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Abstract: The sliding-rolling mixed motion behavior degrades the ball screw’s precision at different levels. Based on the
sliding-rolling mixed motion between ball and screw/nut raceway, the ball screw’s precision loss considering different
given axial loading and rotational speed working conditions was investigated. Since creep and lubrication relate to sliding
and rolling motion wear, the creep and lubrication characteristics are analyzed under different working conditions. Besides,
the precision loss was calculated considering the sole influence of sliding behavior between ball and screw and compared
with the results from other current models. Finally, research on precision loss owing to the sliding-rolling mixed motion
behavior was realized under given working conditions, and suitable wear tests were carried out. The analytical results of
precision loss are in good agreement with the experimental test conclusions, which is conducive to better predicting the
law of precision loss in stable wear period.
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certain precision level under specified operating

1 Introduction

As driving functional components, ball screw
mechanisms (BSMs) are among the most used
components for precision equipment in various
fields, such as machine tools [1]. The decline of the
BSM precision level can restrict the accuracy level
of precision equipment. Precision retention of ball
screw refers to the ability to maintain precision at a

conditions and times. However, the sliding-rolling
mixed motion behavior influences the ball screw’s
precision degradation at different degrees. Studies on
BSM precision loss include precision degradation
basics and analysis of precision degradation,
revealing the law of precision degradation.

The basics of the BSM precision degradation
include statics, kinematics [2—4], and dynamics [1,
5]. LIN et al [2] proposed the basic kinematic
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analysis method for ball screws. Further, WEI et al
[3] improved the ball screws kinematic model based
on LIN’s model by considering the effect of contact
angle and elastic contact deformation on kinematics.
The kinematics model [2] was applied to the
optimization analysis of BSM transmission
efficiency by LIN et al [4], and WEI et al [6]
extended the transmission efficiency optimization
model of the BSM based on LIN’s work. By
considering the influence of preload and lubrication
on contact kinematics, WEI et al [7] selected the
preload-adjustable BSM as the research object.
YANG et al [1] and LIU et al [5], respectively,
studied the BSM feed dynamics control and dynamic
performance optimization. Moreover, CHEN et al
[8] established BMS’s contact stiffness considering
the impact of the contact angle and helix’s rise angle
on dynamics.

Besides, ZHAO et al [9], ZHEN et al [10], and
LIN et al [11] studied the contact load distribution by
considering the motion torque and geometric error.
KANG [12] designed a series of experiments to
detect the BSM friction torque models. Through
creep analysis, XU et al [13] proposed a novel ball
screw friction torque model. By considering the
impact of preload on friction torque, ZHOU et al [14]
selected the preload-adjustable BSM as the object of
their experimental investigation. Finally, WEI et al
[15] and KAMALZADEH et al [16] revealed the
effects of preload and elastic deformation on the
BSM wear rate.

At present, on BSM precision
degradation are mainly performed from the
perspective of sliding wear. According to the ball
screw kinematics analysis results, there are two types
of motion in BSM, rolling and sliding [14, 17, 18].
Based on ARCHARD’s [19] model, WEI et al [15],
ZHOU et al [20], LIU et al [21], CHENG et al [22],
and ZHOU et al [23] studied the BMS wear. ZHOU
et al [20] and LIU et al [21] studied the screw
precision degradation rate in line with wear model,
and the BSM precision degradation due to wear
result under time-varying working conditions was
studied by CHENG et al [22]. The BSMs wear
coefficient was obtained by ZHOU et al [23] through
design experiments. LIU et al [24] developed a
compensation method for thermal error. By detecting
the motor current and the vibration signal of BSM,
NGUYEN et al [25] realized the preload monitoring.
CHENG et al [26] established the attenuation model
of machine tool accuracy, considering the decline of

studies

transmission components accuracy. Then, CAI et al
[27] and CHENG et al [28, 29] described the
coordinate transformation relationship between two
adjacent bodies in a multi-body system and
established an accuracy prediction model for the
vertical machining center [30, 31]. Moreover, the
research results can be applied to the accuracy
prediction of various machine tools.

Despite the progress, the degradation law of the
ball screw’s positioning precision considering the
effects of the sliding-rolling mixed motion behavior
has not been studied, as well as the BSM precision
degradation and its precision loss rate due to sliding-
rolling mixed motion behavior. In order to update the
study of precision loss, the BSM sliding-rolling
mixed motion behavior considering given axial
loading and rotational speed working conditions was
studied in this paper. Furthermore, the BSM
precision degradation and BSM precision loss rate
were also gained in the light of the sliding-rolling
mixed motion behavior in this study.

2 Ball screw mechanisms creep rate

Creep analysis is the basis for resolving the
problem of the BSM rolling contact, including the
BSM rolling friction [13] and the BSM rolling
contact wear [32, 33]. This paper uses the BSM
coordinate system shown in Figure 1 [13, 22].

O-XYZ is the global coordinate system, and
Oy-TNB is the free coordinate system. Both S—xsyszs
and N—xqynzn are local coordinate systems. For the
meaning of other parameters in the figure, refer to
the Nomenclature.

The creep rate of ball and nut along the x, and
yn direction, i.e., Gm and gn, according to KALKER’s
linear creep [31], is expressed as follows:

Sxn = (a)b—xn —WON_xn )/a)b—N (la)

S = (@yosn = Oy ) [Bon (1b)
where @, ,, and @, ,, arethe components ofball
spin angular velocity w in the x, and y, directions,
respectively. wpr Was obtained [34, 35]:

—[1+rcost9nJcosa
pOO
Oy = . 2)

-
cos(a—6
Poo, («=6)

Therefore, wy-—m and wp-,n can be written as:
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Figure 1 BSM global-contact coordinate system and
transformation relationship between coordinates O-XYZ,
Oyw-TNB, S—xsyszs and N—xnynzn

Wy = (6 — 1) (@, c0s 0, + w, sin6,) (3a)

wb—yn = (r_é‘ni )/a)t (3b)

The components wn-wm and wn-n of nut’s
angular velocity wn~ in the x, and y, directions,
respectively, are as follows:

ON_xy = —0ON [R+(F—5ni)0089n:| (4a)
Ooyn =0 (4b)

The rolling speed between the ball and nut, wy-~
is:

|@-x| =%\/(wb7m tOy) (Ot ) (5)

In the equations above, Jn; is the contact

deformation between the i-th ball and the nut,
expressed as follows:

1
5 I (6)
ni — XGSni 16Em-2"n ni

where yGsni (see Table 1) is the correction factor in
the Hertz contact equation.

Table 1 Initial parameters of BSM

Parameter Value
Nominal diameter of BSM/mm 50
Ball diameter/mm 6.75
Nut track curvature radius, r/mm 3.673
Screw track curvature radius, 7/mm 3.673
Contact angle/(°) 45
Helix angle/(°) 4.17
Helical pitch/mm 12
Tested length of the screw/mm 300
Axial length of nuts/mm 80
Number of balls 136
Circle’s numberxcolumn’s number 2.5%2
Raceway curvature ratio 0.2725
Hardness of screw or nut (HRC) 62
Hardness of ball (HRC) 63
Elastic modulus/GPa 205
Poisson ratio 0.3
Correction factor (yGssi, xGsni) 1
Mean square of ball roughness/pum 2.2
Mean square of screw roughness/pm 2.3
Mean square of nut roughness/um 23
Lubrication mode Grease
Viscosity of lubricant (25 °C)/(Pas) 0.04
Pressure-viscosity coefficient/(m>N") 2.2x1078
Temperature-viscosity coefficient/K™! 4.7x1073
Boundary wear coefficient, Kol 3.2x1071!
wn, y and wrare given as:
®, =—@,, sing (7a)
@, = —@), COS P oS J (7b)
@, = @, cOs @ sin 3 (7¢)
wn is nut’s angular velocity, expressed as:
IoN :—a)( +7cos b, cosaj (8)
cosa

¢ and ¢y are expressed as:
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Gyn = 2{{(r—§n,-){a)br(sin(pcos 6, +cos@cosYsinb, )+

wcos@n( R +rcos6?Scosaﬂ+wNR}/
cosa

[oyR + (r—0,;) (e, cos j cosdcosb, +

o, singsin 6, + wy cos ) (9a)
Sy =2{[(r=6,) + @y, cos psin ]/
[@nR +(r— 8y )@, cospcos Jeos b, +
@y, Sin@sin 6, + wy cos 0,)]} (9b)

Similarly, based on Ref. [33], the creep rates
between the ball and screw in the x;and y; directions,
Gxs and gys, are expressed as:

(10a)
(10b)

S = (B~ ) [

Sy = (@ s =) @y

where wy-s is the rolling speed between the ball and

screw, given by

@, 5= %[a)R +(r—0,)(m, cos 6, + m, sinf, —wcos b)) |
an

The angular velocity components of ball or
screw in the x; and y; directions, namely p-xs, Wb-ys
Or Ws-ys, Ws—ys, Can be calculated as:

where J; is the contact deformation between the i-th
ball and the screw, expressed as:

3 2
55[ = XGSsi[ j F;? (14)

16E.r

St s

where 7;is is the track curvature radii of the screw.
Finally, ¢«s and g5 are expressed as:

G =[2(0; —r)(@wcos b, — ay, sinp cos G, —
Wy, cOs@cos Isinb,) + wR]/[wR +

(r—5,) @, cos b, + @, sin @, — wcos b,)] (15a)
B 2(8,; —r) oy, cospsin
o @R +(r—6; ) (@, cos b, + @, sin 6, — wcos b, )
(15b)

3 Ball screw mechanisms lubrication
analysis

The lubricant film thickness and contact surface
roughness have diverse degrees of influence on the
wear coefficient [36]. Figure 2 shows the BSM
lubrication analysis diagram.

According to Ref. [7], the lubricant film
thickness between the ball and the raceway /-« can
be written as follows:

W5 = (05 — 1) (@, cos b, + ay, sin 6,) (12a) PR
l Jk . .

h o =h,  +E—+2 1o  (i.j)=e_. (0,0) (16
o =(5,-1) 0, (12b) b-k = Meb-k 2R 2R, bt (- k)~ @04 (0.0) (16)
o = w[( r—8,;)cosd, - R] (13a) where A« (k=s or n) is the contact center lubricant

thickness between the ball and screw or the nut that
@y =0 (13b) can be obtained from Ref. [35]. R, or R, is the

Exit zone 1 Contact zone | Inlet zone
< I >, >

No asperity contact

deformation

Asperity
contact

Figure 2 Lubricated contact status between ball and raceway
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curvature sum of ball and screw or ball and nut, and
ev— (K, jx) 1s the elastic deformation of ball and screw
and that of ball and nut [37].
hyy-s = 2.385U Gy W,

[dy (D, —d, cos 6, )]/[DS —dy, cos6), (1-cosa) ]

(17a)

hcb—n = 2385Ut?—7nGl()]—4:Wb_—0n09 '

[dy (D, +d, cos6, )J/[Dn —dy cos 6, (1-cosa) |

(17b)
1 1 1

— 18
Rl rb+Ds/2 ( )
1 1 1

o 19
Ry n, Dy/2 (1%

where Uy and Up-, are the dimensionless velocity
between the ball and screw and that between the ball
and nut [34]; Gv-s and Gp-n are the BSM material
parameters and relate to the pressure-viscosity
coefficient of lubricant, y; Wy-s and Wy, are
dimensionless contact loading; Ds and D, are the
inner diameter of screw and that of the nut,
respectively; £ is the equivalent elastic modulus of
the ball and the raceway.

TysUy—s
U, s T A 203
) (20a)
ThynUb—n
Uy =—57— 20b
b ER, (20b)
Gb—s:Gb—nIJ/E* (21
P.
W, =— 22a
b E R12 ( )
P.
Wiy =—- 22b
b E R22 ( )
2 2
1* A= 1w (23)
E 2\ E  E

where 7 and #. are the lubricant’s dynamic
viscosity. The relationship between viscosity,

pressure, and temperature is as follows[38]:
s (Fsz’z—;) = 77vs,0 €Xp |:)/Fsl -4 (Ts - Tvs,O ):|

v (Fni’Tn): 77vn,0 explij/Fm' _ﬂ’(Tn _Tvn,O):|

where 7vs 1s the lubricant’s viscosity at temperature
Tys05 B 1s the lubricant’s viscosity at temperature
Tynp; y/A 1s the pressure-viscosity coefficient of

(24a)

(24b)

lubricant (Table 1); A is the temperature-viscosity
coefficient of lubricant (Table 1); Fy; and Fy; are
contact loadings between the i-th ball and screw and
nut, respectively.

Moreover, uy-s and u,— are the average sliding
velocity in S—xsyszs and N—xqynzs, respectively:

1 2
Ups = E\/(vb—xs +Vsoxs )2 + (Vb—ys + vs—ys ) (25 a)

=3O Vo) + (o ) (250)
where vy-x and vp-,s are the components of the ball
velocity in the xs and ys direction, respectively; vs s
and vss are the components of the screw speed in
the xs and y, directions, respectively; Vo and vo—yn
are the components of the ball velocity in the x, and
yn directions, respectively; vy and vn-n are the
components of the nut speed in the x, and yn
directions, respectively. These terms are expressed as
follows:

Vi—xs = Vps + @,78IN 6, — @7 cos 6, (26a)
Vs = —@7Sin G (26b)
Vioxn = Vos — @pF SIN G, + @yrcos b, (27a)
Vpoyn = —@7SIn G, (27b)

Ve_ys = rocos @ sin(W + B)+

rosin 6, sinacos(W + ) — Rosin(W + ) (28a)

Vs = —recos 6, cos(W + )+

rosin§,sinasin(W + )+ Rocos(W + ) (28b)

Voo = —r@cos 8, sin(W + f)—
rosin, sinacos(W + ) - Rosin(W + ) (29a)
Voo = r@c0s 0, cos (W + f) -
rosin 6, sinasin(W + )+ Rocos(W + ) (29b)
In the above equations, the term v, is ball’s

rotational speed relative to screw in the helical
direction [3], given by

Vp_g = @, siné, —w,rcosb, —

a)( R +rcosb, cosaj (30)
cosa

By combining Egs. (16a)—(18b), the minimum
lubricant film thickness Aminb—s and Aminb-n can be
written as:

(31a)

hminb—s = thcb—s
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Posintn = Rolicyn (31b)

'minb—n

In line with the minimum lubricant thickness
and the mean square roughness of contact surface,
this study introduced the parameter @ to describe the
BSM lubrication state as follows:

hmin (3 2)

\oi + o}

where o, and o7 are the mean-square roughness
values of the ball and the raceway, respectively.
When Amin=hminb-s and o=os, Eq. (32) expresses the
lubrication parameter of ball and screw; when
Amin=hminbn and o=on, Eq. (32) is the lubrication
parameter of the ball and nut.

The roughness morphology and profile heights
of the raceways and balls can be obtained through
three-dimensional surface topography technique
using a three-dimensional topography signal
instrument. Figure 3 shows the measured micro-
morphology signal of the screw raceway, and
Table 1 summarizes the mean-square value of the
roughness. This paper assumes that the screw

@:

-4 -3 2 -1 0 1 2 3 4

Morphology
height/pm

Profile hight/um

-4 1 1 1 1
0 0.07 0.14 0.21 0.28 0.35
Sampling length/um

Figure 3 Three-dimensional micro-morphology signal of
screw raceway: (a) 3D rough surface micro-morphology
of screw raceway; (b) Profile height along y-direction of
3D rough surface micro-morphology

raceway and nut raceway have the same roughness
value. Similarly, the mean square roughness value of
the ball was also obtained.

The relationship between the BSM wear
coefficient k¢ and lubrication parameter @ is as
follows [37]:

kyy, @ <1/2
K, = %kbl (4-0), 2D <4 (33)
0, D>4

where ky 1s the BSM wear coefficient under the
boundary lubrication state (see Table 1).

4 Precision degradation calculation

According to the mixed motion analysis, this
study calculates the BSM precision degradation for
the sliding and rolling motion separately.

4.1 Precision degradation due to sliding motion
wear
According to the Archard model [19], the
sliding wear amount can be expressed as follows:

sz (t) = Cb—st—s (l’l) + Cb—an—n (n) (34)

where Cy—s and Cp-, are the total cycles of the ball
and screw, and the ball and nut, respectively; V()
and Vy-n(n) are the wear amount of the ball and screw,
and the ball and nut, respectively, in one cycle.
Vs (1) = Vg () + Vg (6) +++ Vg (£) +-+ V2 (¢)
(35a)
Von (1) =V 4V, (044, (0 4+ 12, (1)
(35b)
where V'y-(f) and V',(¢) are the wear amount of the
first ball and screw and that of the first ball and nut
during one cycle.

Vblfs (t) = besl (tssl ) + Vb—s2 (t552 ) teeet Vb—si (tss[ ) +eeet
Vorsm (tssm) (36a)

Vblfn (t) = Vb—nl (tnsl ) + Vb—nZ (tnSZ ) teeet Vb—m‘ (tnsi ) +eet
Vb—nM (tnsM) (36b)

where ¥, _(t1)> > Voam(tem) are the wear
amounts of ball and screw from 1 to #ss, from #; to
tsiv1t and from fem to 41 in Eq. (37a);
Vet (st )+ Vo (Fasv )~ are the wear amounts of
ball and nut from #.s; to fus2, from #ns; tO tusic1 and from
tsm to fns1 in Eq. (37b):
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tSS
besl (tssl ) = L 12 Vst (tssl)dt =

tssZ F
Ky —S1 . dt
'[tssl b-s Hb_s ss—bsl
: (37a)
tSS
Vb—sM (tssM ) = LI\: Vb-sM (tssM )dt =
ly F
J‘tssl\:l bes ﬁ]\ilssfbstt
Z‘115
Vb—nl (tnsl ) = L ‘12 Vb-nl (tnsl )dt =
tns F
‘Ln: Kb—n Kn_ln lnn—bnldt
: (37b)

tﬂS
Vb—nM (tnsM) = L l Vb—nM (tnsM )dt =

nsM

tnsl F M
J. Kb—n - lnn—bnMdt
tnsM Hb*l’l
where Vb-s1 (tssl )’ s VhosM (tssM ) / Vb-nl (tnsl )’ )

Vp_nm (fasm ) are the wear amounts of ball and screw/nut

at fes1, -+ -tssi - LssM/Ins1, ++Insi+-tnsm 1N Eqs. (38a) and
(38b). And Fg, ---, Fy---, Fsm/Fu1, ++Fri-+-Fuv are the
contact loadings of each ball and screw/nut.

F

Vot (tar) = K sl
sl \ss s[_]b_S ss—bsi
(38a)
F,
Vb-sM (tssM ) = bes HS_Mlss—bsM
b-s
Fl
Vo l(t 1)=Kb_ — ] b
nl \’ns ng_n nn—bni
(38b)
F
Vb-nM (tnsM ) = Kb—n Hn_Mlnn—bnM
b-n
where lss—bslﬂ lss—bs29 T lss—bsM and Znn—bnl’
Lin—bnas > don-pnv @re the screw and nut sliding

distances relative to the 1st, 2nd, ---, M-th ball. By
taking the i-th ball as an example, one obtains:

2
lis—bsi = RisitVy-or cos e R*+ (ij .
T (1 + RbSi ) VbS—SSiR 27‘5

]

Ry, i@y 7 COS ) ( L ]2
nn-bni = R+ :
TE(I +Rbni)vbn—sm'R ZTC

(39a)

(39b)

\/(R ~reosty ) +(%)2

where Rys; and Ry are the sliding-to-rolling ratios of
the i-th ball and screw, and that of the i-th ball and
nut, respectively. Based on Ref. [22], Rys; and Ryn; can
be calculated:

R, = [2 w,r(sin6, +sin 6, ) — w,r(cos @, +cos ;) —

a)( R +rcosacosﬁnj}/ﬂwnr(siné’s+sin9n)_
cosa

a,r(cos 6, +cos€s)+a)R(cosa— ! j—
cosa

wrcosa(cos b, +cosb, )

+|a)cosa(R —rcos HS)”
(40)

Ry, = {2‘%;’(00565 +(:osl9n)—a)nr(sin¢9s + sian)—i-

} / Hwb( 0, +cos6,)-

R
1) +rcosacosé,
cosa

w,r(sin6, +sin6, ) + —a)( R +rcosacos€n)}
cosa
(41)
By combining Egs. (37a)—(41), one can

caleulate W2 (1), -, Vi, (), - Vi (¢) and
Voo (£), = Vi (t), - VM, (¢). Moreover, the
sliding wear amount is obtained by bringing Egs.
(36a) and (36b) into Egs. (35a), (35b) and (34).
Based on Egs. (34) and (36b), the sliding wear depth
of ball and screw/nut is given as:

hsbs(n)=—c"; i”,}f;—;_ )4 (422)
e v @2

where hgws(n) and hgn(n) are the screw raceway
length and that of nut raceway; as is the contact
surface long half axes of ball and screw, and by is the
contact surface short half axes of ball and screw; apn
is the contact surface long half axes of ball and nut;
bun 1s the contact surface short half axes of ball and
nut. The length of the raceway of the screw is
L, =L, /sine, and the length of the raceway of the
nutis L, , =L, /sina.

According to Refs. [21, 39], the contact area can
be established:
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2
6Ny R A JA
nE"

nab, = TE(

(4J ) (43)
nE’ n-r Dy

e n(r-r) 2-Dy

arg

When k=s, Eq. (43) gives the contact area of ball and
screw; when k=n, Eq. (43) gives the contact area of
the ball and nut.

The calculation of contact loading was
demonstrated. MEI et al [40] established the
calculation model for the BSM contact loading.
ZHAO et al [9], ZHEN et al [10], and LIN et al [11]
studied the contact load distribution by considering
the motion torque and geometric error. By
considering the preload, WEI et al [ 7] pointed out the
contact state between ball and raceway under
different preloads; furthermore, based on the contact
state, LI et al [41] conceptualized the correlation
among contact loading, axial loading, and preload.
Based on Refs. [40], [7] and [41], this paper
calculates the contact loading between the ball and
screw/nut considering the preload attenuation.

(a)

According to Refs. [7, 41], the contact state
between ball and raceway can be represented as
shown in Figure 4. In Figure 4(a), the axial loading
is higher than 2.83 times of preload; in Figure 4(b),
the axial loading is lower than 2.83 times of preload.
When the axial loading almost equals the preload,
BSM is not suitable for precision transmission [7].
Therefore, the study does not discuss this situation.

In Figure 4(a), F1. is the total contact loading
among balls, screw, and nut 1 raceway; F», is the
total contact loading among balls, screw, and nut 2
raceway, and they can be written as follows:

Fla + F2a = F;l
2 2 2 (44)
(Fp“ (t)+ F )3 + (Fp’*1 (t)-F] )3 = 2(Fp“ (z))3
Similarly, F1. and F. in Figure 4(b) are:
Fla + F2a = F;l
2 2 2
(B2 @0+E2 ) =(FP@) =(F0) + (45)

(FaRZ _FpRz(t)E

According to Ref. [40], F; and Fy; (=1, *=+, M)
can be obtained as:

(b)

Figure 4 Contact state: (a) Axial loading is greater than 2.83 times of preload; (b) Axial loading is smaller than 2.83 times

of preload
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i-1 ; ; .
. single ball and screw is deduced:
F,=F, —ngj sing; cos & (46a) £ r
j=1 Ahy =k —S—v, At 47
- tbs bs A(g) rbs ( )
Fri=Fy - anj sin@,; cosa (46b) where kps is the dimension wear coefficient,

J=1

where F,(f) can be obtained from Ref. [42]. In
contact state in Figure 4(a), when the ball contacts
nut 1, F, =F,+F,(t); when the ball contacts nut

2, F,=F, —F,(t). In contact state in Figure 4(b),
when the ball contacts nut 1, F, =F,+F,(t);
when the ball contacts with nut 2, F, =F,(t)-F,

For the detailed calculations, refer to Refs. [40, 7, 41,
42].

4.2 Precision degradation due to rolling motion

wear

In the rolling motion contact area of ball and
raceway, there are partial sliding and partial adhesion
phenomena [32, 33]. Figure 5 shows a schematic of
rolling motion contact of ball and screw/nut
raceways.

Based on Ref. [32], the rolling wear depth of

Slip region

Stick region

/ 1
¥
I
1 \\ Oyt Ball
Nut :
0,
I
Screw : O
q I
1
Rbs Rbn
Axis center of screw
i o o o i T _______ . 2 A S 4| NS

kos=ka/Hy-s; according to Eq. (44), A(¢)=axb/9; Vrvs 18
the creep velocity.

At time t;, the wear depth is given owing to
rolling motion as:
A(,s)

where Sis is the creep value in rolling motion contact.
By combining Eqgs. (47) and (48), the
accumulative wear depth owing to rolling motion

hrbs = hrbs (tifl ) + kbs ||Sbs (ti ) - Sbs (ti—l )” (48)

behavior in the x;s direction can be obtained:
XS _ 7.XS txs + tixsk F;i XS dtxs txs < txs (49)
tbs — "rbs | ‘A e bs A—vrbs i b C
A (gxs)

where vy, is the sliding velocity between ball and
screw in the xs direction given by:

XS

Vibs = Vlfisgxs (50)

In Eq. (50), v}, is the average rolling velocity

Slip region

Stick region

Figure 5 Rolling motion contact of ball and screw/nut raceway: Partial slip and partial stick regions
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of ball and screw in the x, direction calculated by
combining Egs. (12a) and (13a).
v = {r(5

si

orR, [(r—é’si)cosé’s—R}}/2 (51)

By combining Egs. (49)—(51), Eq. (48) was
deduced as:

—r)(®, cos b, + @, sin 6, ) +

Fsi VXS dlxs

= (52)
Algy) ™ v,

l.\’S

h;{)ss = hfbss (t/)is ) + I; kbs

In Figure 5, at contact point A, [5° =0, and at
contact point Cys, I =2a,.

By considering the rolling cycles number, 4},
is expressed as:
1&(n F. d/
fs( )kbs > vfbss (l’l) stcs
x(n) A(g ) Vi_s

XS

i (n) =iy (n=1)+ | (53)

Similarly, the rolling wear depth in the y;
direction can be obtained:

s S Q) F;i S dl S
hr{)s (}’l) = hr)l;s (n _1)+Ilis(n) kbs m‘}r}l;s (n) th;)és (54)

The term v}, is the sliding velocity between
ball and screw in the ys direction, given by

ys _ VS
Vibs = Vb—sgys

(55)

where v)°  is the average rolling velocity of ball
and screw in the y, direction calculated by combining
Eqgs. (12b) and (13b) as:

v r(é‘si_r)a)t

2 - (56)

Similarly, the cumulative rolling wear depth of
ball and nut in the x, and y, direction is obtained:

xn

F..
xn _ zxn [ xn i ni xn g,xn xn xn
hrbn - hrbn (tA )+ L;n kbn A(gxn )vrbndti » I <lI¢ (573)

yn _ zyn (,yn
hrbn - hrbn (tA )+

P F; n n n n
[\ o= def™, 1" <" (57b)
o AG,)

The sliding velocities of ball and nut in the x;,
and y, direction, i.e., vy, and v} in Egs. (57a)

rbn

and (57b), can be calculated:

V;gln = Vggngxn (58a)
Vion = VbonSyn (58b)

where ¢ and g are the creep rate of ball and screw
in the x, and y,, directions given by Egs. (9a) and (9b),

respectively. The terms v;", and " are the
average rolling velocity of ball and nut in the x, and
yn directions calculated according to Egs. (3a), (4a),

and Egs. (3b) and (4b):

Wy ={r (0, —r)(@, cos 0, + w, sin 6, ) -

oNIR,, [R+(r—5m-)cos6’n]}/2 (59a)
yh = r(r_jni)a)t (59b)

Considering the rolling cycles number and

combining Eqgs. (57a) and (57b), hy,and A}, are
given by Egs. (60a) and (60b), respectively:
xn _7,xn lé"(n) Fni L,Xn dlxn
i (n) =13 (1=1)# [ Vo~ 2 ) v
(60a)
I o B Ik (n) Fni _ym dlyn
hrbn (n) - hrbn (l’l 1) + 1" (n) kbn A(gyn)'}rbn (l’l) Vk);iln
(60b)

where A3, (n—1) and A}, (n—1) are the rolling
wear depths of ball and nut in the x, and y, directions,
respectively, when the number of the ball rolling
cycles is (n—1). In Figure 5, at contact point A.n,
[} =0, at contact point Cyn, 8" =2a,,. At contact

point A,, [}"=0, and at contact point C,
" =2a,,.

5 Analysis of BSM precision loss

5.1 Working conditions on precision loss

Figure 6 shows the flowchart of the whole
calculation process. When the ball is at different
phase angles, the creep rate between ball and
screw/nuts varies with the operating conditions (i.e.,
axial loading and rotational speed). The BSM lead
and raceway curvature ratios were obtained from
Table 1. The variation of the creep rate with the axial
loading can be investigated based on the creep
calculation presented in Section 2; the rotational
speed of the screw was set to 60 r/min, and the initial
preload was set to 2500 N. Besides, the law of the
BSM creep rate can be obtained considering the
different axial loading conditions in Figures 7(a)—(d).
Similarly, the BSM lead was 20 mm, and the
raceway curvature ratio was 0.2725 based on
Table 1. When the axial loading was set to 2000 N,
and the initial preload was 2500 N, the creep rate was
obtained considering the different rotational speeds
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Figure 6 Flowchart of calculation process for BSM precision loss and precision loss rate
in Figures 7(e)—(h). raceway are consistent with the changing

In Figures 7(a) and (b),
characteristics of the creep rate between the ball and
the screw raceway are consistent with those of the
contact angle. That is, the creep rate between the ball
and the screw raceway decreases with reducing

contact angle. Also, the creep rate decreases with the

the changing

increase of the axial load. However, the contact angle
6 between the ball and the nut raceway increases as
the axial load increases. Therefore, in Figures 7(c)
and (d), the changing characteristics of the creep rate
between the ball and the nut raceway are also
consistent with the changing characteristics of the
contact angle. That is, the absolute value of the creep
rate between the ball and the nut increases as the
contact angle increases, and it became more
significant as the axial load increases.

In Figures 7(e)—(h), because of the ball spin
angular velocity, the rolling speed between ball and
screw/nut relates to the contact angle. When the
rotational speed of the screw increases, the contact
angle 6; becomes larger. Therefore, in
Figures 7(e) and (f), the changing characteristics of
the creep rate between the ball and the screw

characteristics of the contact angle. That is, the creep
rate between the ball and the screw enlarges as the
contact angle increases. The performance result was
that the creep rate increased with the increase of the
screw rotation speed. However, the contact angle 6,
becomes small as the screw rotation speed increases.
Therefore, in Figures 7(g) and (h), the changing
characteristics of the creep rate between the ball and
the nut raceway are also consistent with those of the
contact angle. That is, the absolute value of the creep
rate between the ball and the screw becomes smaller
as the contact angle decreases. Also, as the screw
rotation speed increases, the creep rate reduces.
Using KOC301 lubricant, the
viscosities #vs and 7w can be calculated from
Egs. 24(a) and (b). According to Figures 8(a) and (b),
both the rotational speed and the axial loading have
certain influences on the minimum lubricant film

lubricant

thickness between ball and screw/nut. However, the
influence of the rotational speed is more significant
than that of the axial loading. Also, the minimum
film thickness between the ball and nut is slightly
larger than that between ball and screw, because with
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Minimum oil film
thickness/pm

Minimum oil film
thickness/pum

Figure 8 BSM minimum lubricant film thickness under
different rotational speed and axial loading working
conditions: (a) Minimum lubricant thickness between ball
and screw; (b) Minimum lubricant thickness between ball
and nut

the increase of the rotational speed and centrifugal
force, the minimum lubricant thickness between ball
and nut was increased more than that between ball
and screw. As the axial loading increases, the contact
loading of the ball and screw/nut also increases.
Therefore, the minimum lubricant film thickness of
the ball and screw/nut reduces.

In this study, when the ball moved from the ith
ball position to the (i+1)th ball position, the sliding
length of screw/nut relative to the original contact
point is called the sliding distance. Axial loading and
rotational speed have different degrees of influence
on the sliding distance. When the initial preload was
2500 N, by combining Egs. (39a)—(41), the sliding
distance of ball and screw/nut is obtained (see
Figure 9) considering the effects of axial loading and
rotational speed.

According to Figure 9, both the axial loading
and rotational speed of the screw have different
degrees of influence on the BSM sliding distance.
However, compared to the effect of axial loading on
the sliding distance, the effect of the rotational speed
is more significant. Also, the sliding distance on the
screw is greater than that on the nut. The reason for

(98]
(9]
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Figure 9 BSM sliding distance at different rotational

(=)

speed and axial loading working conditions: (a) Sliding
distance between ball and screw; (b) Sliding distance
between ball and nut

this phenomenon is the transmission principle of
BSM; that is, the movement of the screw drives the
ball, and in turn, drives the nut to move. When a
sliding movement exists between the ball and the
screw raceway, it directly affects the movement
between the ball and nut. It causes sliding-to-rolling
ratio Rys between the ball and the screw greater than
the Ryn between ball and nut. Therefore, the sliding
distance between the ball and screw is more
significant than that between the ball and nut.

5.2 Experimental tests for evaluating precision

loss

According to Refs. [6, 20—22], the cumulative
wear depth in the stroke direction corresponds to the
BSM precision loss value. By combining Egs. (42a)
and (43), the BSM precision degradation owing to
the accumulated sliding motion wear depth of ball
and screw/nut can be obtained:

Lbfs
Hsbs (nl): COSO”J. hsbs (nl)dL (613)

sin g, 0
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_cosa rly, s 2 COSA Ly
Han (m2) = 50 )" han (m2) L (610) g5 (m) =M 20 [\ i ()L (62)

Compared with WEI’s [6], ZHOU’s [20], and
LIU’s [21] models, the BSM precision loss due to
sliding motion wear of ball and screw was obtained.
Based on Eq. 61(b), the precision loss due to the
accumulated sliding motion wear between ball and
nut in the stroke direction can also be gained.
Figure 10 shows the BSM precision loss due to
sliding motion wear.

1.6
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Precision loss/pm
= o
) )

T T

S
N~
T

0 40 80 120 160
Tested time/h
0.6
(b)
g
% 04
&
[w]
S
B2t
(=9
0 40 80 120 160
Tested time/h

Figure 10 BSM precision loss due to sliding motion wear:
(a) Precision loss due to sliding motion wear between ball
and screw; (b) Precision loss due to sliding motion wear
between ball and nut

By combining Egs. (9), (15) and (22), the BSM
creep rate can be calculated considering the
operating conditions. The BSM creep characteristics
were obtained at different axial loadings (see
Figures 7(a)—(d)) and at different rotational speeds
(Figures 7(e)—(h)). Based on Egs. (47)—(52), the
rolling motion wear depth of single ball and screw
was obtained. Then, according to Eq. (53), the
accumulated rolling motion wear depth of all
effective transmission balls and screw in the xs
direction is given by Eq. (62).

Similarly, according to Eq. (54), the
accumulated rolling motion wear depth of all
effective transmission balls and screw in the ys
direction was also obtained:

s (my)dL (63)

H3g (m) =M 0

cosa J~
sin @,

Figure 11(a) shows the variation trend of BSM
cumulative rolling motion wear depth obtained by
combining Egs. (62) and (63). Similarly, according
to Egs. (60a) and (60b), the cumulated rolling motion
wear depth of all effective transmission balls and nut
in the x, and y, directions can be written by Eq. (64),
and Figure 11(b) shows its variation law.
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Figure 11 BSM precision loss due to rolling motion wear:

(a) Between ball and screw; (b) Between ball and nut

Similarly, according to Egs. (61), the
accumulated wear depth of all effective transmission
balls and nut in x»/yn direction can be written as
follows:

i (12) =M (64a)

cosa Ly
sin gn J.O rxl?n (n2 )dL
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H"

rbn (”2 ) =M e J.l“’*“ hyn

sin@. 20 rbn (n2)dL
n

(64b)

In order to obtain the amount of precision loss
when the BSM runs in a stable operating state, the
BSM after fully running-in was selected as the
experimental object. The positioning error after
running was taken as the initial precision value. The
experiments were performed using a test platform
and a laser interferometer (XD Dual Frequency
Laser Interferometer).

The positioning precision of the BSM after the
wear test was measured. The difference between the
test value and the initial value was the precision loss
due to sliding-rolling mixed motion behavior. The
following experimental conditions were established:
axial loading of 2000 N, rotational speed of 60 r/min,
grease-type lubrication using KOC301 lubricant,
ambient temperature of 23 °C, test overall duration
of 160 h. By combining Eq. (61a) with Eq. (64b), the
test process and test results due to sliding-rolling
mixed motion were obtained (see Figure 12).
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Figure 12 BSM precision loss due to sliding-rolling
mixed motion behavior

ZHOU et al [20] and LIU et al [21] established
the BSM precision loss model due to screw sliding
motion, mainly focusing on screw precision
degradation. However, since the screw, nut and ball
have different degrees of precision degradation, this
study focuses on the BSM precision degradation due
to sliding-rolling mixed motion behavior. According
to Refs. [20, 21] and combining Egs. (61a)—(64b),
the BSM precision degradation, and precision loss

rate were obtained in Eq. (65). Figure 13 shows the
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Figure 13 Total precision loss rate of BSM due to sliding-

rolling mixed motion behavior

total precision loss rate for the BSM.
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(65)

In Figure 13, both the axial loading and
rotational speed have different degrees of impact on
the BSM precision loss rate. Therefore, a
quantitative analysis of the influence degree of axial
load and rotational speed on the BSM precision loss
rate is required. At a given screw speed, this study
uses the variation of the precision loss rate and the
variation rate of the precision loss rate to analyze the
influence degree of axial load conditions on the
precision loss rate. Table 2 summarizes the
calculation results. In order to facilitate the
quantitative analysis, the accuracy loss rate under an
axial load of 500 N was used as a reference.

When analyzing the influence degree of the
rotation speed on the accuracy loss rate, it was more
reasonable to use the variation rate of the precision
loss rate as the quantitative analysis index since the
increase rate of the screw rotation speed was
different. The variation of the precision loss rate was
an intermediate value for calculating the variation
rate of the precision loss rate, and it was also
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essential. In order to facilitate the quantitative
analysis, the precision loss rate at a rotational speed
of 20 r/min was used as a reference point. Note that
due to the different increase in the screw rotation
speed, that is, when the increment of the rotation
speed was 40 or 60 r/min, it was necessary to divide
by the multiple (2 or 3) of the rotation speed
increment when calculating the variation rate of the
precision loss rate. After that, the criteria for the
unified quantitative analysis can be obtained
(Table 3).

From Figure 13 and Table 2, at a given
rotational speed, the precision loss rate increases
with the increase of axial load. However, when the
axial load increases by the same amplitude, the
variation (increased amount) of the precision loss
rate gradually decreases, and the variation rate of
precision loss rate gradually decreases. The reason is
that as the axial load increases, the contact angle
between the ball and the screw decreases. As a result,
the contact load between the ball and screw enlarges,
and so does the precision loss rate between the ball
and screw. However, the contact angle between the
ball and the nut increases so that the contact load
between the ball and the nut becomes smaller,
resulting in the precision loss rate between the ball
and nut also becoming smaller. Therefore, when the
axial load increases, although the precision loss rate
enlarges, the change value (increased amount) of the

total precision loss rate of the ball screw decreases,
and the variation rate of the precision loss rate
gradually decreases.

At a given screw rotation speed, the increase in
the precision loss rate is the maximum when the axial
load changes from 500 to 1000 N. Moreover, the
variation rate (increase rate) of the accuracy loss rate
also reaches the maximum at 1000 N axial load. As
the axial load the amplitudes of
attenuation of the variation value and the variation

increases,

rate of the BSM precision loss are different. In
particular, through the variation rate of precision loss
rate, it is more convenient to analyze the change law
of precision loss rate quantitatively.

According to the analysis of Figure 13 and
Table 3, at a given axial load, the precision loss rate
enlarges as the screw rotation speed increases.
However, as the rotation speed gradually increases,
the increase rate of the precision loss rate gradually
decreases. On the one hand, due to the increase in
rotation speed, the sliding motion velocity becomes
more significant and so does the sliding motion
distance (Eq. (39) and Figure 9), resulting in the
accelerated sliding motion wear, and the increased
precision loss and precision loss rate. On the other
hand, as the rotational speed of the screw increases,
the contact angle between the ball and the nut
decreases. The contact load between the ball and the
nut increases, increasing the precision loss rate

Table 2 Influence degree of axial load conditions on BSM precision loss rate

Rotational Axial load/N
speed/ Parameter
(rmin") 500 1000 1500 2000 2500 3000 3500 4000

Variation of precision loss rate 0 0.0006975 0.0006103 0.0005231 0.0004359 0.0003487 0.0002616 0.0001744

20 Variation rate of precision loss rate/% 0 160.0000 53.8462 30.0001 19.2308 12.9032  8.5714 5.2632
Variation of precision loss rate 0 0.002005 0.001831 0.001656 0.001482 0.001308 0.001133 0.0009590

10 Variation rate of precision loss rate/% 0 209.0909 61.7647 34.5455 229730 16.4835 12.2642  9.2437
Variation of precision loss rate 0 0.003923 0.003487 0.003051 0.002616 0.002180 0.001744 0.001308

0 Variation rate of precision loss rate/% 0 225.0000 61.5385 33.33333 21.4286 14.7059 10.2564  6.9767
Variation of precision loss rate 0 0.007367 0.006800 0.005100 0.004534 0.003967 0.003400 0.002833

100 Variation rate of precision loss rate/% 0 216.6667 63.1579 29.0323  20.0000 14.5833 10.9091  8.1967
Variation of precision loss rate 0 0.01183 0.01052 0.009203 0.007888 0.006574 0.005259 0.003944

149 Variation rate of precision loss rate/% 0 225.0002 61.5385 33.3333 21.4286 14.7059 10.2564  6.9767
Variation of precision loss rate 0 0.01505 0.01374 0.01243 0.01112 0.009816 0.008507 0.006544

200 Variation rate of precision loss rate/% 0 230.0000 63.6364 35.1852 23.2877 16.6667 123810  8.4746
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Table 3 Influence degree of rotational speed conditions on BSM precision loss rate
Axial Rotational speed/(r-min~")
load/N Parameter 20 40 60 100 140 200
Variation of precision loss rate 0 0.0005231 0.0007847 0.001656 0.001859 0.001285
>0 Variation rate of precision loss rate/% 0 120.0001 81.8182 47.5000 27.3333 8.1461
Variation of precision loss rate 0 0.001831 0.002703 0.005100 0.006324 0.004504
1000 Variation rate of precision loss rate/% 0 161.5385 91.1765 45.0000 29.3684 8.7843
Variation of precision loss rate 0 0.003051 0.004359 0.008413 0.010042 0.007729
1500 Variation rate of precision loss rate/% 0 175.0000 90.9091 45.9524 28.5806 9.3313
Variation of precision loss rate 0 0.004185 0.005754 0.01046 0.01415 0.01096
2000 Variation rate of precision loss rate/% 0 184.6154 89.1892 42.8571 31.2000 9.9238
Variation of precision loss rate 0 0.005231 0.006888 0.01238 0.01750 0.01420
2300 Variation rate of precision loss rate/% 0 193.5484 86.8132 41.7647 32.1667 10.5861
Variation of precision loss rate 0 0.006190 0.007759 0.01417 0.02011 0.01744
3000 Variation rate of precision loss rate/% 0 202.8571 83.9623 41.6667 32.2545 11.3369
Variation of precision loss rate 0 0.007062 0.008370 0.01582 0.02197 0.02069
3300 Variation rate of precision loss rate/% 0 213.1579 80.6723 42.2093 31.7705 12.1976
Variation of precision loss rate 0 0.007847 0.008718 0.01735 0.02308 0.02329
000 Variation rate of precision loss rate/% 0 225.0000 76.9231 43.2609 30.8485 12.8351

between the ball and nut. However, the contact angle
between ball and screw increases, so that the contact
load between ball and screw reduces. Also, the
precision loss rate between the ball and screw
reduces. speed
increases, although the precision loss rate becomes
larger, the variation rate (increase rate) of the total
precision loss rate of the BSM decreases.

At a given axial load, the variation rate of the

Therefore, when the rotation

precision loss rate reaches its maximum when the
screw rotation speed changes from 20 to 40 r/min.
When the speed is 40 r/min, as the axial load
increases, the increase rate in the precision loss rate
gradually becomes larger. Furthermore, at the
4000 N axial load, the increase rate of the precision
loss rate is the maximum. As the screw rotation
speed increases, the variation value and variation
rate of the BSM precision loss rate have different
amplitudes of attenuation. Especially through the
variation rate of the precision loss rate, it was more
convenient to quantitatively analyze the influence
degree of the rotation speed on the BSM precision
loss rate.

6 Conclusions

1) Under the action of sliding motion, the
precision loss value of the screw is greater than that
of nut, because the sliding distance between the ball
and the screw is greater than that between the ball
and the nut. The sliding motion wear depth between
ball and screw contributes a large proportion to the
BSM precision loss.

2) The precision loss value under rolling motion
occupies a certain proportion of the precision loss
value under sliding motion, and the precision loss
value under rolling motion is a part of the total
precision loss of the ball screw. The precision loss
value due to rolling motion has a certain level of
influence on the BSM total precision loss.

3) As the rotation speed gradually increases, the
increase rate of the precision loss rate gradually
decreases. The rotation speed had a certain effect on
the contact angle and could increase the sliding
velocity, resulting in the increase of precision loss
rate.
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