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Abstract

The ball screw (BS) has become an indispensable key functional component in many fields, such as CNC machine tools,
precision transmission system, and special service requirements. Its accuracy reliability is a key performance in many applica-
tion fields. There is a phenomenon of mixed slip-roll motion during the BS operation; however, both non-constant working
conditions and mixed sliding-rolling motion mode affect its accuracy decay. In this paper, the modeling method of accuracy
decay for mixed sliding-rolling motion behavior is established under non-constant operating conditions. The accuracy reli-
ability of the BS is analyzed under single non-constant operation condition or multiple non-constant operating conditions,
and the accuracy decay is predicted though modeling method proposed. In addition, the experimental analysis of the BS
accuracy degradation is carried out under three different amplitudes of AL (non-constant axial load), FR (non-constant feed
rate), and AL+ FR combination conditions. The average value of the accuracy loss relative error (5.90~8.50%) between
theoretical model and experimental test results is smaller than that (11.18 ~ 12.66%) under pure sliding motion. It shows that
the accuracy decay analysis model established is beneficial to predict the BS accuracy reliability.

Keywords Ball screw - Accuracy decay - Experimental analysis - Non-constant operating condition - Mixed sliding-rolling
motion

1 Introduction

The research on the BS accuracy degradation in CNC
machine tools was mainly carried out through wear mod-
eling and degradation analysis. The analysis of mechanics
and kinematics is basis for the research on the accuracy
decay mechanism of the BS. According to mechanics and
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kinematics of BS [1-3], the relative motions between the
ball and the raceway include rolling and sliding [4, 5].

As a functional component of CNC machine tools, con-
sidering the sliding motion mode between the ball and the
raceway, the accuracy decay modeling, accuracy decay test,
and prediction analysis were carried out. The Archard model
[6] was commonly used in the field of BS wear. Wei [7] and
Xu [8] et al. established the BS wear model based on modi-
fied Archard model. Xu et al. [9] predicted the BS accuracy
decay value according to the wear behavior analysis. Zhou
et al. [10] introduced the parameter K’ to correct the main
wear area, in order to study the relationship between feed
rate, high load conditions, and wear rate. After that, Zhou
et al. [11] improved the wear coefficient of the ball screw
through combining theoretical analysis and experimen-
tal test. However, Luo and Dornfeld [12] and Horng [13]
established the two-body microscopic wear model based on
micro-contact theory, in order to explain the relationship
between the wear depth and the actual feed stroke. Zhao
et al. [14, 15] took the double-nut preloaded ball screw
as the research object and successively studied the wear
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behavior through modeling and experimental verification.
According to the research basis [7, 9, 10], Liu et al. [16]
introduced fractal theory into wear modeling to study the
accuracy degradation mechanism of the BS. And the model
proposed was compared with the Wei et al. [7] model from
the perspective of prediction accuracy. Wang et al. [17] stud-
ied the raceway profile for the BS, indicating that measuring
basis is an influence factor of the raceway error on position-
ing precision. Zhao et al. [18] studied the accuracy degrada-
tion behavior of double-nut ball screws due to raceway wear
based on fractal theory [16].

When considering the mixed sliding-rolling motion
between the ball and the raceway in CNC machine tools,
the research on the accuracy degradation of the BS was still
in the preliminary stage. Rolling motion analysis of BS was
usually combined with creep theory [19, 20]. Then, Xu et al.
[20] established a friction force model of the BS based on
creep theory. Qi et al. [21] studied the accuracy decay law
of the BS through the mixed sliding-rolling motion analysis,
but did not consider the time-varying operating conditions.
In addition, Cheng et al. [22, 23] carried out accuracy decay
prediction and life prediction research according to wear
analysis, respectively. In contrast, considering the plastic
deformation and random distribution characteristics of rough
contact surface, Pullen and Williamson [24] and Williamson
and Harris [25] established PW model of wear failure based
on random factors. Cheng et al. [26] and Hu et al. [27] stud-
ied the ball screw accuracy loss characteristics caused by
sliding motion under time-varying axial loads and feed rates.
Zhang et al. [28], Niu et al. [29], and Jin et al. [30] studied
the machining quality evaluation and machining accuracy
improvement of multi-axis CNC machine tools, through ana-
lyzing the geometric errors of key functional components.
When considering economic dependence and structural
dependence, Sun et al. [31] established the group mainte-
nance strategy of CNC machine tools. Aiming at the influ-
ence of geometric error for CNC machine tools, Guo et al.
[32] introduced the global quantitative sensitivity method
to analyze error compensation. Based on the measured geo-
metric error parameters, Wu et al. [33] and Niu et al. [34]
analyzed the machining accuracy reliability of CNC machine
tools combining with the response surface method. In addi-
tion, Zhang et al. [35] proposed a rapid construction method
of equipment model for a discrete manufacturing.

Despite the progress, the operating conditions of the BS
have non-constant characteristics in CNC machine tools, and
the accuracy degradation and experimental research are still
in the preliminary stage under non-constant operating condi-
tions. The influences of non-constant operating conditions
and mixed sliding-rolling motion mode on accuracy decay
behavior of BS have rarely been studied. And the accuracy
reliability analysis and experimental study of BS for mixed
sliding-rolling motion has also rarely been studied under
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non-constant operating conditions. To solve these prob-
lems, the accuracy decay modeling of the BS was estab-
lished under the sliding motion or rolling motion behavior,
respectively. And the mechanism analysis of the accuracy
decay was studied considering the mixed sliding-rolling
motion mode. Furthermore, an experimental study on the
BS accuracy degradation was carried out considering the
non-constant operating conditions.

2 Modeling of accuracy decay for mixed
sliding-rolling motion

2.1 Accuracy decay modeling for sliding motion
under non-constant conditions

In a certain type of machine tool, due to the change of exter-
nal load conditions, the loading states of the left and right
nuts are different, as shown in Fig. 1.

According to Fig. 1, the accuracy decay of the double-nut
BS is required to analyze the cumulative wear between the
left/right nut and the screw separately, then:

V(0) = V(&) + V(1)

- Kb—sw +K, ©b-nDSp-n( )

Hb—s - Hb

—n

Among them, V,_ ()/V,_,(¢) represents the real-time wear
amount between the ball and the screw/nut raceway, respec-
tively. Q,_.(¥) / Q,,_,,(?) is the contact load between the ball
and the screw/nut raceway at time z.
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Fig. 1 Ball screw loading state. a Contact state 1. b Contact state 2
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If the BS is in contact state 1, then there is,

-
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If in contact state 2, there is,
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Considering the actual contact area, the wear depth between
the ball and the screw/nut raceway hﬁ /h’v can be expressed
R sbs' " sbn

as follows, respectively.

Cb—s(t) Vb—s(t)
A

s

L

h (D= A “

Chp_n(OV (1)

sbn( ) A

A ®)
where C,_(t)/C,,_,(¢) is the number of cycles, A, is the ellip-
tical contact area, and A,; is the actual contact area [16],
expressed as follows:
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Df is the fractal parameter, Df =1.62.
Combining Egs. (4)—(7), the wear depth between the ball

and raceway h,/h,, can be obtained.
2C,_ 0V, @) by

hsbx (t) = A ~Lh , Arx (8)

2Cb—n (t) Vh—n (t) bn

hsbn(t) = A Lb Am (9)

where L, =L,/sina, L,_, =L, /sina =L,g/sina.

The accumulated wear depth of BS in the travel direction
is its accuracy decay value [10, 16, 36]. Then, the accuracy
degradation model between the ball and the raceway under
non-constant conditions is expressed as follows.

cosa / bos Cps (1) Vs (1)
0

sbs =

sin 0%¢ L,_,
ble bRc (10)
L Rc
(Lo
_ COoS /Lhn Ch—n (t) Vb—n (t)
P sin g | Ly,
ch bRc (1 1)
n Lc Rce
(L

However, in Egs. (8) and (9), there are unknown quanti-
ties V,,_ ()/V,,_,(¢), which need to be derived and solved by
the following equations.

When the ball moves from the position of the No. i ball
to the position of the No. i+ 1 ball, that is, from time 7; to
time ¢.;, ;, the wear amount between the ball and the screw
raceway is obtained.

Losie1
Vb st( ssz) = / Vb—st( ssz)dt

/[mﬂ Qsi(ts‘si) Rbsi(tssi)wsi—b(tssi)r Cos a

- Hb_f 0 [1 + Rbsi(tssi)] Vb.v—ssi(tssi)R

L2 \/ 2 (L2
2 _— —_ ) JE——
\/R +(2ﬂ> (R —rcos 6;) +<27[) dt
12)
According to Eq. (12), the wear amount between the

first ball and the screw raceway in the whole cycle can be
obtained. And it is recorded as V;_S(t), namely,

Vbl_s(t) = Vb—sl ([ssl) + Vb—sZ(ISSZ) +...
+ Vb—si(tssi) +...+ Vb—sM(tssM)

t

ssi

13)

Then, the wear between all the balls and the screw can
be summed by the Eq. (14). And it is recorded as V,_(?),
namely,

AV O
(14)

V)=V, O+ Vi O+...+V_O+.
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In the same way, the wear amount V;_n(t) between the
first ball and the nut raceway can be obtained in the whole
cycle period.

Vbl_n(t) = Vb—nl (tnsl) + Vb—nZ(tm‘Z) +...

15
+ Vb—m'(tnsi) +...+ Vb—nM(tnsM) ( )

Then, the wear V,_, (f) between all the balls and the nut
can be summed by the Eq. (16).

Vi )=V, O+V, O+..+V_O+...+ V" ()
(16)
According to Egs. (14) and (16), the accuracy degrada-

tion model of the BS under non-constant operating condi-
tions can be established.

V=V, (&) + V(1) = [VE @O+ VE 0] + [VE, 0+ VE ©)]
H\' = H\'h.\' + H\'hn
(7

Based on Eq. (18), considering single non-constant
axial load condition, the accuracy decay model of the BS
can be obtained under AL.

{vf 0=V, 0+ V) 0=V} 0+VEo]+[v0+ Vo
H| = Hfhs + Hfbn
(18)

Among them, V{)L_ X(t)/V{fi (1) is the wear amount between
the balls in the left/right nut and the screw under a single
non-constant load condition. And they can be deduced
refer to the derivation process of Eq. (14). Vfin(t)/V’:in(t)
is the wear amount between the balls and the left/right
nut. And they can be also deduced refer to the derivation
process of Eq. (16).

Similarly, the accuracy decay model of the BS can be
also obtained considering single non-constant feed rate
condition.

{ V)=V, 0+ V,_ 0= [VE @0+ VR 0]+ [VEO+VE 0

H,: = H:’h\ + H:'}bn

(19)

In Eq. (19), VX (V)" (1) is the wear amount between

the balls in the left/right nut and the screw under FR.

Vit @/VR (1) is the wear amount between the balls and
the left/right nut.

2.2 Accuracy decay modeling for rolling motion
under non-constant conditions

Based on the analysis of rolling contact behavior [37, 38],
it is shown that there are partial sliding and partial sticking
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phenomena in the contact area. Combined with the rolling
contact analysis [39], the rolling wear between the ball
and the screw/nut raceway can be modeled and analyzed.

F; (?)
Ahrbs (t) = Kb—smvrbs (I)At (20)

where A({) is the creep area parameter.
1 [6N,RQ, (0]

AR | — 2D
8 nE*

According to Eq. (20), the rolling wear depth between the
ball and the screw raceway can be obtained at time ;.

hrbs = hrbs(ti—l)
+ K, i (1S5 (20) = Syt
—S A7 s\L) — Oplls—
b=s 40y PP bs\ls—1
Among them, h,,(#;_, ) is the rolling wear depth between
a ball and screw raceway at time ¢;_;. According to Egs. (21)
and (22), at time t;“‘, the cumulative rolling wear depth
between the ball and the screw for the rolling contact area
can be obtained.

(22)

= 3, 6
[ F.. (23)
Ky =2 v dr®, 15 <3
+/rjf b_SA(st) rbs i i c

Combined with Eq. (23), the rolling wear depth between
the ball and the screw raceway in the x, direction can be
obtained; see Eq. (24).

s o= (txs) + /ISK Fsi v dlxs 24
rbs rbs \"A 5 b—s A ( gxs) rbs st_ | ( )
Among them, when contacting point A
contacting point C,, I7 = 2a,, [21].
The relationship between the rolling wear depth A} (n)
and the number of rolling contacts n can be expressed as
follows.

z lﬁ" = 0, when

X8

B ()= B (n— 1) /Pg(")K By 2
Sy =h" (n—-1)+ —s TV )'Cs
rbs rbs E (n) b A (st) rbs VZS_Y

(25)

Similarly, there is also creep phenomenon between the

balls and the screw raceway in the y, direction. The expres-

sions for the rolling wear depth and the rolling number can
also be obtained.

hvs ( ) hys ( 1) / Z‘C\ o K F si Vys ( )dlyS
} N n= rbs n-= + " b—s ‘ rbs n J
b b L () A (Cy‘v) b VZS_S

(26)
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Because of the rolling wear depth between the balls in
the left/right nut and the screw raceway, the accuracy decay
value can be obtained in the x, direction from Eqs. (27) and
(28), respectively.

Ky, FL (0 S () vV (1)
L bl Fy;
St (0 = > seace
i=1 . ¥ 27
Le _ cosa s 7, L
Hrfxs - m 0 hrcxv (Vl) dl

L

-

I (1) =
<

Re _ cosa fLygpRe
Hr—xs ~ sin 6% ./0 hr—xs

best 8

4C”tlw (28)
(n) di

nxA C
Z Kp,_sa, FR (1) &% (o) v

L

In Egs. (27) and (28), ¢ is determined by the axial load and
the preload. According to Sect. 2.1, when the axial load is less
than 2.83 times the preload, c=1, and when the axial load is
greater than 2.83 times the preload, c=2.

Similarly, due to the rolling wear depth between the balls
in the left/right nut and the screw raceway, the accuracy decay
value can be obtained in the y, direction from Egs. (29) and (30),
respectively.

The accuracy decay value caused by the rolling wear depth
between the ball and the left/right nut in the y, direction can
be solved by Egs. (33) and (34), respectively.

B () = f, a2 0,88 0 (r=55) o, )
J o 4cy,ay, o3

= foa /Lb "hke (n) d

—yn sin BL‘ r=yn

_
n, . .
& KpoaF i (0) @y, C8 () (r=85) rao, (1)

< hfcvn (n) = Z Genan 34
— LOSU‘ /éh nhRC (l’l) dl

—}" sin 9"’” r=yn

3 Accuracy decay analysis for mixed
sliding-rolling motion under non-constant
operation conditions

3.1 Accuracy decay analysis for mixed
sliding-rolling motion under AL

The ball screw parameters studied are shown in Table 1.

e (n) = % K, FIif (1) a, £ (1) (85 -r)ro, (1) Considering the mixed sliding-rolling motion, combined
3 4eytyg (29)  with Egs. (18), (27)~(34), the accuracy decay model can be
_ cos a Ly o1 ;
_” = nor f o L (mdl obtained under AL.
(v 0=v_ 0+, 0= [VE 0+VE 0]+ [VE, 0+VE, ©
f f
<Hf HSLbe+HSb1gf Lef Ref Lef Ref Lef Ref G
C] C] C C C C C C
Hf H—X\'+H—«\.§ +Hr VS +Hr ys+H—xn+H—xn+H—}n +Hr—y}’l
H =H +H
WRe (n) = Z K, F (1) ay, 88 (1) (85 —r)roo, ()
J s n deyay, (30) Table 1 Ball screw parameters
L S
_y; = :::SHZE f - hfcv, (n)dl Parameters Value Unit
. Nominal diameter of ball screw 50 mm
Then, the rolling wear depth 2% _ (n)/h®_(n) and the BS  Bal diameter 6.75 mm
accuracy decay value HrLCm/chx in the x, dlI‘eCUOIl can be  Nut track curvature radius 3.673 mm
solved by the following equations, respectlvely. Screw track curvature radius 3.673 mm
Contact angle 45 degree
( Helix angle 4.35 degree
ple (n) = f K, ,a,F= (1) ¢k v () Lead 12 mm
J 4c,,ay, (1) Axial length of nuts 80 mm
Hle — cosa /Lb "Bl (n) di Number of balls 136 /
AR sin 0 e Rows x Turns X Leads 2%x2.5%1 /
Raceway curvature ratio 1.09 /
Screw hardness 62 HRC
g, a, FR (1) 2% () v (1) Nut ha,rdness 62 HRC
,_m (n) = Z T a Young’s modulus 205 GPa
cosa rL e (32) Poisson’s ratio 0.3 /
r_m = o / b= "hffm (n) di Lubrication mode Grease /
L Boundary wear coefficient 3.2E-11 /
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Three sets of different AL are set separately, [0.5
sin(z1/180) + 0.5 kN, [1 = sin(z2/180) + 1] kN, and [1.5 =
sin(zt/180) + 1.5] kN. And the decay characteristics of the
preload are also considered [40]. The accuracy degrada-
tion of the BS for mixed sliding-rolling motion is ana-
lyzed under three different AL, respectively, in order to

0.4 T 13 13 13 13

£ —&— ALl
=
203k AL2 A
= —*— AL3
>
>
<
3 021 n
o
>
Q
g
=1
301F 1
<

0:1 - i r r r r

0 50 100 150 200 250 300

Time\h
(a) Between the ball in the left nut and the screw

0.16 T v c v ©

0.12

T

0.08

0.04

Accuracy decay value\um

06 50 100 150 200 250 300
Time\h

(¢) Between the ball and the left nut

reveal its accuracy decay mechanism. Figure 2a, b shows
the accuracy decay behavior between the balls in the left/
right nut and the screw raceway for mixed sliding-rolling
motion under three different. It is the combined effect of
the accuracy decay value caused by V{)L_ L0, Vfi (1) and the

sum of H/J, HY, H HN . Figure 2c, d shows the

0.15

0.10

0.05

Accuracy decay value\um

1 gO 260 2§ 0 300
Time\h
(b) Between the ball in the right nut and the screw

0 50 100

0.06 : . . v v

0.04

0.02 -

Accuracy decay value\um

0 50 100 150 200 250 300
Time\h

(d) Between the ball and the right nut

0.8 T T

0.61

02r

Accuracy decay value\um
=)
~
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150 200 250 300
Time\h

(e) Accuracy degradation value

Fig.2 Accuracy degradation for mixed sliding-rolling motion under AL. a Between the ball in the left nut and the screw. b Between the ball in
the right nut and the screw. ¢ Between the ball and the left nut. d Between the ball and the right nut. e Accuracy degradation value
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accuracy decay characteristics between the balls and the
left/right nut for mixed sliding-rolling motion. It is the
combined effect of the accuracy decay value caused by
VIE (1), VI¥ (1) and the sum of H/Y,,, H',,, H',.H',.
Figure 2e shows the total accuracy decay value of the BS,
which is H in Eq. (28).

According to Fig. 2a, ¢, when the amplitude of non-constant
axial load increases, the accuracy decay value between the ball
in the left nut and the screw/nut raceway increases considering
the mixed sliding-rolling motion. However, according to Fig. 2b,
d, the accuracy decay value between the ball in the right nut
and the screw/nut raceway decreases considering the mixed
sliding-rolling motion, when the non-constant load amplitude
is expanded. According to Fig. 2e, the analysis results are as fol-
lows. When the BS is in different amplitudes of AL in the same
simulated test period, the accuracy degradation due to rolling
motion between the ball and raceway accounted for 19.81%,
20.33%, and 20.76% of the BS accuracy loss due to sliding
motion, respectively. And the accuracy degradation due to roll-
ing motion between the ball and raceway accounted for 16.53%,
16.90%, and 17.19% of the BS total accuracy loss due to mixed
sliding-rolling motion, respectively. It can be observed that when
the amplitude of the AL increases, the proportion of the accu-
racy loss value due to rolling wear depth increases gradually.

3.2 Accuracy decay analysis for mixed
sliding-rolling motion under FR

Considering the mixed sliding-rolling motion, combined
with Egs. (19), (27)—(34), the accuracy decay model can be
obtained under FR.

raceway for mixed sliding-rolling motion under three sets
of different FR. It is the combined effect of the accuracy
decay value caused by V;* (1), V}* (z) and the sum of HX ,
HE | HrL_”;S,Hf_C;Y. Figure 3c, d shows the accuracy decay
characteristics between the balls and the left/right nut for
mixed sliding-rolling motion. It is the combined effect of
the accuracy decay value caused by V}‘)’fn(t), V;fn(t) and the
sum of H~ = HR< | HrLf;n,Hf_";n. Figure 3e shows the total
accuracy decay value of the BS, which is H” in Eq. (36).

From Fig. 3a—e, the following conclusions can be drawn.
By comparing the accuracy decay considering pure slid-
ing motion, the accuracy degradation of the BS for mixed
sliding-rolling motion under FR also have a similar trend in
Fig. 3a, b. That is, with the increase of the feed rate ampli-
tude, the accuracy decay value of the BS also increases. But
the difference is that the total accuracy decay value of the BS
increases slightly when the mixed sliding-rolling motion is
considered. According to Fig. 3c—e, the analysis results are
as follows. When the ball screw is in different amplitudes
of FR in the same simulated test period, the accuracy decay
value due to rolling motion between the ball and raceway
accounted for 19.92%, 20.47%, and 20.93% of the BS accu-
racy loss due to sliding motion, respectively. And the accu-
racy decay value due to rolling motion between the ball and
raceway accounted for 16.61%, 16.99%, and 17.31% of the
BS accuracy loss due to mixed sliding-rolling motion. It can
be observed that when the amplitude of the FR increases,
the proportion of the accuracy loss value due to rolling wear
increases gradually. Because the creep rate between the balls
and the screw/nut raceways increases slightly as the ampli-
tude of the FR increases.

Vi =V, 0+V_, 0=V O+ VR O]+ ([VE @+ VR O

+H

sbn

H =H
K sbs

(36)

H = Hch + HRcv + Hch + HRcv + HLCV + HRCV + Hch + HRCV

r r—Xxs r—=Xxs r=ys r=ys r—xn r—xn r=yn

H' = H) + H

r—=yn

Three sets of different FR are set separately, [0.5
sin(zt/180) + 0.5 rad/s, [1 = sin(r7/180) + 1] rad/s, [1.5 «
sin(rzt/180) + 1.5] rad/s. The accuracy degradation of the
BS for mixed sliding-rolling motion under three different
FR are analyzed, respectively. Figure 3b shows the accuracy
decay between the balls in the left/right nut and the screw

3.3 Accuracy decay analysis for mixed
sliding-rolling motion under AL + FR

Considering the mixed sliding-rolling motion, combined
with Egs. (17), (27)—(34), the accuracy decay model can be
obtained under AL +FR.

V=V, ,O+V,,0=[VE O+VE O]+[VE, O+ VE )

Hs = Hsbs + Hsbn

Hr — HLC + HRC + HLC + HRC + HLC + HRC + HLC + HRC

r—Xxs r—xs r=ys r=ys r—=xn r—=xn r—=yn

HY=H, +H,

37

r=yn
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041

Accuracy decay value\um

0 50 100 150 200 250 300
Time\h

(a) Between the ball in the left nut and the screw

0.5 © g © v ©

o e N
[\S] [O%} B
T T T

Accuracy decay value\um
(=)

0 50 100 150 200 250 300
Time\h

(¢) Between the ball and the left nut

0.07 . . . . .
—=— FRI

g
ERNL
<
>
>
<
g
S 0.03f
Q
s
=
Q
Q
<

0.01F

0ef I3 I3 I3 I3
0 50 100 150 200 250 300
Time\h

(b) Between the ball in the right nut and the screw

0.03 T T T T T

£ —=—FR1

=9

%

=

S 002

>

>

<

8

e}

>

Q

£ 0.01+

=

3

<
0ef r I3 r I3 r
0 50 100 150 200 250 300

Time\h
(d) Between the ball and the right nut

1.8 T T

0.6

T

Accuracy decay value\um

0 50 100

150 200 250 300
Time\h

(e) Accuracy degradation value

Fig.3 Accuracy degradation considering mixed sliding-rolling motion under FR. a Between the ball in the left nut and the screw. b Between the
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Three groups of complex non-constant operation condi-
tions are set, the combination of [0.5 * sin(zt/180) + 0.5] kN
and [0.5 * sin(zt/180) + 0.5] rad/s is used as the first group,
the second group is the combination of [1 * sin(rr7/180) + 1]
kN and [1 * sin(zt/180) + 1] rad/s, nd the third group
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is the combination of [1.5 * sin(x2/180) + 1.5] kN and
[1 .5 * sin(xt/180) + 1.5] rad/s. Figure 4a, b shows the accu-
racy decay between the balls in the left/right nut and the
screw raceway for mixed sliding-rolling motion under three
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groups of AL +FR. It is the combined effect of the accuracy
decay value caused by V- (1), VX (z) and the sum of H'¢ ,

HRe | HY™ | HR¢  Figure 4c, d shows the accuracy decay
ys

r=xs> “Tr—ys’ " r

between the balls and the left/right nut. It is the combined

effect of the accuracy decay value caused by V,f_n(t), V,f_n(t)
and the sum of H**  H® H' HX . Figure 4e shows
- - —yn r—yn

the total accuracy decay value of the BS, which is A in
Eq. (30).
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From Fig. 4a—e, the following conclusions can be drawn:
when the accuracy degradation considering pure sliding
motion is compared, the accuracy degradation characteristics
of the BS for mixed sliding-rolling motion under AL +FR
also have consistent trend of change. That is, with the ampli-
tude increase of the axial load and feed rate, it does not matter
whether the BS is during pure sliding or mixed sliding-rolling
motion, its accuracy decay value increase. According to
Fig. 4c—e, it can be observed that the proportion of rolling wear
fluctuates when the BS is during different groups of AL +FR.
The accuracy decay value due to rolling motion between the
ball and raceway accounted for 18.16%, 18.58%, and 19.21%
of the BS accuracy loss due to sliding motion, respectively.
And the accuracy degradation due to rolling motion between
the ball and raceway accounted for 15.37%, 15.67%, and
16.11% of the BS accuracy loss due to mixed sliding-rolling
motion, respectively. The proportion of rolling wear gradu-
ally increased slightly. On the one hand, it is because when
the amplitude of AL increases, the contact load between the
ball and the nut raceway decreases. On the other hand, the
reason is that the creep rate between the ball and the screw
raceway increases. Additionally, the creep rates between the
balls and the screw/nut raceways increase as the amplitude of
FR increases. As a result, the proportion of rolling wear depth
between the balls and the screw/nut raceways to the total accu-
racy decay value increases.

4 Accuracy decay experiment test for mixed
sliding-rolling motion under non-constant
operation conditions

4.1 Accuracy decay experimental research
for mixed sliding-rolling motion under AL

The accuracy decay test principle is adapted from references
[16] and [21]. While the accuracy decay test procedure is
adapted from reference [26]. In the accuracy degradation test,
VM (the test feed stroke of the ball screw, i—e, 400 mm) is used
as the accuracy degradation index of the BS. Before the experi-
ment, the initial value VB is tested, recorded, and used as the
initial value of the positioning accuracy. Then, VL is tested and
recorded at different time points according to the test proce-
dure. The difference between V* and Vs calculated, the accu-
racy degradation value of the BS can be obtained.

The experimental steps include the following: (1) The ball
screw rotating is observed carefully. It is noticed that with an
increase in the operation time, the accuracy slightly increases
than the initial accuracy characteristics. According to Zhou
et al. [10] and Liu et al. [16], the accuracy time of the ball
screw during a running-in period is optimum at 157 h and
125 h. The result of Zhou differs from Liu’s because of the
time interval. Zhou set this interval at 157 h. After running for
157 h, the accuracy changed from the initial value of 7.82 to
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Table 2 Initial positioning error

Number of tests 1 2 3 4 5

Positioning error/um ~ 8.633  8.634  8.635 8.634  8.634

6.14 pm. To reduce the error of the running-in period, 20 h is
used in the presented study. After every 20 h, the ball screw
accuracy test is performed to compare the initial value of the
accuracy. The test is completed when the running-in period
was 120 h. (2) After running in, the initial positioning error of
the ball screw is noticed about 5 times, as shown in Table 2.
The average value is obtained, and VH is used to estimate the
accuracy decay index. (3) The parameters of the test condi-
tions are set according to Sect. 3.1. These include the initial
preload F, = 1330 N and the feed rate v=240 mm/min. In the
experiment, the grease lubrication method (KOC301) is used
at room temperature (23+2 °C). (4) The ball screw accuracy
degradation test is carried out according to the non-constant
load condition 1. After every 20 h, the laser interferometer is
used to collect and record the positioning error of the BS. The
lubricant is applied evenly throughout the test. (5) For the AL
2, the steps (1) to (4) are repeated with a new ball screw. For
the AL 3, steps (1) to (4) are repeated, and the positioning
accuracy test value is obtained. (6) The original positioning
error of the BS and the positioning error after the test are cal-
culated and analyzed under the single non-constant axial load
condition.

In step (2), the initial positioning error of the BS was
tested multiple times, which is shown in Table 2.

In step (5) and step (6), the accuracy test results of the BS
under three different amplitudes of AL are tested. According
to accuracy decay analysis for mixed sliding-rolling motion
under AL, Fig. 5 shows the comparative results of the accu-
racy decay analysis and experimental test.

0‘8 13 13 13 T T
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>
<
& 04
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Fig.5 Experimental analysis of accuracy decay for mixed sliding-rolling
motion under AL
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Table 3 Accuracy decay

’ . e Time/h Absolute error /pm Relative error /%

analysis for mixed sliding-

rolling motion under AL AL 1 AL 2 AL 3 AL 1 AL 2 AL 3
20 —0.001 0.001 0.003 -3.03 2.50 6.12
40 0.001 0.003 0.001 1.59 3.70 1.02
60 —0.003 —0.008 —0.008 -3.16 —6.61 —-548
80 —0.006 -0.012 0.010 —4.76 -17.50 5.15
100 0.004 0.003 -0.016 2.55 1.53 —6.64
120 -0.014 0.004 0.002 —17.49 1.75 0.69
140 —-0.021 -0.019 0.005 —9.68 —6.86 1.50
160 0.007 -0.017 —0.028 2.83 —5.41 -7.37
180 -0.018 —0.034 —0.038 -6.50 —9.66 -8.90
200 —0.038 —0.037 -0.023 —12.42 -9.51 —-4.87
220 —0.042 —0.033 —0.043 —12.54 -17.75 -8.32
240 —-0.025 —0.034 —0.043 —6.89 -17.36 —17.66
260 —-0.029 —0.046 —0.041 -7.42 -9.24 -6.78
280 —0.036 —0.042 —0.066 -8.59 -7.87 -10.17
300 —0.043 —0.050 —0.054 -9.62 -8.79 —7.80

The results of theoretical analysis and experimental test
are shown in Table 3.

The following conclusions can be drawn from the analy-
sis of Table 3. Considering mixed sliding-rolling motion
under three different AL, the maximum value of the absolute
error between theoretical model analysis and experimental
test results was 0.043 pm, 0.050 pm, and 0.066 pm, and the
minimum value of the absolute value of the absolute error
is 0.001 pm, 0.001 pm, and 0.001 pm, respectively. And the
average values of the absolute errors are about 0.0192 pm,
0.0229 pm, and 0.0254 pm, respectively. In addition, the
maximum value of the relative error between theoretical
model analysis and experimental test results was 12.54%,
9.66%, and 10.17%; the minimum value of the relative value
of the relative error is 1.59%, 1.53%, and 1.02%, respec-
tively. And the average values of the relative errors are
about 6.60%, 6.40%, and 5.90%, respectively. Furthermore,
when compared with the accuracy decay value under pure
sliding motion, the conclusions are as follows. If the mixed
sliding-rolling motion and different AL are considered
comprehensively, the average values of the absolute errors
were changed from 0.031 pm, 0.033 pm, and 0.038 pm to
0.0192 pm, 0.0229 pm, and 0.0254 pm, respectively. And
the average values of the relative errors were changed from
12.66%, 11.40%, 11.38% to 6.60%, 6.40%, 5.90%. Then,
both the average value of the absolute error and the average
value of the relative error decrease. The summary shows
that the accuracy decay analysis model established in this
paper is beneficial to improve the prediction precision of BS
accuracy decay.

4.2 Accuracy decay experimental research
for mixed sliding-rolling motion under FR

According to accuracy decay analysis for mixed sliding-rolling
motion under FR in Sect. 3.2, Fig. 6 shows the comparative
results of the accuracy decay analysis and experimental test.

The results of theoretical analysis and experimental test
are shown in Table 4.

From the analysis of Table 4, it can be seen that the fol-
lowing is entered. Considering mixed sliding-rolling motion
under three different FR, the maximum value of the absolute
error between theoretical model analysis and experimental
test results was 0.068 pm, 0.163 pm, and 0.181 pm, and the

2 T T T T T
——— Theory FR1 @ Test FR1
Theory FR2 Test FR2
15 — Theory FR3 "¢ Test FR3 .

Accuracy decay value\um
T

0 50 100 150 200 250 300
Time\h

Fig.6 Experimental analysis of accuracy decay for mixed sliding-rolling
motion under FR
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Table 4 Accuracy decay

; . e Time/h Absolute error /pm Relative error /%

analysis for mixed sliding-

rolling motion under FR FR 1 FR 2 FR3 FR 1 FR 2 FR3
20 0.005 0.009 0.014 10.64 8.74 11.57
40 0.002 0.001 0.005 2.15 0.49 2.08
60 0.004 —0.009 —0.006 2.86 -2.97 —1.68
80 —0.003 -0.019 —0.046 —1.61 —-4.73 -9.75
100 -0.016 0.032 —0.047 -6.90 6.41 -8.03
120 0.004 0.011 0.020 1.44 1.85 2.87
140 —0.026 -0.059 -0.022 —8.05 —8.56 -2.73
160 —0.035 -0.022 0.011 —-9.51 —2.81 1.20
180 —-0.034 0.008 —0.044 —-8.23 0.91 -4.30
200 —0.068 —0.038 0.096 —14.85 —-3.93 8.52
220 —0.047 —0.108 —0.063 -9.34 —10.24 -5.12
240 —0.055 —0.163 —-0.161 —10.06 —14.07 —12.06
260 —0.047 —0.083 —0.141 -7.95 -6.74 -9.81
280 —0.052 —-0.126 —0.181 -8.19 -9.56 -11.77
300 0.049 -0.136 —0.141 7.23 -9.69 —-8.61

minimum value of the absolute value of the absolute error
is 0.002 pm, 0.001 pm, and 0.005 pm, respectively. And the
average values of the absolute errors are about 0.0298 pm,
0.0549 pm, and 0.0665 pm, respectively. Moreover, the max-
imum value of the relative error between theoretical model
analysis and experimental test results was 10.64%, 14.07%,
and 12.06%, and the minimum value of the relative value
of the absolute error is 1.44%, 0.49%, and 1.20%. And the
average values of the relative errors are about 7.27%, 6.11%,
and 6.67%, respectively. Furthermore, when compared with
the accuracy decay value under pure sliding motion, the con-
clusions are as follows. If the mixed sliding-rolling motion
and different FR are considered comprehensively, the aver-
age values of the absolute errors were changed from 0.0238
pm, 0.0505 pm, and 0.0589 pm to 0.0298 pm, 0.0549 pm,
and 0.0665 pm respectively. And the maximum values of
the relative errors were changed from 33.34%, 31.77%, and
33.66% to 10.64%, 14.07%, and 12.06%; the average values
of the relative errors were changed from 11.18%, 11.19%,
11.22% to 7.27%, 6.11%, and 6.67%, respectively. The
analysis shows that the average of absolute error increased
slightly, but the average value of relative error decreased.
And the maximum value and the average value of the rela-
tive error decreased significantly. It shows that the accuracy
decay analysis model proposed is beneficial to improve the
BS prediction precision under different FR.

4.3 Accuracy decay experimental research
for mixed sliding-rolling motion under AL + FR

According to accuracy decay analysis under AL +FR in

Sect. 3.3, Fig. 7 shows the comparative results of the accu-
racy decay analysis and experimental test.
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The results of theoretical analysis and experimental test
are shown in Table 5.

It can be seen from the analysis of Table 5. When the
BS is under three different combinations of time-varying
axial load and feed rate, the maximum value of the abso-
lute error between theoretical model analysis and experi-
mental test results was 0.038 pm, 0.099 pm, and 0.136
pm, and the minimum value of the absolute value of the
absolute error is 0.002 pm, 0.004 pm, and 0.004 pm. And
the average values of the absolute errors are about 0.0169
pm, 0.0352 pm, and 0.0429 um, respectively. Moreover, the
maximum value of the relative error between theoretical
model analysis and experimental test results was 16.17%,
14.26%, and 14.30%, and the minimum value of the rela-
tive value of the absolute error is 2.37%, 2.68%, and 0.99%,
respectively. And the average values of the relative errors

1.2 = : T r .
——— Theory AL1+FR1 @ Test ALI+FR1

Theory AL2+FR2 Test AL2+FR2
~— Theory AL3+FR3 ¢ Test AL3+FR3

09r

0.6

Accuracy decay value\um
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Time\h

50 100

Fig.7 Experimental analysis of accuracy decay for mixed sliding-rolling
motion under AL+FR
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TabIeSI Accu.racy dffc?y Time/h Absolute error /pm Relative error /%

analysis for mixed sliding-

rolling motion under AL +FR AL+FR 1 AL+FR 2 AL+FR 3 AL+FR 1 AL+FR 2 AL+FR3
20 0.002 0.006 0.009 7.69 9.09 10.23
40 0.004 0.004 0.006 7.84 3.08 3.47
60 0.003 0.008 —0.025 4.00 4.19 —9.88
80 0.009 -0.024 0.008 9.09 —9.60 2.42
100 -0.014 0.006 0.004 —11.38 1.96 0.99
120 0.006 —-0.020 0.009 4.11 -5.56 1.89
140 0.004 0.011 —-0.027 2.37 2.68 —-4.97
160 —-0.022 0.013 —0.056 —-11.52 2.82 -9.20
180 0.011 —0.023 -0.073 5.16 —4.54 —10.88
200 —0.038 —0.031 —0.027 —16.17 -5.62 -3.70
220 —0.028 —0.055 —0.032 —10.94 -9.26 —4.06
240 —0.030 —0.063 -0.073 —10.87 -9.92 08.65
260 —0.028 —0.096 —0.075 —9.46 —14.26 -8.35
280 —0.025 —0.099 —-0.136 -791 —13.94 —14.30
300 —0.030 —0.069 —0.083 —8.96 -9.26 -8.28

are about 8.50%, 7.05%, and 6.75%, respectively. In addi-
tion, when compared with the accuracy decay characteristics
under pure sliding motion, the conclusions are as follows.
If the mixed sliding-rolling motion and different AL +FR
are considered comprehensively, the average values of the
absolute errors were changed from 0.0074 pm, 0.0229 pm,
and 0.0334 pm to 0.0169 pm, 0.0352 pm, and 0.0429 pm.
And the maximum values of the relative errors were changed
from 35.29%, 33.34%, and 38.36% to 16.17%, 14.26%, and
14.30%, and the average values of the relative errors were
changed from 11.18%, 11.19%, and 11.22% to 8.50%, 7.05%,
and 6.75%, respectively. Similarly, the average of absolute
error increased slightly, but the average value of relative
error decreased. Furthermore, the maximum value and the
average value of the relative error decreased significantly.
Therefore, the accuracy decay analysis model established
is beneficial to improve the BS prediction precision under
different AL +FR.

5 Conclusion

In this paper, considering mixed sliding-rolling motion in
CNC machine tools, the numerical modeling method for
the accuracy decay of the BS under single or multiple non-
constant operating conditions is proposed. The model is veri-
fied and analyzed through experimental testing. The main
conclusions of the research can be summarized as follows:

1. Under different AL, the accuracy degradation due to
rolling motion between the ball and raceway accounted
for 19.81%, 20.33%, and 20.76% of the ball screw accu-
racy loss due to sliding motion, respectively. And the

accuracy degradation due to rolling motion between the
ball and raceway accounted for 16.53%, 16.90%, and
17.19% of the ball screw accuracy loss due to mixed
sliding-rolling motion, respectively. If the mixed sliding-
rolling motion and different AL are considered com-
prehensively, the average values of the absolute errors
were changed from 0.031 pm, 0.033 pm, and 0.038 pm
t0 0.0192 pm, 0.0229 pm, and 0.0254 pm, respectively.
And the average values of the relative errors were
changed from 12.66%, 11.40%, and 11.38% to 6.60%,
6.40%, and 5.90%, respectively.

Considering mixed slip-roll motion under FR, the accu-
racy degradation due to rolling motion between the ball
and raceway accounted for 19.92%, 20.47%, and 20.93%
of the BS accuracy loss due to sliding motion. And the
accuracy degradation due to rolling motion between the
ball and raceway accounted for 16.61%, 16.99%, and
17.31% of the BS accuracy loss due to mixed sliding-
rolling motion, respectively. In addition, the average
values of the absolute errors were changed from 0.0238
pm, 0.0505 pm, and 0.0589 pm to 0.0298 um, 0.0549
pm, and 0.0665 pm. And the maximum values of the
relative errors were decreased from 33.34%, 31.77%, and
33.66% to 10.64%, 14.07%, and 12.06%, and the average
values of the relative errors were decreased from 11.18%,
11.19%, and 11.22% to 7.27%, 6.11%, and 6.67%.

According to accuracy decay analysis under AL +FR,
the accuracy degradation due to rolling motion between
the ball and raceway accounted for 18.16%, 18.58%, and
19.21% of the BS accuracy loss due to sliding motion,
respectively. And the accuracy degradation due to rolling
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motion between the ball and raceway accounted for 15.37%,
15.67%, and 16.11% of the BS accuracy loss due to mixed
sliding-rolling motion. And the maximum values of the rela-
tive errors were reduced from 35.29%, 33.34%, and 38.36%
to 16.17%, 14.26%, and 14.30%, and the average values of
the relative errors were reduced from 11.18%, 11.19%, and
11.22% to 8.50%, 7.05%, and 6.75%, respectively.
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