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ABSTRACT Ball screws are used as precision transmission components in a wide range of industries. The
combination of sliding/rolling motion can influence the degree of precision degradation of the ball screw.
Optimization analysis of structural parameters can reduce precision loss and improve precision retention.
This article presents an optimization analysis of the ball screw to improve precision retention under mixed
sliding-rolling motion. Precision loss of the ball screw due to mixed sliding-rolling motion was calculated.
In addition, the effects of operating conditions and structural parameters on the precision loss were analyzed.
Factors affecting precision loss of the ball screw under mixed motion were determined and the objective
function to characterize precision retention was established according to imposed constraints. Structural
parameter optimization of the ball screw based on an advanced neural fuzzy network can reduce the average
rate of precision loss by approximately 18.36% and improve precision retention.

INDEX TERMS Ball screw, precision retention, structural parameters, optimization analysis, advanced
neural fuzzy network.

NOMENCLATURE Ay, Ag nominal contact area between ball
a,, by contact long/short axis between ball and nut/screw
and nut A, Ars actual contact area between ball and
Auri, buri contact long/short half axis between nut/screw
i-th ball and nut Axn, Cxns Ayn, Cyn - rolling contact point in x,/y, direc-
AuRi, buri contact long/short axis between tion
No. i ball and nut Ay, Cys, Ayg, Cys rolling contact point in x/y, direc-
ag, by contact long/short axis between ball tion
and screw By, By critical point of sliding and sticking
agri, beri contact long/short half axis between in x,/y, direction
No. i ball and screw By, By critical point of sliding and sticking
asgi, Dsri contact long/short axis between in x,/yg direction
No. i ball and screw 2¢xn, 2¢yn creep length of ball and nut in x,/y,
20y, 2ay, contact length of ball and nut in direction
Xnly, direction 2cxs, 20y creep length of ball and screw in
20y, 2ays contact length of ball and screw in Xslys direction
X/ys direction Cp—s, Cp—p cycle number of ball relative to
screw/nut raceway
The associate editor coordinating the review of this manuscript and ;;", ", dax", 4" ball/screw displacement in x,/y,
approving it for publication was Zheng Chen . direction
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ball/screw displacement in x;/y;
direction

nominal diameter of screw

ball diameter

fractal parameter

rolling wear depth between ball and
nut in x,/y, direction

rolling wear depth between ball and
screw in xg/yy direction

screw/nut hardness

precision loss between ball and
screw/nut due to sliding wear
precision loss due to rolling wear in
Xn/yn direction

precision loss due to rolling wear in
X/ ys direction

boundary wear coefficient

sliding distance of screw/nut relative
to No. i ball

the length of the screw/nut raceway
as well as the abraded areas
effective travel of screw/nut
distance of curvature center between
screw raceway and nut raceway
number of balls in left/right nut
number of balls in left nut

number of balls in right nut

total number of rolling contact
between ball and screw/nut

Hertz contact area parameter

initial contact center between ball
and raceway

contact center between the ball and
raceway after deformation when
F, <2.83F,

contact center between the ball and
raceway after deformation when
F, > 2.83 F

curvature center of ball/nut race-
way/screw raceway under initial
contact state

curvature center of ball/nut raceway
after contact deformation

screw pitch

ball radius

nut/screw track curvature radius
ball/screw sliding velocity

screw pitch radius

sliding-rolling ratios between ball
and screw/nut

effective curvature radius of the
raceway

creep length value in rolling motion
raceway curvature ratio

feed rate
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w
wp, Wy, Wt

ball/screw sliding velocity in x;/ys
direction

average rolling velocity in x,/y,
direction

average rolling velocity in xg/ys
direction

ball velocity relative to the screw/nut
ball center velocity relative to
screw/nut

sliding velocity in x,/y, direction
sliding velocity in x;/y, direction
wear amounts of one cycle

wear amount between ball and
left/right nut in one cycle

wear amount of ball in left/right nut
with screw in one cycle

wear amount of No. 1 ball in
left/right nut with the screw/nut in
one cycle

ball/screw contact position in x;,/y;,
direction

ball/screw contact position in x;/yg
contact angle between No. i ball and
left nut/screw under Fa<2.83Fp
contact angle between No. i ball and
right nut/screw under Fa<2.83Fp
contact angle between No. i ball and
left nut/screw under Fa>2.83Fp
contact angle between No. i ball and
right nut/screw under Fa>2.83Fp
the angle between the 2-axis and the
b-axis (Ref. [2])

helix angle

axial deformation between left/right
nut and screw under Fa<2.83Fp
axial deformation between left/right
nut and screw under Fa>2.83Fp
ratio of axial load to preload

phase angle of No. i ball

center angle between two adjacent
balls

phase angle of No. 1 ball
transmission efficiency without
preload

equivalent friction angle

contact angle between ball in
left/right nut and raceway under
Fa<2.83Fp

contact angle between ball in
left/right nut and raceway under
Fa>2.83Fp

change value of initial contact angle
OL1/0R1/61.2/0r>

rotating speed of screw

projection of wp, in B/N/T direction
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Wpr ball spin angular velocity

Wni—b angular velocity of nut relative to
ball

WN nut angular velocity

Wsi—b angular velocity of screw relative to
ball

Cans Syn creep rate in x,/y, direction

Cxss Cys creep rate in x;/y, direction

v the angle between the U-axis and the
2-axis (Ref. [2])

Ap precision loss values due to sliding-

rolling mixed motion

I. INTRODUCTION

Ball screws are often used as precision transmission compo-
nents in the aerospace, CNC machine tool, and electrome-
chanical equipment industries. Precision loss of the ball screw
will directly affect the performance of precision equipment.
Precision retention is defined as the ability to maintain a
certain level precision under specific operating conditions
over a certain period of time. Mixed sliding-rolling motion
can have considerable influence on ball screw precision loss.
Moreover, reducing the rate of precision loss can improve
precision retention.

To date, studies on the precision loss of ball screws due
to sliding and rolling motion have typically focused on kine-
matic and static analyses [1]-[6] or creep theory [7], [8].
By combining sliding motion analysis with Archard theory
[9], a ball screw precision loss model for analyzing slid-
ing motion behavior was previously established [10]-[13].
Wei et al. [10] investigated wear rates of ball screws under
various operating conditions and described the relationship
between preload and wear rate. Zhou et al. [11] introduced
an accuracy loss model and examined the influence of sliding
speed and sliding motion on precision loss of the screw
raceway. Liu er al. [12] improved the precision loss model
by considering the real contact area between the ball and
the raceway, thereby improving the accuracy of the preci-
sion loss calculation. Further studies were also performed by
Wei et al. [10], Zhou et al. [11], and Liu et al. [12] under
constant working conditions, i.e., constant axial load and con-
stant feed rate. In contrast, Cheng et al. [13] studied the ball
screw precision loss characteristics caused by sliding motion
under time-varying axial loads and feed rates. In addition,
rolling motion analysis was combined with creep theory [7],
[8]. Xu et al. [8] established a friction force model of the ball
SCrew.

Previously derived precision loss characteristics have laid
the foundation for the optimized design of the ball screw
for precision retention. Thus far, studies on the optimization
of structural parameters of the ball screw have been limited
to the transmission efficiency [3], [4], stiffness [1], [14],
servo structure [15], [16], preload [17] and active suspension
[18]. Based on data from experimental studies of the ball
screw actuator, Zhao et al. [18] proposed an active suspension
system with a novel double vibration reduction structure.
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Riaz et al. [19] used the optimized softmax function to iden-
tify defects in ball screw actuators, including mechanical
friction, backlash, and fatigue failure. However, fewer stud-
ies have optimized structural parameters of the ball screw
for precision retention. Miura et al. [20] adopted the small-
ball concept to optimize the ball screw position accuracy by
reducing fluctuations in the contact load.

Previous research has effectively optimized the ball screw
based on transmission efficiency, stiffness, servo structure,
preload, and structural parameters. To the authors’ knowl-
edge, the ball screw has not been optimized for precision
retention while considering the effects of mixed sliding-
rolling motion. Thus, precision loss of the ball screw
under mixed sliding-rolling motion behavior merits further
attention. In this study, operating conditions and structural
parameters affecting the precision loss of the ball screw were
analyzed. Then, based on precision loss, the structural param-
eters were optimized to improve precision retention.

The rest of paper is organized as follows: In Section 2,
a method based on kinematic theory for calculating the pre-
cision loss of the ball screw caused by mixed sliding-rolling
motion is introduced. In Section 3, the calculated precision
loss is used to analyze the operating conditions and structural
parameters associated with precision loss. Section 4 presents
an optimization analysis for precision retention based on
the precision loss characteristics under mixed sliding-rolling
motion. In Section 5, the objective function and optimization
constraints are presented, and are used to optimize structural
parameters of the ball screw with the overall aim of improving
precision retention. The main conclusions of the study are
summarized in Section 6.

Il. PRECISION DEGRADATION UNDER MIXED
SLIDING-ROLLING MOTION

During operation of the ball screw, rolling and sliding move-
ment between the ball and the raceway occur. Precision loss
of the ball screw due to wear can be calculated separately for
sliding and rolling motion using the Archard model [9] and
creep theory [8], respectively.

A. PRECISION DEGRADATION DUE TO SLIDING MOTION
The contact area between the ball and raceway is an ellipse,
however, the actual contact area is only a small region of
the ellipse, as shown in Fig. 1. Precision degradation due
to sliding wear between ball and screw/nut raceway can be
expressed as

besvbfs
By = —2STb=s 4 1
sbs ALy, s (1a)
Cb—an—n
hgppn = ——A 1b
sbn Aan,n m ( )

where Cp_g, Cp—, are the cycle number and Vj_g, Vj,_,, are
wear during one cycle of the ball relative to the screw/nut
raceway, respectively; Ag, A, are the nominal contact area
between ball and screw/nut, respectively; A, A, are the
actual contact area between ball and screw/nut, respectively;
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Ly_g and Lp_, are the length of the screw/nut raceway as well
as the abraded areas, Then,

Ly = Lk/SinOé (2
6Ny R Fy, 2/3
Ak = ﬂakbk =T (W) (33.)
4 rer (éii)
A, = | \TEEr) ia (3b)
k= T (ry —r) 2—Dy Lk

Vps = VE +VE
=[VE O+ + Vv 0]
VR o+ v o] @
Vien = Vi, + Vf_n
- [v},{ln O+ + VM (t)]

[V o+ Vo] @)

When k = s, Eq. (2) represents Ly,_s; when k = n, Eq. (2)
represents Ly_g. In Eq. (3a), when k = s, ai, by are the
long/short axes of the contact ellipse between ball and nut,
respectively; when k = n, a,, b, are the long/short axis of
the contact ellipse between ball and nut; Ny is the Hertz
contact area parameter; Ry is the effective curvature radius
of the raceway; Fj is the contact load between the ball and
raceway. E* is the equivalent elastic modulus of the material.
When k£ = s, Eq. (3a) represents Ag; when k = n, Eq. (3a)
represents A,,. In Eq. (3b), 7 represents the raceway curvature
radius, fractal parameter Dy = 1.62, and ay is the maximum
contact area [12]. When k = s, Eq (3) represents A,; when
k = n, Eq. (3) represents A,; V, b 5 Vf_s is the amount of
wear of the ball in left/right nut with screw in one cycle;
VE VR represents the amount of wear between ball and
left/right nut during one cycle, respectively.

The contact state of the ball screw varies with the axial load
and preload. The preload tends to decay during operation,
however, preload attenuation is a lengthy process, moreover,
the preload cannot be directly measured. Zhou et al. [6]
described the relationship between the preload and no-load
drag torque to indirectly obtain the preload. Based on this
method, a preload attenuation law was introduced and used
to predict preload attenuation [21].

In this study, the feed rate of screw was 240 mm/min
and 0.96 million revolutions were performed in 800 h. The
support vector machine (SVM) was used to predict the
preload attenuation rate of ball screw [21]. The results show
that from 0-0.96 million revolutions, the preload attenuation
rate changes from O to approximately 16.91%. After 800 h,
the attenuated preload value is about 224.90 N. That is,
the average preload attenuation rate is about 0.2811 N/h.
Fig. 1 shows the contact state between the ball and the race-
way under different working conditions.
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In Fig. 1, the actual contact angle includes the initial con-
tact angle and the change in contact angle due to contact
deformation.

From the force balance analysis of Fig. 1(a),

MpL
L2 i L2
E F~sinf;” cosa

i=1
Mpr

FR2 _ Fllfz(t) = Z FSI?Z sin 6‘52 cos o
i=1 (&)
Fi? +F2 =Fy

L2 L2
FE (1) + FE? =

(SIS

(Frm+ FL2> (FLz(t))
= (FlPm)" + (FR - FRz(t))%
Similarly, the force balance analysis of Fig. 1(b) gives
Mpr
Fp“(t) + FL = Z FEV sin 05! cos o
Vi

szl(t) FR1 ZFRl sm@ﬁl cos
FI 4+ FR = F,

(FEo +FE)

u)\l\)

2
3

(1)

+ (FR@® - FRY) =2 (FH o)
(6)

The contact angle changes according to the amount of contact
deformation, which affects the distribution of the contact
load. Fig. 2 presents a schematic diagram of contact defor-
mation under the axial load and preload.

Parameters in Fig. 2 are defined in the Nomenclature. The
amount of contact deformation, 851, 88!, 622, and 682, can be
calculated using Hertz contact theory. Assuming the preload
and axial load cause contact deformation, the initial contact
angles change from 6; 1, 6g1, 612, and Og> to 0511 , 9511 , Qnle, nd
9512, respectively. representing an increase in GL > QI’H, 9i2,
and 6p,, respectively.

Ll

Ly sinfr1 + cosa

Ll _ :
0,; = arcsin

sL1 72
(Lsy cos611)* + [LSN sinf1 + Cosa]
0, =0 —op,
(7a)

Rl

Lgy sin gy +
Rl = arcsin 5o

2
(Lsn cos QRI) + [LSN sinOg1 + ik :I

cosa
/' _ pRI1
QRI - Qni — Or

(7b)

L2

CDSO{

Lsy sinfry +
O,fiz = arcsin

sL2 72
(Lgn cos 9L2)2 [LSN sinfry + cosa]

0, =0 —0,

(70)
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FIGURE 1. Contact state and wear of ball screw under different working conditions: (a) Axial force is 2.83 times less than the preload;

(b) Axial force is 2.83 times greater than the preload.

. SRZ
Lgy sin Oy + -~
682 = arcsin ==
s . 582 1
(Lsy cos 0r2)* + [LSN sinOg2 + cosot]

b = 012 — b2
(7d)

where Lgy is the distance between the curvature center of the
screw and nut raceway in the initial contact state, expressed
as

Lsy = |ONOs| = |ry +rs — Dpl (8)

where ry, rg are the nut/screw track curvature radius and Dy,
is the ball diameter.

From ftg; to fgi41, the amount of wear of the ball and
screw/nut can be expressed as

Igsit1 Tssi+1
u uc
Vi (ssi) = f V- (tssi)dt = f
Tgsi Tgsi

uc
St

kbs H Lpsi dt

b—s

(9a)
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uc

Tnsi+1 (
ni

Insi+1

Vzc;m' (tnsi) dt 2/ Lpnidt

V[L'Lni (tnsi) = /
1, Insi

nsi

kbn Hh—n

(%9b)
where v;¢ . and v, . are the velocity of the ball center rela-
tive to the screw and nut, respectively, in the spiral direction.
Whenu = L, insi is the velocity of the ball in the left nut
relative to the screw, v;° . is the velocity of the ball relative
to the left nut; When u = R, vj° ; is the velocity of the ball
in the right nut relative to the screw and v;° . is the velocity

—ni

of the ball relative to the right nut, expressed as [2], [22]

uc  __ s puc uc
V- = Wy sinb,; — wpr cos O,
) + rcos 0, cosa (10a)
cos o
uc  __ s puc uc
Ve pi = Vb—s — @ut Sin0,; + wpr cos,;
+w + rcosacos 6, (10b)
cos o
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FIGURE 2. Deformation and contact state between ball and raceway under axial force and preload: (a) Deformation between the left nut and
screw when the axial force 2.83 times less than the preload force; (b) Deformation between the right nut and screw when the axial force is
2.83 times less than the preload force; (c) Deformation between the left nut and screw when the axial force 2.83 times greater than the
preload force; (d) Deformation between the right nut and screw when the axial force is 2.83 times greater than the preload force.

In Eq. (9a-b) and Eq. (10a-b), when F, < 2.83F,,c = 1;
when F, > 2.83F,, c = 2.

Sliding distances of the screw/nut relative to the i-th ball,
Ly and Ly, respectively, are

2
Rp_siwsi—pr cOs o L
Ly = b—siWsi—b R2+ (_)
7 (1 + Rp—gi) Vps—ssiR 2w
P 2
X (R — rcos 956)2 + (—S> (11a)
h T
Rp—pniwni—pr cos o L\?
me’ _ b—ni®ni—b R2+ <_>
7 (1 + Rp—ni) Von—sniR 2

- (11b)

2
x [ (R = rcos 9;‘1-”)2 + (£>

where vps_gsi and vp,—syi are the velocity of the ball relative
to the screw/nut at the contact point; Rp_g; and Rp_,; are the
sliding-rolling ratios between the ball and screw/nut, respec-
tively [2], [13]; wsi—p is the angular velocity of the screw
relative to the ball and wy;—p is the angular velocity of the

nut relative to the ball, expressed as (12a) and (12b) shown at
the bottom of the next page.
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B. PRECISION LOSS DUE TO ROLLING MOTION

According to Kalker’s empirical theory [23], partial sliding
and partial sticking phenomena may occur in the rolling
contact area. A schematic diagram of rolling contact between
the ball and raceway is presented in Fig. 3 (see Nomenclature
for parameter definitions).

At time #;, rolling wear of the ball and the screw raceway
can be written as

hrbs = hrbs (li—l) + kb&fixs ”Sbs (ti) — Sps (ti—l)“ (13)
where A, (t;i—1) is the wear depth of a ball and screw raceway
at time #;_ and fix; can be written as

F¥
ﬁXS ~ il
4cysays

(14)

According to Eq. (13), the cumulative wear depth of the
rolling contact area between the ball and the screw in the
direction x5/ys

can be obtained as

XS — h}CS

ti\’S
XS A XS5 XS XS
s = M (127) + / kpsfixsVipdti”, 67 < 1¢
r

l
Xs
A

(15a)
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FIGURE 3. Rolling contact between ball and raceway.

ys

I
A _ ys ys ! g S ys ys ys
hrbs - hrbs (IA ) + /.ys kb&flySVstdti sl <I¢
e I (15b)
ﬁys ~ St
4cysaxs
where v /V:ZS is the sliding velocity in the x;/yy direction

(see Nomenclature for parameter definitions).

ris = ‘/lgs—sgx‘? + V)bcsa (dgs - d;m)/axgs
+ V99 (dfF — a) [ox

Vi’ | = [v¥| = |(roocos 0l — Rw) sing}  (16a)
+rosina sin € cos ¢;' |
dl=ry+ei-1)
Vips = Vi s+ v, 0 (dy) —d3”) [ox
S @) ) o o

51 = 97 = I(R = ravcose) cos

. e
+rowsina sin 0 sin ¢; |

Then, the average rolling velocity in the x,/y, direction
v/ vf_v is (17a), (17b) as shown at the bottom of the next
page.

Cxs/Cys s the creep rate in the x, /y, direction [8], calculated
as (18a), (18b) as shown at the bottom of the next page.

Similarly, the cumulative wear depth of the rolling contact
area between the ball and the nut in the x;/y, direction can
be written as

t.)')l

M = Mgy (1) + f " knfamvipdi”, 8" <12 (19b)

rbn

A
According to Eq. (14) and Fig. 3, fix, and f;y,, can be derived
by analogy. From Eq. (18a-b), 1 and ¢ can be acquired [2],

then wp can be obtained as

R ue
N =~ + rcosfy cosa (20)
cosa

Ill. PRECISION LOSS MODEL AND INFLUENCING
FACTORS
A. PRECISION LOSS MODEL
Precision loss is the difference between the positioning error
at the end of the operation and the initial positioning error
in the stable wear stage. According to the model of preci-
sion loss due to sliding wear (Section 2.1) and combining
Egs. (9a), (10a) and (11a), Vj—s can be obtained as
ch bRc
Vs =M [V,,Lfs (0 ==+ V&, () %]
t t

FECLyg ble FReLyg bRe
= M (kS0 gy T EUSEDs ) oy
Hy s i Hp s i

where i; is the number of leads (see Table 1). Combining
Egs. (1a) and (21), the precision loss due to sliding wear in
the stroke direction can be written as

cosa  [Lo=s Cp_sMkpsLpsi
Hsbs == - 5 .
0

W Hbfsit
FchLc FRchc
) L Y R
x( AR+ gAY | (22
s s

Similarly, combining Egs. (9b), (10b), and (11b), V}_,, can
be obtained. Based on Eq. (1b), precision loss due to sliding
wear, Hgp,, can be expressed as

Ho - cos o / Lo—n Cp_nMkpyLpni
sbn sin6¢ Jo Hy_,i;
FL.CbLC FRchc
ni “n ALc ni “n ARc dl (23)
< A%C m A{,SC rn

Based on Section 2.2.1 and Eq. (16a), the relationship
between the number of rolling cycles and the rolling wear
depth in the x;-direction can be written as where ny, =
MCyp_. According to Eq. (3), cysays can be calculated as [14],
[25], [26],

e 2/3
1 (6NyreF“

o = 30 () + [ Konfua e " < (190 R 25

o 8 wE;

rg (r + r, cos Gr’l‘f) COS & COS (a - 9;‘[?) w
Wsi=b = T, (r — rs COS 9““) cos (a — 9”“) +r (r ~+ r, cos 0’“) cos (a — 9”") (122)
n s si ni s n ni i
—ry (r — rycos 01%) cos (a0 — 0/) w

Oni—b = _ uc _ puc uc _ puc (12b)

ru (r = rycos 01) cos (o — 0€) + ry (r + ry cos 0) cos (o — 01°)
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Similarly, rolling wear depth in the y; direction can be
written as

RysKps o ayg Sy (8;’" - r) rwy

ny () = (26)

deysays
where ny; = nyy = MCp_ and cysays can be calculated as

1 <6NHrSFS“f>2/3

g N — 27
CysQxs 9 7E, 27

Rolling wear depth in the x,/y, direction can be written
(28) as shown at the bottom of the next page.
Rolling wear depth in the y, direction can be written as

nynKonF o dyngyn (r — 81) ravy
4cynaxn

1y () = (29)

According to Egs. (24), as shown at the bottom of this page,
and (25), the precision loss due to rolling wear depth in the x;
direction is

Ccos o

Ly
3 = e fo o () dl (30)

Similarly, based on Egs. (27) and (28), the precision loss
due to rolling wear depth in the y; direction is

Lp—g
s cosa 3
Hy = 6w /O Pps () dl (31)

The precision loss due to rolling wear depth in the x;,, and
v, directions can be defined, separately, as

Lp—p
cos o
Hiy = oo /0 = () dl (32a)
Ly—p
cos o .
Hy = e /0 By, () dl (32b)

Combining Egs. (22), (23), and (30)—(32b), the precision
loss considering mixed sliding-rolling motion can be obtained
as

Ap = Hyps + Hypn + Hyj + Hyy o+ Hyy, + Hy,

rbn

(33)

TABLE 1. Initial parameters of ball screw.

Parameters Value Unit
Nominal diameter of ball screw 50 mm
Ball diameter 6.75 mm
Nut track curvature radius 3.673 mm
Screw track curvature radius 3.673 mm
Contact angle 45 degree
Helix angle 4.35 degree
Lead 12 mm
Axial length of nuts 80 mm
Number of balls 136 /
Rows x Turns x Leads 2x2.5x1 /
Raceway curvature ratio 1.09 /
Screw hardness 62 HRC
Nut hardness 62 HRC
Young’s modulus 205 GPa
Poisson’s ratio 0.3 /
Lubrication mode Grease /
Boundary wear coefficient 3.2E-11 /

B. PRECISION LOSS ANALYSIS AND EXPERIMENT

For the experiment, the preload was set to 1330 N and the
axial load was 2500 N. The feed rate of screw was 240
mm/min. Lubricating grease (KOC301) was used and all
tests were carried out at ambient temperature (23°C). The
operating time under each condition was 500 h. Parameters
of the ball screw (W5017-C2Z12) are listed in Table 1.

Fig. 4 presents a flowchart of the process for calculating
the ball screw mechanism (BSM) precision loss due to mixed
sliding-rolling motion.

In this study, V,, (with a tested travel range of 400 mm)
was selected as the precision loss index. The precision loss
value was then calculated as the difference between the ini-
tial value Vg and V,i were recorded at various time points.
The cumulative wear depth in the stroke direction corre-
sponds to the BSM precision loss [4], [11], [12]. Precision
degradation of the BSM due to accumulated wear caused
by sliding motion of the ball and screw/nut can be obtained
using Egs. (22) and (23), respectively. Fig. 5 compares the
BSM precision loss due to sliding motion wear obtained
using the model presented in this article and values obtained

r (83” - r) (a)n cos 0. + wy sin %c) + wrRp; [(r — 83”) cos By — R]

Vi = 2 (172)
r (6% —r)w,

Vg = @ e 5 o (17b)
" 2 (83” - r) (a) €08 0. — wpy sin 1 cos O — wp, cos Y cos B sin G?f) + wR (182)
= - s 3 a

o wR + (r — 8(‘1‘0) (a),, cos 0 + wp sin O — w cos Qs”i")

2 (8%¢ — r) wp, cos Y sin

Lys = (0a = 1) o cosy (18b)
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R + (r — 84°) (wn cos 0% + wy sin 4 — w cos H1€)
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FIGURE 4. Flow chart of precision loss calculation.

using the models of Wei and Lai [4], Zhou et al. [11], and
Liu et al. [12].

Fig. 6(a) shows the variation of cumulative BSM rolling
motion wear obtained by combining Eq. (30) and (31). Simi-
larly, according to Eq. 32(a) and (b), the rolling motion wear
depth for effective transmission between the ball and nut in
the x,, and y,, directions can be obtained. The variation of wear
depth is shown in Fig. 6(b).

Before the test, VS was measured as the initial value. Then
Vli was measured once every 50 h. The test was repeated
5 times and the average V[L was calculated. The precision loss
was calculated at each time point as the difference between
VS and V[L. To verify the precision loss model of the ball
screw under mixed sliding-rolling motion, a test platform
was established. Precision losses were measured after the
BSM reached stable operating conditions. Fig. 7 illustrates

Nskps@es F S {1 (81¢ — 1) (wn €08 04 + wp sin 04°) + wrRps [ (r — 84°) cos 014 — R]}

xS — 24
rbs (n) 4stays ( )
M o(n) = nxnkb"aani?ich”r {(SZC B r) (w" cos 91?; + wp sin 9;:!6) — ONRpn [R + (r _ 826) cos erlllttc]} (28)
rbn 4anayn
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FIGURE 5. BSM precision loss due to sliding motion wear: (a) between
ball and screw, (b) between ball and nut.

the method used to measure the precision loss using a laser
interferometer (XD Dual Frequency Laser Interferometer).
The laser signal was used as the reference length to accurately
measure the positional accuracy and geometric accuracy of
the numerical control equipment.

The experiment was carried out as follows: (1) The
initial positioning error of the ball screw was measured
with V, as the precision loss index; (2) The required
test parameters were set according to the initial work-
ing conditions defined in Section 3.2 (F, = 1330 N,
F, = 2500 N, v = 240 mm/min, grease lubrication
(KOC301), ambient temperature of 23°C); (3) The posi-
tioning error of the ball screw was measured every 50 h
using a laser interferometer; (4) Data on positioning error
after wear and initial positioning error were processed and
analyzed to obtain precision loss values. The total test time
was 500 h.

Fig. 8 shows the platform for testing BSM precision
loss. The axial load and feed rate were set according to
the test requirements. Flow and pressure of the hydraulic
oil were controlled by the load center using the servo
valve. Hydraulic oil enters the loading cylinder through
the pressure input and flows back to the loading center
through the pressure output. For axial loading, a preset
pressure is applied to the working nut. The feed rate is

199298

0.2 . . : .
. >
—a—X direction
E 0.15r —o—y, direction ]
8
.5 0.1 g
& 0.05- i
|
08 100 200 300 400 500
Tested time\h
(@)
0.02 . - c .
L >
—a—X, direction
E 0.015| —e—y, direction 1
2
‘5 0.01r g
& 0.005F .
1
O:‘ r r r
0 100 200 300 400 500
Tested time\h
(b)

FIGURE 6. BSM precision loss due to rolling motion wear: (a) Precision
loss due to rolling motion wear between the ball and the screw; (b)
Precision loss due to rolling motion wear between the ball and the nut.

programmed and set to the desired experimental working
conditions.

The operating principle of the feed rate is that by control-
ling the operation of the center platform, the feed rate can
be programmed and realized according to the experimental
working conditions.

Combining Eqgs. (22) and (23) with Eqgs. (30)-(33), the pre-
cision loss due to mixed sliding-rolling motion was obtained.
The results are presented in Fig. 9.

Combining the results presented in Fig. 5 and 6 with
those in Fig. 9, it can be concluded that the BSM pre-
cision loss due to mixed sliding-rolling motion behavior
can be used to predict the precision loss rate under cer-
tain operation conditions and rolling motion. The precision
loss due to rolling motion between the ball and raceway
is responsible for 29.09% of the screw precision loss due
to sliding motion. Additionally, the total precision loss due
to rolling motion accounts for 21.03% of the total sliding
wear depth of the screw and nut and 17.38% of the over-
all BSM precision loss under mixed sliding-rolling motion.
Therefore, precision degradation due to rolling motion influ-
ences the total precision loss of the BSM and should be
considered.
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FIGURE 7. Method used for measuring BSM precision loss using laser interferometer.
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FIGURE 8. Test platform for measuring BSM precision loss due to sliding-rolling mixed motion behavior.

According to Fig. 9, effectiveness of the accuracy loss
model can be measured by calculating the absolute error and
relative error between the theoretical and the experimental
values, as shown in Table 2.

The results indicate that the ball screw is in a stable wear
stage from 0-500 h. The maximum absolute error between the
theoretical precision loss and the experimental value is 0.139
pm. The average absolute error is 0.0525 um, the maximum
relative error is 15.30%, and the average relative error is
7.93%. The results show that the precision loss model has
higher accuracy when mixed sliding-rolling motion is con-
sidered.

C. FACTORS INFLUENCING PRECISION LOSS

According to the precision loss analysis, when lubrication
grease is used, factors influencing precision loss include oper-
ating conditions, such as contact load (F}, F,}) and feed rate
(v = wLg), as well as structural parameters, such as contact
angle (6;, 0)'7), helix angle (), nominal diameter (D = 2R),

Si
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and ball diameter (D, = 2r). For a double-nut ball screw,
the contact load is related to the axial load (F,) and preload
(Fp). According to the flowchart shown in Fig. 4,

Ap =f (Fp, Fa, v, 60k, a0, D, Dp) (34)

where w is the rotating speed of screw and Lg is the lead.
0ic, 6. are the actual contact angle considering contact
deformation between ball and raceway: 05! = 0Ll = 0, +
n 081 = 681 = Or1 + Opy, 052 = 612 = 612 + 6],
95 = 9,’;2 = 02 + 6p,. Furthermore, 0.1, 6g1, 012 and 6go
describe the initial contact angles before contact deformation:
Ok =61 =01 =012 = Oro.

Results of the precision loss analysis and ball screw exper-
iment (Section 3.2) suggest higher accuracy of the precision
loss model when mixed sliding-rolling motion is considered.
Taking the initial working conditions of Section 3.2 and the
ball screw structural parameters in Table 1 as an example,
the effects of preload, axial load, and feed rate of the screw on

the precision loss were investigated. The influence of preload,
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FIGURE 9. BSM precision loss due to sliding-rolling mixed motion
behavior.

TABLE 2. Precision loss analysis.

Time Theoretical Experimental Absolute Relative
precision precision error error
(h) loss (um) loss (um) (um) (%)
0 0 0 0 /
50 0.131 0.115 -0.016 -12.21
100 0.281 0.238 -0.043 -15.30
150 0.432 0.371 -0.061 -14.12
200 0.604 0.566 -0.038 -6.29
250 0.753 0.735 -0.018 -2.39
300 0.936 0.985 0.049 5.24
350 1.097 1.008 -0.089 -8.11
400 1.273 1.134 0.139 -10.92
450 1.436 1.401 -0.035 -2.44
500 1.596 1.633 0.037 2.32

axial load, and feed rate on the precision loss when all
other operating conditions were held constant are illustrated
in Figs. 10-12.

When the axial load is 2500 N, as the preload increases,
the ball in the right nut appears to be unloaded. According to
Eq. (6), the contact load is zero when the preload is 883.4 N.
When 400 N < F,(¢) < 883.4 N, the precision loss between
the screw and the ball in the left nut increases slowly and the
precision loss between the screw and the ball in the right nut
decreases slowly. In this case, the contact load between the
ball in the left nut and the raceway gradually increases and the
contact load between the ball in the right nut and the raceway
gradually decreases.

When 2000 N > F,(t) > 883.4 N, the precision loss
between the balls of the right and left nuts and the raceways
(screw raceway, nut raceway) increase since, according to
Eq. (5), the contact load gradually increases as the preload
increases; Therefore, in Fig. 10, as the preload increases,
the precision loss of the ball screw increases under both slid-
ing and rolling motion. Since the preload increases, the con-
tact load also increases, thus, the amount of wear increases
resulting in greater precision loss.

When the preload is 1330 N, the ball in the right nut
appears to be unloaded as the axial load increases. According
to Eq. (6), the contact load is zero when the axial load is
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FIGURE 10. Effect of preload on precision loss under mixed
sliding-rolling motion.
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FIGURE 11. Effect of axial load on precision loss under mixed
sliding-rolling motion.

3763.9 N. When 2000 N < F, < 3763.9 N, the precision
loss between the screw and the ball in the left nut increases
slowly and the precision loss between the screw and the ball
in the right nut decreases slowly. This is because the contact
load between the ball in the left nut and the raceway gradually
increases and the contact load between the ball in the right
nut and the raceway gradually decreases. In this case, total
precision loss between the ball and the raceway increases
slowly.

When 6000 N > F, > 3763.9 N, precision losses
between the balls of the left and right nuts and the race-
ways increase since, according to Eq. (5), the contact load
gradually increases as the axial load increases; Therefore,
in Fig. 11, the precision loss of the ball screw increases
under both sliding motion and rolling motion as the preload
increases. When the axial load is increased, the contact load
also increases, thus, the amount of wear increases resulting in
greater precision loss.

In Fig. 12, as the feed rate increases, both the precision loss
between the ball and the screw raceway and the precision loss
between the ball and the nut raceway increase, because the
sliding velocity and sliding distance increase as the feed rate
increases, resulting in faster precision loss.

Similarly, the precision loss model presented in Section 3.2
was used to study the influence of structural parameters on the
ball screw precision loss. The effects of contact angle, helix
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FIGURE 13. Effect of contact angle on precision loss under mixed
sliding-rolling motion.
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FIGURE 14. Effect of helix angle on precision loss under mixed
sliding-rolling motion.

angle, nominal diameter, and ball diameter were examined,
as shown in Figs. 13-16.

In Fig. 13, although the precision loss value gradually
decreases under sliding motion, the precision loss under
rolling motion tends to decrease first and then increase.
Therefore, the ball screw precision loss exhibits the phe-
nomenon of first decreasing and then gradually increasing.

Fig. 14 shows that the precision loss under both sliding
motion (between the ball and left and right nut and between
the screw and ball in the left and right nut) and rolling motion
(between the ball and left and right nut and between the screw
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FIGURE 16. Effect of ball diameter on precision loss under mixed
sliding-rolling motion.

and ball in the left and right nut) decrease as the helix angle
increases. Since feed rate is constant, the rotational velocity
(w) of the screw can be reduced by increasing the helix angle;
therefore, the relative sliding velocity and sliding distance
between the ball and the raceway decrease and accuracy loss
decreases.

Fig. 15 shows that as the nominal diameter of the screw
increases, the precision loss under sliding motion (between
the ball and the left and right nut and between the screw
and the ball in the left and right nut) and the precision loss
under rolling action exhibit only a small decrease; Therefore,
the nominal diameter of the screw has very little effect on the
precision loss of the ball screw compared to contact angle and
helix angle.

Fig. 16 shows that the precision loss under sliding motion
(between the ball and the left and right nut and between the
screw and the ball in the left and right nut) and rolling action
increase as the ball diameter increases.

The sum of the squared difference between the precision
loss and the initial precision loss for influencing factor g is
denoted Y (pgi — %)2. The sensitivity of precision loss to
influencing factor g can be expressed as

Nq s

2(pqz‘—qu)
Sg= | =——7—— (35)
! NqPqS‘APif}
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TABLE 3. The structural sensitivity parameter.

Classification name N, o ‘Ap,f Sy - )
Contact angle 37 1.374 9 1.384370
Helix angle 37 1.374 54 3.155076
Nominal diameter 37 1.374 36 0.041799
Ball diameter 37 1.374 1.8 5.946009
Preload 37 1.374 1600  18.669669
Axial load 37 1.374 4000 121.664366
0.3 T T T T T T T
5o i
2 01f- 4
0 Contact angle  Helix angle NonmnelsrBa]l diameter Preload Axial load Feed rate

Structural parameters and working conditions

FIGURE 17. Sensitivity coefficient for precision loss.

where pg; is precision loss of the ith sample for influenc-
ing factor g; pgs represents the precision loss of the ball
screw under a given set of working conditions and the initial
structural parameters; N, is the total number accuracy loss
measurements for influencing factor g; |Ap,f| is the absolute
value of influencing factor g. Each parameter was calculated
separately, as shown in Table 3.

Eq. (35) was used to analyze the sensitivity of preci-
sion loss to structural parameters and working conditions,
as shown in Fig.17.

From Fig. 17, the sensitivity coefficients of the struc-
tural parameters, including contact angle, helix angle, nom-
inal diameter, and ball diameter, are 0.0550061, 0.107205,
0.00477899, and 0.254907, respectively. The sensitivity coef-
ficients of the working conditions, including preload, axial
load, and feed rate are 0.0151501, 0.0244601 and 0.0280608,
respectively. With the exception of nominal diameter, the sen-
sitivity coefficient of other structural parameters to precision
loss is greater than those of the working conditions. Thus,
the influence of the structural parameters on precision loss
(with the exception of nominal diameter) is greater than those
of the working conditions. Nominal diameter has the weak-
est influence on precision loss, compared with both other
structural parameters and working conditions; therefore, ball
diameter, contact angle, and helix were determined to be the
most important structural parameters influencing precision
loss.

IV. OBJECTIVE FUNCTION FOR OPTIMIZATION OF
PRECISION RETENTION

A. OPTIMIZATION MODEL FOR PRECISION RETENTION
Based on the precision loss model, an optimization model for
ball screw precision retention was developed. According to

199302

the results presented in Section 3.2, the axial load, preload,
and feed rate are the main factors influencing the precision
loss of the BSM. In addition, the main structural parameters
affecting precision loss are contact angle, helix angle, and ball
diameter. By optimizing the structural parameters, the preci-
sion retention of the ball screw can be improved under certain
operating conditions. Taking the contact angle, helix angle,
and ball diameter as the optimization parameters,

X = [0k, @, Dp]" = [x1, x2, x3]7 (36)

Decreasing the precision loss rate can improve the pre-
cision retention of the ball screw. According to Eq. (34),
minimizing the precision loss can improve the precision
retention of the ball screw. Thus, the target expression for the
optimization analysis can be written as

In Eq. (37), as shown at the bottom of the next page, 7 is
the raceway curvature ratio, which is in the range 1.04 to 1.11.
At the end of the calculation, #, = 1.09. The Hertzian contact
ellipse parameter Ny can be obtained as [25]

Né _ m(Z ,01/2,02)0.212
x (1.0003+05968 (3" p01/ Y r2))  (38)

Then, when the ball is in contact with the screw:

2 2.coOS x| COS X2 2 2
= — + _— — — —
Z Pl x3 2R — x3cosx Z p2 X3 1.09x3

(39
When the ball is in contact with the nut raceway:
2 2COS x| COSX) 2 2
Yoo 2o Zommeon e, 2
X3 X3+ X3C08Xx] x3  1.09x3
(40)

B. CONSTRAINTS OF OPTIMIZATION MODEL

It is necessary to consider performance constraints and geo-
metric constraints in the optimization process. Performance
constraints of the ball screw include the transmission effi-
ciency and dynamic load, and geometric constraints are
contact angle, helix angle, ball diameter, etc. The transmis-
sion efficiency of the ball screw must be greater than 90%.
After applying a preload, the transmission efficiency can be
expressed as [3]

np=n/[1+é(1—n2)] 41)

where ¢ is the ratio of axial load to preload and 7 is the
transmission efficiency without the preload. The transmission
efficiency can be calculated as

n =tana/ tan(o + A) 42)
In Eq. (42), A is the equivalent friction angle, calculated by
A = tan~'[0.01/r sin o] (43)
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Combining Egs. (42) and (43), the transmission efficiency
constraint can be written as

C1(X) =o.9—n/ [1 41 (1 —nz)] <0 (44
&

The rated dynamic load of the ball screw is [27], [28], (45)
as shown at the bottom of the next page.

The condition for meeting the dynamic load constraint of
the ball screw can be written as

Cr (X) =Cgo — [Caol =0 (46)
The contact angle constraints are [20], [22], [29]

C3(X) =43 —x1 <0
Cs(X)=x1-52<0

(472)
(47b)

The helix angle constraints can be written as [8], [29], [30]

C;(X)=273—x <0
CeX)=xp—-7<0

(48a)

(48b)

According to the range of the raceway curvature ratio

values, 1.04 < 1, < 1.11 [29], the ball diameter constraints
can be expressed as

C7(X) =6.618—x3 <0

Cs(X) =x3—7.063 <0

(49a)
(49b)

V. STRUCTURAL PARAMETER OPTIMIZATION AND
APPLICATION

A. STRUCTURE OPTIMIZATION FOR PRECISION
RETENTION

Based on the precision loss calculation and parameter anal-
ysis, an optimization target was established and the opti-
mization constraints were set. According to Sections 4.1 and
4.2, the optimization model for ball screw precision retention
considering the effects of mixed sliding-rolling motion can
be expressed as

min Ap
st.Ci(X) <0, i=1,2,...,8 (50)
X = [x1,x2,x3]" = [0k, @, Dp]T

There is a nonlinear relationship between structural parame-
ters of the ball screw and precision retention. Neural fuzzy
control theory (NFCT) can be used to solve this type of
nonlinear problem [31]. However, the advanced neural fuzzy
network (ANFN) has higher computational accuracy than the
NFCT [32], [33] and was adopted in this article, as shown in
Fig. 18.

Steps of the structure optimization based on the ANFN are:

(1) In the first layer of the premise network, the structural
parameters are connected one by one to each solid black spot.
The purpose of layer 1 is to transfer the structural parameter
variables to layer 2. The number of variables in the first layer
is n.

(2) In layer 2, each lingual variable is individually asso-
ciated with a solid black spot. The membership grade of
each component belonging to each linguistic variable is cal-
culated: g = 8rg ), k=1,2,...,m5c=1,2,..., up).
Then, the membership function of the fuzzy set of linguistic
structural parameter variables is obtained using the sigmoid
function: f (x,b,z) = (1 + e‘b("_z))fl. The number of
variables in the layeris ) ;_; pk.

(3) In layer 3, the fitness of each linguistic structural
parameter variable is calculated based on fuzzy rules:
A min{g’ll,glf,...,gﬁ;’ i o€ {1,2,..., 1) i €
{1,2, ..., w2} .. sine {2, ..., unte=1,2..., 1.

(4) In layer 4, the overall fitness of the linguistic struc-
tural parameter variables is calculated: S, = ,i—‘g
1,2..., 1. =

(5) In the latter network, layer 1 is an input layer. The
rule for each solid black spot in layer 2 is wi, = dqo +
deixy +doxy + ... + depxy, = Zzzodckxk(c =1,2,..., 1)
where doy (c=1,2,...,u;k=1,2,...,n) is the connec-
tion weight. The purpose of layer 3 is to obtain the output:
q: = Z?:] Sedic.

(6) The corrective network is used to correct the mem-
bership function and to share the operating rules with the
premise network. The membership function of the fuzzy
set of linguistic structural parameter variables in layer 2 is
fite,brz) = (1+ e’b’("’“))_l, where d; and z; are the
coefficients of the membership function.

b C =

2
Cp—sMkpsLpsi \3/ Fvulc *3 nyskbsF;ticays Lys ((SZC - X3) X3W¢
Lis | , 2 2/3 16¢ysays
oy . 3 (4 2 2COs X] COS X2 ystxs
/ 36711—117—SIINH (x3 X3 2R—x3 COS X| ) dl
0 +nxskbsaxsﬂ‘ic§xs (3 (84 — %) (wn cos x1 + wyp sinx1) + wRps 3 ((5 — 84°) cosx; — R))
Ap = COoS xp dcysays
- . 2 .
Sinxj Cb—ananhni\3/ F,?,C *3 ”ynkan,l:iLaynCyn (xS - (SZC) X3y
Lo—n | 3 i(4 2 2cosx 23 16cyna
WV i N2 (& — = _ £608X; COSXy ynxn
+/ 36ﬂHb_nltNH <x3 1px3 2R+x3 cos x| ) dl
0 Nankon@nF 1 G5 (84 — %) (wp cosxi + wp sinxy) — onRpn (R + (5 — 84) cosxy))
dcypayy,
(37
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The square error of the output can be expressed as Y _ g, =
(g — q;)2 / 2 and the coefficients of the membership func-
tion are determined as follows:

3 9q;

dex (m+1) = de (m) — §

Odck
E>0
c=1,2,...,u
k=1,2,...,n,

0 ZQZ'
0by;, ’
anZ

Zkiy, (m + 1) = Zkiy (m) - E
0Zkiy

0 ZQZ,
b,
Sa ZCIZ

ki,

bkik (m + 1) = bkik (m) _g

bii, (m 4 1) = by, (m) — &

Zkiy (m+ 1) = zyy, (M) —

k=1,2,...,n
ik=1,2,..., u

When Y g, (m) < > q; M)y, the fitness value for
precision loss was obtained, as shown in Fig. 19.

The structural parameters of the screw, including contact
angle, helix angle, and ball diameter were optimized using
the optimization model to improve the precision retention
under the set of working conditions defined in Section 3.2.
Optimized values of the contact angle, helix angle, and ball
diameter are 49.57°, 5.86°, and 6.62 mm, respectively. The
precision loss of the ball screw is 1.303 pm.

Compared with the precision loss before optimization
of 1.596 pum, the optimization reduced the precision loss
by 0.293 um; Therefore, the reduction in precision loss rate
is 18.36%. Thus, through the optimization analysis of the
structural parameters, the precision retention of the ball screw
was improved, which can extend the effective life of the ball
SCrew.

Theoretical and experimental values of the precision loss
of the ball screw under the original structural parameters
were compared to the precision loss after the optimization,
as shown in Fig. 20. The precision loss of the ball screw was
reduced by varying degrees depending on the operating time.
The experiment in Section 3 was extended to 800 hours, and
the reduction in precision loss rate after optimization of the
structural parameters of the ball screw were listed in Table 4.
The rate of precision loss reduction was calculated as the
reduced precision loss divided by the original precision loss
value and adopted as the optimization index. A larger reduc-
tion in the precision loss rate indicates a greater optimization
effect.

—— network |

X!

Latter

1
Layer 1 Layer 2 Layer 3 network |

FIGURE 18. Structure optimization based on advanced neural fuzzy
network (ANFN).
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FIGURE 19. Results of ball screw optimization for precision retention.

In Table 4, The ITPLV means “Initial theoretical precision
loss value™, the IEPLV stands for “Initial experimental pre-
cision loss value”, the OPLV is “Optimized precision loss
value”, the RPLRITV represents ‘“Reduction in precision
loss relative to initial theoretical value”, the RPLRIEV means
“Reduction in precision loss relative to initial experimental
value”’, the RRRITV is “Reduction rate relative to initial
theoretical value”, the RRRIEV represents ‘““Reduction rate
relative to initial experimental value”. From 0 to 750 h,
the reduction in precision loss of the ball screw increased.
The average reduction in the precision loss rate was approx-
imately 19.02% compared to the initial theoretical value and
approximately 13.98% compared to the initial experimental

2/3

0.3 1.39 .

X3 X3 1 0.7 ( 2R 1.8
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TABLE 4. Optimization analysis results under the working conditions defined in Section 3.2.

Time/h  ITPLV(um) IEPLV(um) OPLV(um) RPLRITV(um) RPLRIEV(um) RRRITV(%)  RRRIEV(%)
0 0 0 0 0 0 / /
50 0.131 0.115 0.102 0.029 0.013 22.14 11.30
100 0.281 0.238 0.225 0.056 0.013 19.93 5.46
150 0.432 0.371 0.345 0.087 0.026 20.14 7.01
200 0.604 0.566 0.492 0.112 0.074 18.54 13.07
250 0.753 0.735 0.616 0.137 0.119 18.19 16.19
300 0.936 0.985 0.751 0.185 0.234 19.77 23.76
350 1.097 1.008 0.894 0.203 0.114 18.51 11.31
400 1.273 1.134 1.041 0.232 0.093 18.22 8.20
450 1.436 1.401 1.156 0.28 0.245 19.50 17.49
500 1.596 1.633 1.306 0.29 0.327 18.17 20.02
550 1.751 1.667 1.416 0.335 0.251 19.13 15.06
600 1.904 1.809 1.566 0.338 0.243 17.75 13.43
650 2.054 1.914 1.675 0.379 0.239 18.45 12.49
700 2.200 2.131 1.801 0.399 0.330 18.14 15.49
750 2.344 2.360 1.903 0.441 0.457 18.81 19.36
800 2.482 3.406 2.058 0.424 1.348 17.08 39.58
TABLE 5. Optimization analysis results under changing axial load conditions.
Time/h ITPLV(um) IEPLV(um) OPLV(um) RPLRITV(um) RPLRIEV(pum) RRRITV (%) RRRIEV(%)
0 0 0 0 0 0 / /
50 0.234 0.229 0.196 0.038 0.033 16.24 14.41
100 0.489 0.465 0411 0.078 0.054 15.95 11.61
150 0.750 0.727 0.629 0.121 0.098 16.13 13.48
200 1.034 1.066 0.877 0.157 0.189 15.18 17.73
250 1.306 1.427 1.103 0.203 0.324 15.54 22.71
300 1.614 1.591 1.355 0.259 0.236 16.05 14.83
350 1.898 1.770 1.594 0.304 0.176 16.02 9.94
400 2.215 2.160 1.863 0.352 0.297 15.89 13.75
450 2.489 2.561 2.110 0.379 0.451 15.23 17.61
500 2.724 4.514 2.296 0.428 2.218 15.71 49.14
35 : : : I 5 : : T T
—+— Theoretical value / —t+— Theoretical value ki
g )5 e Test.ed.value I g L Tested value 1
G Optimized structure =2 ..
g 2 Optimized structure
= <3 +
2 1.5- 8 4
3 ]
~ e
05+ ~1r -
0= . . .
0 200 400 600 800 0z : : : :
Tested time\h 0 100 200 300 400 500
FIGURE 20. Comparison of precision loss before and after optimization. Tested time\h

FIGURE 21. Comparison of precision retention before and after
optimization.

value. Above 750 h, the optimized structural parameters

are no longer valid for the ball screw precision loss model
because severe wear of the ball screw will occur, thus, the pre-

cision loss can no longer be applied.
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A precision loss value of 2.344 um at 750 h was taken
as the critical point for transition from stable wear to severe

wear. For the optimized ball screw, the stable wear stage
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was extended to 877 h, that is, by 127 h or 16.93%. Thus,
based on our analysis, optimizing the structural parameters
of the ball screw can reduce the precision loss. Furthermore,
the precision retention can be improved, and optimization of
the ball screw precision retention can be realized.

B. APPLICATION OF STRUCTURE OPTIMIZATION

To demonstrate the effectiveness of the optimized parameters,
the precision retention of the ball screw was examined under
different working conditions. The initial axial load F, was set
to 6000 N and all other working conditions were unchanged.
The results are presented in Fig. 21.

When the axial load changes, the reduction in pre-
cision loss of the optimized ball screw varies at dif-
ferent time points. Precision loss reduction of the ball
screw and reduction rate of precision loss are shown
in Table 5.

From Table 5, the ball screw precision loss is reduced
at different rates during different operating periods. From
0 to 450 h, the reduction in the precision loss of the ball
screw increases. The average reduction in the precision loss
rate is approximately 15.80% compared to the initial the-
oretical value and approximately 15.12% compared to the
initial experimental value. For operating times greater than
450 h, the optimized structural parameters are no longer valid
for the ball screw precision loss model since the ball screw
is in the severe wear stage, thus, the precision loss model
and optimized precision loss model cannot be applied. The
precision loss of 2.344 um at 429 h was taken as the critical
point for transition from stable wear to severe wear. For the
optimized ball screw, this time was extended to about 505h,
that is, by 76 h or 17.72%.

When the axial load changes from 2500 N to 6000 N, the
optimized structural parameters can still effectively ensure
precision retention of the ball screw.

VI. CONCLUSION

In this article, an optimization analysis of structural parame-
ters for precision retention of the ball screw was realized by
considering mixed sliding-rolling motion. The results show
that precision loss of the ball screw can be reduced to a
certain extent, which can slow the rate of precision loss and
the precision retention can be improved. In addition, when
the axial load was varied, the optimal structural parameters
still effectively ensured the precision retention. The main
conclusions of this study can be summarized as follows:

(1) By optimizing the structural parameters of the ball
screw under mixed sliding-rolling motion, the precision
retention of the ball screw can be improved. In the theoretical
analysis and experiment, grease lubrication (KOC301) was
adopted, the preload was set to 1330 N, the axial load was
2500 N, the feed rate of screw was 240 mm/min, and the
ambient temperature was 23°C. In the stable wear period,
the average reduction in the precision loss rate of the ball
screw was approximately 19.02% compared with the initial

199306

theoretical value and approximately 13.98% compared with
the initial experimental value.

(2) When only the axial load varied from 2500 N to
6000 N and all other working conditions (lubrication method,
preload, feed rate of screw, ambient temperature) remained
the same, the stable wear stage was shorter. That is, the abil-
ity of the ball screw to maintain precision is degraded as
the axial load increases. However, the precision retention
of the ball screw can still be improved by optimizing the
structural parameters. In the stable wear period, the aver-
age reduction in the precision loss rate of the ball screw is
approximately 15.80% compared with the initial theoretical
value and approximately 15.12% compared with the initial
experimental value.

(3) Taking the precision loss of the ball screw in the transi-
tion stage from stable wear to the severe wear as the critical
point, the stable wear stage can be extended by optimizing
the structural parameters. When F, = 2500 N, the stable
wear phase can be extended from 750 h to 877 h, that is,
by 127 h or 16.93%; When F, = 6000 N, the stable wear
phase can be extended from 429 h to 506 h, that is, by 76 h
or 17.72%.

Based on the precision loss and parameter analysis, an opti-
mized design of the ball screw for precision retention under
mixed sliding-rolling motion was proposed. Depending on
the feed rate, the optimization model can also improve the
precision retention. Other applications of the optimization
method will be considered in future research. In addition,
other ball screw materials and different types of ball screws
will be studied.
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