflect the
ability of machine tools to reach the required machining accuracy,
machining accuracy reliability is proposed in this paper and can be
defined as possibility of fulfilling the specified machining accuracy,
expressed by the possibility of failure of machine accuracy. Besides,
the probabilistic nature of the errors produced on the dimensions of
a manufactured part is taken into consideration in this paper. In order
to develop an approach to obtain the machining accuracy reliability
and sensitivity of this five-axis machine tool, there is an assumption
that the errors produced on a dimension are drawn from a Gaussian
distribution. Our task of error allocation is therefore to determine the
optimal levels for these geometric parameter errors according to the
machining accuracy reliability. In order to overcome this task, Ad-
vanced First Order and Second Moment (AFOSM) theory is intro-
duced at first.

Supposing that there is a performance function Z = g(x,%,,...,%,)
, with some uncorrelated parameters x; ~ N/ (“Xi ,O x,-) , which are sub-
ject to random variation about their nominal values, let the functional
requirements be of the form Z=0 (limit state equation) which divides
the parameter space into two regions, one a failure domain can be
expressed as F ={T : g(x) < 0} and the other is the safe domain.

Supposing that there is a design point (the most possibility failure

point) P (xf ,x;,...,x;) in the failure domain, then g(xl* ,x;,...,x:) =0

* ok * 7 %
is obtained and G; = g(x], Xy, X))+ (s—g)p* (x; —x;) can be de-
i=1 0%

veloped to represent the linear part as to Z = g(x,x,,...,x,) by Tay-

noo
lor, so the performance equation is Z(ﬁ)p* (x; - x; ) =0.
i=1 O%;

L % Ol 0
Suppose i, = Y (iy, = X)) + 07~ VD) w0, T
i=l x; - oy P
0
(Ff)p* %% .
o=— 5 ! , (I=12,...m) yhich refers to the Sensi-
A o, P12
o1 ox; P
u=l1

P P S N
T Ty Doy o T oy @ o a | P )

P A o PrsS xS P S xS Py oS P\ SoP p 2P A oSS x oP x oS P x o P
=TosATo5To5ATosT56T56A 56 Ts78T57 Ts7 Py — Tor I AT 12 AT 2 T AT T3 ATy 3 AT T34 ATy py
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Table 2. Characteristic matrices of the 5-axis NC machining center

Body ideal static, motion characteristic matrix Body static, kinematic error characteristic matrix

adjacent P S P S
body Ty T ) AT ey M o @)
To1p = 14xa
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1 00 x
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. 0ls —
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0 0 0 1
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0 1 -Ao. 0
Tiop =1 ATy, = "
12P = {4x4 27 AR Aa, 10
1 1000 o 0 0 1
Z axis T~ =T = 0100
2=l = o 1 Al *Ale AABZ Ax,
- A
000 1 ATy, =| ¥ o O
S| -AB,  Aa, I Az
0 0 0 1
1 Ay, 00
A 1 —Ao 0
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_ 0 Aay 10
cosB 0 sinB 0 g
2-3 0 | 0 0 0 0 0 1
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tivity coefficient, reflecting the influence of the random parameter x;

. 0; S
acting on the 9z,s0 o, = (a—g)p* 0 and then the reliability in-
Xi

dex and the possibility of failure are obtained as follows[26]:

— ox:. D
:% _ i=l ag Xi (6)
z (aixl) * Gxi(xl'
=0(-p) (M

Compare with machining accuracy reliability as a specification to
measure the ability of machine tool to overcome a certain functions,
machining accuracy sensitivity reflects the influence of basic param-
eters to the possibility of failure, which can be used for improving and
optimizing the basic parameters of machine tool. As a result, machin-
ing accuracy sensitivity plays an important role in determining the
levels for these geometric parameter errors. Based on the AFOSM
theory, the performance function Z = g(xy,x,,...,X,) can be changed:

4.2. An AFOSM Reliability and Sensitivity Analysis Method
with Multiple Failure Modes

Failure mode is critical to the reliability of any structure. The
number of limit state equations divides failure mode into two parts:
single failure mode and multiple failure modes. Single failure mode
which means that there is only one limit state equation in the whole
system or structure, in contract, multiple failure modes refers to mul-
tiple limit state equations in the system and its complexes lies in the
logical relationship, correlation coefficient and joint probability den-
sity of a system or a structure with multiple failure modes[38]. Ac-
cording to the logical relationship with the failure modes of a machine
tool, this machine tool has multiple failure modes and so it is a serial
system. As a result, this paper aims to the reliability and sensitivity
analysis of such serial system.

4.2.1.The Narrow Bounds Method

The narrow bounds is the main method used for the reliability
and sensitivity analysis of a serial system though it fails to obtain the
certain valves of reliability and sensitivity, as a result, it is used for
verification of the method introduced in this paper.

Supposing that there are “m” failure modes, the reliability P {F}

and the reliability sensitivity P
expressed as follows [9]: Oxi

based on AFOSM Theory are

P{F}C[P{Fl}+2max[P{F} ZP{F ﬂF} 0], ZP{F} Zmax(j <i)P{F; ﬂF 1]

j=1

6§{F} f[f(ﬂ, (/3,
(o}

R X

j=2k=1

into the following equation at the design point P*(xl* ,x;,,..,x:) ,

* * u 6g *
g = g(X] X500 X JFD (67) x (X = x;)
i=1 i

xl

n) Z(ig)*xla l:(aig)*a

Suppose ¢ = g(xik,x;,

i=1 6 6xl~ p
Then,
g~ G(x)=cy+ Z
i=1
n
CO + Zci,ux
B= He i=1
o
G Zcizﬁ)%l P, —d(-p)
In this way, i=1 and are ob-
tained.

From the following equations, the reliability sensitivity can be
obtained as follows:

22
Oy P 0B __GoukG o L Hop g
aoxl_ op 5%,- 2 og

\/27‘[62;

D1 3 S0 O (D,

i=l1 i=2 (9)

+ O, O, )4 O O ) (10)

) ) F. . .
In the above expressions, £ and 7 are the events of failing with

: Z; .- .
respect to the Zi and '/ condition respectively.

P(F)= @(—ﬁ»@(—ﬁ’i”f’d . Py = q’(—ﬂﬂ‘l’(—prfj) :
-p} 1-pj

419,Cov(g; »g;)
pij = —l . - , B; and B; are the reliability indices with
JVarlg;1,/Varlg

respect to the ith and jth failure conditions respectively, and p;; is
the correlation between the two failure conditions, ¢; is positive when
7Z>0 and is negative when Z<0.

2 4 5
¢ )4,0')(_ :( )éax_ +( )Co-x‘ ’

o =9(B)~— (B,)CD( i)+ (= i) j (1 )P(=P;)

O =B (CPODE,0+ () =~ (v 0O f)
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cot+ D cu
9B, :( ;1 xj o
do,, [z 2o P2
17X
i=l

_Bi- ﬁ,py

\/1 'Du

_ ﬁ Bjpi

\/1 pu’

Tk Vo rp <0’
@, _J0 =0
Tjk 1 ‘[jk < 0 bl
1 2
O+ @ =)
@, _| 1 Py =maxtk< )Py
0 otherwise
(O L if O)D(u ) 2 O(=B)P(—v )
"0 otherwise
(C) 1 i O ) > O(=f,)D(~u )
*700 otherwise
(4)Tjk " (S)Tjk -1

4.2.2. A Method for Reliability and Sensitivity Analysis with Multi-
ple Failure Modes

For the failure to obtain the certain valves of the reliability and
sensitivity by the narrow bounds, a method used for reliability and
sensitivity analysis with multiple failure modes was introduced in this
paper and the solution procedure roughly follows the approach devel-
oped by[38].

Given that there are multiple failure modes in a system, the
calculation of its possibility of failure is to obtain the integration of a
multidimensional normal joint distribution. As a result, the possibil-
ity of failure of a serial structure with multiple failure modes is given
by:

“m”

Py =P F; < 0=1-0Bip)=1-[1 [P2..[" g, (o pXmy...dm,,

i=1

(11

As to a general serial system, the possibility of failure can be
expressed as follows:

P{F} = P{(F <O J(F <0U..U&F, <0)} (12)

In order to calculate the equation (12), the correlation coef-
ficient is proposed to show the correlation with multiple failure
modes. If there are two failure modes, the possibility of failure can
be expressed as follows:

P{F,} =(RJF,) = P(R)+ P(F)) - P(F(\F,) = P(F) + P(Fy) — P(FFy)

(13)

the correla-

As a result,

Supposing  P(FiF,)=a;,P(F), @2 s

tion coefficient of these two failure modes.

P{Fy} = P(R)+ P(Fy) — oy P(Fy) = P(F) + (1 - app) P(F,) and the
possibility of failure with three failure modes can be given by:

P(Fp3) =P(RURUF) = P(R,UFR)

14
= P(Fp) + P(F3) —o1p3P(F3) = P(Fjp) + (1 - 03) P(£3) o

In a similar way, the possibility of failure with “m” multiple fail-
ure modes in a serial system can be obtained by:

P(F)=P(Fy 1)+ 1-ayn )P(F,)

15
=P(F) + (- a)P(Fy) + (1 - ay3) P(F3) + ...+ (- gy ) P(F,) (9
—B.+p.Y;
In the equation (15), ;= @( fl LAY ).
Vi=pir -+
o ‘P(_ﬁj)
Ty

Up to now, the possibility of failure with “m” multiple failure
modes is obtained and the next work is to focus attention on the cal-
culation of reliability sensitivity. For lack of space, a description of
the complete theoretical analysis is avoided and only a conceptual
description and important results are given.

) 00D 1 P g 85, 1) 2P
anl_ 6Gxi X; X; o123 X; (16)
HPED T (= ay ) ) 4 () A2

In the equation (16), ag(Fi) can be obtain by equation(8) and
X;
oa; oB;; '
o0, =0(By) o ! E =YER ),
0 oY ; -B:+p; Y o= ;
/3,,7 1 aﬁl+pii Iyy Bi p@/] 220
\/1 _ sz oy, do,, 2 do,,

Establish the machining accuracy reliability limit state equations of
machining accuracy of machine tool in the multiple failure modes
1

Determine the initial values of &, the whole geometric
parameter errors according to design requirements

T
L J

“m"” points in the machine coordinate system |

| Choose

Calculate the reliability index f,(ffand the probability of failure £, (fof
every limit state equation according to equation (6),(7) aim to every point t

[
v

Calculate the reliability index #(r)and the probability of failure F, (1) with
multiple failure modes according to equation (15) aim to this poeint t

Improve the geometric parameter
error which has the maximum
reliability sensitivity

¢

Conduct the reliability sensitivity analysis as
to this point according to the equation(8),(16

. 1e 1
Calculate - E_: A, =

Z BLt) ymax P, (f) , min A()
Select the point which has the
i maximum probability of failure
— — "]"“j‘—h-_._.____‘_ T
= max ()< Py and — 3 PO < Fl
— me -

| Over |

Mo

Fig. 3. The flowchart of method for geometric accuracy allocation of multi-axis ma-

chine tool for improving machining accuracy reliability
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ar; —q)(_ﬁj)ﬂj¢(_ﬁj)+¢2(_ﬁj)(— % )
ooy ©*(-f)) o

0= ; oY ; op
L @Y. -B.)—L 1.2
Yy =B) s

E=[Ey,Ey,E;] (17)

In this paper, the machining accuracy reliability limit state equa-
tions of the machine tool are subject to the expression as follows:

ooy, J do,,
In order to develop an approach to distribute this five-axis ma- hy<E;<h,
chine tool on machining accuracy, the method used for the machin- l)1 SEy <l (18)
ing accuracy reliability and sensitivity with multiple failure modes is ly) <E; <l

introduced in this paper and the calculation of the reliability and reli-
ability sensitivity is developed in MatLab software. Besides, the proc-
ess of this accuracy distribution method in this paper can be shown
in Figure 3.

5. Case Study

In the preceding section, a method of geometric accuracy design
of multi-axis machine tool for improving machining accuracy reli-
ability was introduced and a machining accuracy reliability model
and a sensitivity model with multiple failure modes based on AFOSM
theory were established. Previous to it, a method for relating the volu-
metric accuracy of a machine to the errors on individual links and

From the equation (18), it is not difficult to notice that this ma-
chine tool has 26 failure modes in total, including 6 single failure
modes, 12 double failure modes and 8 triple failure modes.

One of important aspect of the design requirements of such ma-
chine tool is that the probability of failure of position error less than
0.03mm should be no more than 5%. According to “Test code for
machine tools- Part 1: Geometric accuracy of machines operating
under no-load or finishing conditions” and “Test code for machine
tools-Part 2: Determination of accuracy and repeatability of position-
ing numerically controlled axes”, the values of geometric parameter
errors of five-axis NC machine tool were set initially and were shown

joints in its kinematic chain was described and the error model can be in Table 3.

expressed by the form:

Table 3. Initial values of geometric parameter errors of five-axis NC machine tool (mm)

Number i 1 2 3 4 5 6 7 8
Parameter Ax, Ay, Az, Ao, AB, AYy Ax, Ayy,
0.0037/ 0.0037/ 0.0037/

Value 0.0065 0.0065 0.0065 1000 1000 1000 0.007 0.007
Number i 9 10 11 12 13 14 15 16
Parameter Az, Ao, AB,, Ay, Ax, Ay, Ax, Ax,

0.0028/ 0.0028/ 0.0028/ 0.0028/

Value 0.007 1000 1000 1000 0.007 0.007 0.007 1000
Number i 17 18 19 20 21 22 23 24
Parameter AR Ay, Axy Ayy Az, Aoy ABy Ay 4

0.0028/ 0.0028/ 0.0061/ 0.0061/ 0.0061/

Value 1000 1000 0.0058 0.0058 0.0058 1000 1000 1000
Number i 25 26 27 28 29 30 31 32
Parameter Axp Ayp Azp Aoy ABg Avp AV AB,.

0.0049/ 0.0049/ 0.0049/ 0.0037/ 0.0037/

Value 0.0068 0.0068 0.0068 1000 1000 1000 500 500
Number i 33 34 35 36 37
Parameter Ao, AY AB, AYyp Ay,

Value 0.0037/ 0.011/ 0.011/ 0.011/ 0.011/

500 300 300 300 300
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In order to improve the machining accuracy reliability of this five-
axis NC machine tool, the models based on AFOSM theory addressed
in section 4 was used. The process was divided into two steps: one
was to determine some points by orthogonal sampling method in the
X-, Y- plane of this machine tool to obtain the reliability, and the other
was to realize accuracy allocation of all the geometric parameter er-
rors of this machine tool. Five points 50, 225, 275, 325, 500 were
chosen in X-axis and —225, —50, 0, 50, 225 were selected in Y-axis, as
a result, there were 25 points in X-,Y- plane. The machining accuracy
reliability model for accuracy allocation of machine tool addressed in
this paper used to optimize errors was given by the expression (15),
and its process of calculation was operated in the MatLab environ-
ment. According to the constraint conditions, if max P (t) > 5% or

m
iZPf (#) > 3% , max P (¢) was obtained and chosen to calculate
M =1
omax Pr(?)
oo

Xi

to determine the geometric parameter error to be im-

proved. This process was over until maxPr(f) < Pgma and
1 m
;Z‘ipf(t) < Plmean. In this expression, /11, li5. 13, by, by, 3 were

obtained though putting the vector of each point into the equation (5)
and o, should be no more than the initial valves shown in Table 3. In
order to verify the effectiveness of the method introduced in this pa-
per, the possibility of failure of this machine tool based on the narrow
bounds method was also calculated. The values of the possibility of
failure of machining accuracy before improvement were acquired and
shown in Table 4.

omax P (t
M : mafo(t),maxif()
i
S. t. T ZWSE <
by <Ey<lyp

0<o,, <initial values

Table 4. Values of the possibility of failure of machining accuracy before
improvement

Narrow bounds The method in this paper

Vector of point i

method Reliability Possibility of
index failure
(50, 225) [0.0961,0.1132] 1.236 0.1079
(50,50) [0.0689,0.0821] 1.427 0.0766
(50.0) [0.0531,0.0598] 1.578 0.0572
(50,-50) [0.0689,0.0821] 1.427 0.0766
(50,-225) [0.0961,0.1132] 1.236 0.1079
(225, 225) [0.0997,0.1124] 1.234 0.1083
(225,50) [0.0689,0.0821] 1.426 0.0766
(225,0) [0.0531,0.0598] 1.578 0.0572
(225,-50) [0.0689,0.0821] 1.426 0.0766
(225, -225) [0.0997,0.1124] 1.234 0.1083
(275, 225) [0.0997,0.1124] 1.233 0.1083
(275,50) [0.0689,0.0821] 1.426 0.0766
(275,0) [0.0556,0.0606] 1.576 0.0575
(275,-50) [0.0689,0.0821] 1.426 0.0766
(275,-225) [0.0997,0.1124] 1.233 0.1083
(325, 225) [0.1042,0.1134] 1.231 0.1088
(325,50) [0.0689,0.0821] 1.421 0.0772
(325,0) [0.0556,0.0606] 1.576 0.0575
(325,-50) [0.0689,0.0821] 1.421 0.0772
(325, -225) [0.1042,0.1134] 1.231 0.1088
(500, 225) [0.1042,0.1134] 1.231 0.1088
(500,50) [0.0668,0.0792] 1.421 0.0772
(500,0) [0.0567,0.0605] 1.564 0.0584
(500,-50) [0.0668,0.0792] 1.421 0.0772
(500, -225) [0.1042,0.1134] 1.231 0.1088
Mean value 1.378 0.0856

1 m
—> Pr()<3%
m
max Pr(1) <5% .
8 4
It is not difficult to notice that there are two 6 |

important points in Table 4: one is that the meth-
od developed in this paper is verified because
the values of possibility of failure calculated by
such method are in the intervals obtained ac-
cording to the narrow bounds method, and the

P ST & R = A P
ey gt

other is that the initial values of the reliability
of this machine tool failed to satisfy the design
requirement (no more than 5% and 3% respec-
tively). As a result, it is necessary to reallocate
the initial values of geometric parameter errors
in Table 3 according to the sensitivities of such
errors shown in Figure 4. In order to satisfy the
design requirement five times improvements have been developed.
From the Figure 4 to Figure 8 we can learn that geometric parameter
errors AB,,, Ay, Aay, Ay, AB, have the largest values of reli-
ability sensitivity and have been improved as the changing objects in
turn as a result, besides, the machine accuracy reliability (expressed
by possibility of failure) with these five improvements have been cal-

Reliability sensitivity/#1000

o Al 18 1 1§ 19 21 23 2% 2V 2% 3l

Point No.

Fig. 4. Initial values of the reliability sensitivity of geometric parameter errors

culated as shown in Table 5. It suggests that the whole process of ac-
curacy distribution have been finished after the forth improvements.
Figure 9 illustrates the relation between the probability of fail-
ure and each improvement, it is clear that each improvement leads
to a decrease in the maximum values and mean values of possibility
of failure and such decrease becomes very tight after a certain im-
provement. Figure 10 illustrates the relation between the reliability
sensitivity of geometric parameter errors improved and each improve-
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Fig. 5. Reliability sensitivity of geometric parameter errors after the first improvement
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Fig. 6. Reliability sensitivity of geometric parameter errors after the second improvement

10
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Fig. 7. Reliability sensitivity of geometric parameter errors after the third improvement

10

1 3 5 7 9 11 13 15 17 18 21 23 25 27 29 31 33 35 37

Point No.

Fig. 8. Reliability sensitivity of geometric parameter errors after the fourth improvement

cause the aim of each improvement is to reduce
or eliminate the largest reliability sensitivity of
geometric parameter errors. Figure 11 illustrates
that the values of reliability sensitivity of geo-
metric parameter errors unimproved change in a
small scope, which means that these errors have
smaller sensitivity to the reliability of machine
tool in this machining case.

Conclusions

Different geometric errors have varying in-
fluence on accuracy of the machine tools. The
main emphasis of this research is to develop a
generalized method to obtain an optimal o; of
each geometric error under certain machine ac-
curacy design requirements. For machine accu-
racy reliability can be as a specification to meas-
ure the ability of machine tools to overcome a
certain functions and reliability sensitivity can
reflect the influence of basic parameters to the
possibility of failure, which can be used for im-
proving and optimizing the basic parameters of
machine tools, the accuracy distribution of ma-
chine tools for improving the machine accuracy
reliability was a process of optimizing or real-
locating o; of each geometric error by taking
reliability as a measure of the ability of machine
tool and taking reliability sensitivity as a refer-
ence of optimizing the basic parameters of ma-
chine tools to design a machine tool.

In order to realize the distribution of o, of
each geometric error, a generalized machine ac-
curacy reliability model and a sensitivity model
for accuracy distribution of machine tools with
multiple failure modes are developed here.
Based on such models, the optimal o; of each
geometric error can be obtained for improving
accuracy of machine tools. This study contains:

(1) A comprehensive volumetric model ex-
plains how individual errors in the components
of a machine affect its volumetric accuracy (the
coupling relationship). This was established by
MBS theory, which shows the geometric struc-
ture, the change of comparative position and
orientation, and the geometric errors.

(2) The definition of machine accuracy re-
liability of machine tool was given .Because
it can reflect the ability to perform its speci-
fied functions and machine accuracy sensitivity
can be used for optimizing the basic parameters
of machine tools, accuracy distribution based on
the reliability theory can improve the level of
machining accuracy in terms of satisfying de-
sign requirements such as machining accuracy
reliability while keeping the maximum toler-
ances of these geometric errors. As a result, the
development of a systematic method to realize
accuracy distribution of machine tool based on
reliability theory according to failure modes is
the second very important aspect of this paper.

(3) In order to use the systematic method to
realize accuracy distribution of machine tool, a

ment. As expected, with each improvement, the gaps among reliabil-
ity sensitivity of geometric parameter errors improved decreased be-

reliability theory called advanced first order and
second moment (AFOSM) theory was introduced to obtain the reli-
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Table 5. Improved values of errors and possibility of failure in different improvements

. The second The third The forth The fifth
The first im- . . X .
Improve— Improve— Improve— Improve—
provement
ment ment ment ment
Improved object AB,. Aay, Ao, AYy AB
i/':ltl'f; 0.0037/500 | 0.0037/500 | 0.0037/1000 | 0.0028/1000 | 0.0037/1000
Parameter
errors | d
m\ZrI‘;‘;e 0.003/500 | 0.003/500 | 0.003/1000 | 0.002/1000 | 0.003/1000
mf/’glr::m 8.96% 7.32% 5.89% 457% 3.95%
Possibility
of failure M
ean 7.36% 5.53% 4.25% 2.79% 2.43%
value

3, 00%

7
6
5, 00%
1
3
2, 00%

Possibility of failure

4, 00% -

2 3

Twprovement ith

3]

BMaxinum value
Bjjean value

Fig. 9. Tendency of the maximum values and mean values of possibility of failure with different improve-

ments

—

Reliability
sensitivity/*1000

O R WE OIS =000 o

Reliability
sensitivity/#1000

Fig. 11.

2 3

Before improvement ith

o

2 3

Iwprovement ith

BError32
BError33
OError10
BErrort

BEryors

. Tendency of the reliability sensitivity of geometric parameter errors improved

BErrorl

BErrorld
DErrorl?
DError2d
BErrord7

Tendency of the reliability sensitivity of geometric parameter errors unimproved

ability and sensitivity with single failure mode.
Besides, the multiple failure modes based on
AFOSM theory were studied and the model of
reliability and the model of sensitivity of a se-
rial system with multiple failure modes were
established.

(4) Based on the previous theoretical re-
search, a case study example for a five-axis
machine tool was used to demonstrate the ef-
fectiveness of this method. Each geometric er-
ror under certain accuracy design requirements
was optimized. Accuracy grades of main feed-
ing components of mechanical assemblies were
also specified.

Despite the progress, a number of issues
need to be further investigated to improve the
method proposed here: the proposed method is
developed on the premise that the volumetric
machining accuracy is influenced only geomet-
ric errors, however, thermal errors and dynamic
errors as other main errors can arise as a result
of joint interface deformation between machine
tool structural components and contribute to
volumetric machining accuracy. As a result, the
development of a method of accuracy allocation
of machine tool for improving machining ac-
curacy reliability while considering such errors
would be a focus of future research.
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Appendix Nomenclature

Ayp = Y direction run-out error
Ax, = Positioning error Azp = Z direction run-out error
Ay, = Y direction of straightness error Aoz = Around the X axis turning error
Az, = Z direction of straightness error ABz = Turning error
Ao, = Rolling error . .
* ) J Ayp = Around the Z axis turning error
AB, = Britain swing error o
Ax, = Xdirection run-out error
Ay, = Yaw error
. . . Ay, = Y direction run-out error
Ax, =X direction of straightness error
_ s Az, = Z direction run-out error
Ay, = Positioning error
Az, = Zdirection of straightness error Ao,y = Turning error
Ao, = Rolling error AB, = Around the Y axis turning error
AB, = Britain swing error Ay, = Around the 7 axis turning error
Ay, = Yaw error Ay,, = X, Y -axis perpendicularity error
Ax, = Xdirection of straightness error AB,. = X.Z -axis perpendicularity error
A = Y direction of straightness error . . .
)z & Ao, =Y, Z -axis perpendicularity error
Az = Positioning error . . .
z & Ay,, = B,X-axis parallelism error in XY plane
Ao, = Rolling error . . .
: £ Aoy, = B, Z-axis parallelism error in ZY plane
A = Britain swing error . . .
B g AY., = A, Y-axis perpendicularity error
Ay, = Yaw error AB,, = A, Z-axis perpendicularity error
Axp = Xdirection run-out error
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