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Effect of contact angle and helix angle on slide-roll ratio
under the accelerated motion state of ball screw mechanism
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Abstract: To study the effect of the contact angle and helix
angle on slide-roll ratio at the ball contact points under the
accelerated motion state of ball screw mechanism (BSM), the
curve theory in differential geometry and the homogeneous
transformation matrix are used to establish the acceleration
kinematics model of BSM. The model can be used to describe
the accelerated motion relationships among the screw, balls
and nut, calculate the acceleration of relative motion at the
contact points between the balls and raceways, and analyze
five accelerated motion rules between the balls and raceways.
It also conducts a simulation analysis of the slide-roll ratio
relationship between the accelerations at the ball center and the
contact point of ball under different contact angles and helix
angles. As shown by the analysis, with the increase in the
BSM’s contact angle, the slide-roll ratio at the contact points
decreases, and the contact angle has a relatively significant
effect on the slide-roll ratio. However, with the decrease in
the BSM’s helix angle, the slide-roll ratio at the contact points
decreases, and the helix angle has a relatively insignificant
effect on the slide-roll ratio. By measuring the accelerations of
both the screw and nut under the accelerated motion state, it
also verifies the existence of the slide-roll mixed motion at the
ball contact point A between the ball and the screw raceway
and pure rolling at the ball contact point B between the ball
and the nut raceway during the accelerated motion.
Key words: ball screw mechanism; contact angle;
angle; slide-roll ratio
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helix

all screw mechanism (BSM) has a very complex
motion structure, and the motion rules of ball are
particularly complex. The ball has a combined motion
consisting of its rotation around the screw and a self-spin,
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and its motion rules directly affect the wear and precision
retaining ability of the BSM. Wei et al. "' introduced the
curve theory in differential geometry to analyze the mo-
tion rules of the ball considering the effect of the elastic
deformation of the contact angle and found that the self-
spin and rotational angular velocities of the ball have an
approximately linear relationship with the rotational veloc-
ity of the screw. Lin et al. ™
both the rolling and sliding motions relative to each other
between the ball and raceways during the operation of
BSM and proposed a calculation model to estimate the
transmission efficiency. Li et al. ' used nominal diame-

confirmed the existence of

ter, ball diameter, helix angle, and other structural pa-
rameters as the variables to establish the dynamic contact
angle model of BSM and investigated the effects of struc-
tural parameters on the contact angle under different
working conditions. Chen et al. " analyzed the change in
the BSM’s contact angle under a high velocity and used
the contact angle as the variable to reflect the effect of the
ball’s position relationship on the axial rigidity. Gnana-
21 identified the slide-
roll ratio of the contact points as the key factor influen-
cing the wear speed of the contact area. Ma et al. """ af-
firmed the influencing rules of the contact angle and helix
angle of the BSM on the slide-roll ratio and found that
both the contact angle and helix angle had an opposite
trend of the slide-roll ratio, and the increase in the helix
angle can significantly decrease the slide-roll ratio of the
nut contact point. Hu et al. """ found five different motion

moorthy and Govindarajan et al.

states among the ball, screw raceway and nut raceway by
analysis and also evaluated the effects of the motion ve-
locity of the ball on the slide-roll ratio. In the above ca-
ses, the motion rules of the ball were explored when the
BSM is under a uniform velocity and quasistatic state,
and the ball is in a steady motion and under an equilibri-

e 12-14
um condition of forces'* ™

. However, during the accel-
eration of the BSM, the ball contact points are under a
disequilibrium condition of forces, and the contact points
are not fully lubricated, aggravating the wear of the
BSM. The motion characteristics of the ball during the ac-
celeration of the BSM decreased the wear of the BSM dur-
ing this process and increased its precision and service life.

In this study, the curve theory in differential geometry
and the homogeneous transformation matrix are used to
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establish the acceleration kinematics model of the BSM,
and then this model is used to deduce the accelerated mo-
tion rules among the screw, balls, and the nut and calcu-
late five accelerated motion characteristics possibly among
the screw raceway, the ball and the nut raceway. It also
analyzes the effects of the contact angle and helix angle
on the acceleration of the ball and slide-roll ratio of the
contact points. It is found that the increase in the contact
angle can decrease the slide-roll ratio of the contact
points; in contrast, the decrease in the helix angle can de-
crease the slide-roll ratio of the contact points. Finally, it
also verifies the existence of the slide-roll mixed motion
at the ball contact point A and pure rolling at the ball con-
tact point B during the accelerated motion of the screw.

1 Theoretical Analysis
1.1 Analysis of the acceleration of BSM

1.1.1

In order to facilitate the systematic study of the kine-
matic rules of the ball, two Cartesian coordinate systems
(X,,Y,,Z,) and (X;, Yy, Z;) on the ball contact points
must be established based on the inertial coordinate sys-
tem Oy Xy, YyZ, and the Frenet-Serret coordinates O, tnb.
As shown in Fig. 1, contact points including contact point
A between the ball and screw and contact point B between
the ball and nut, and the contact points A and B regard
the coordinate origins as contact points just coming into
contact. The X, and X, axes are parallel to the tangential
direction of the ball raceway helix path #, and the Z, and
Z, axes are perpendicular, respectively, to the tangent
plane of the screw raceway and the nut raceway, and Y,

Position of the ball contact point

and Y, axes are calculated by the right-hand rule in the
Cartesian coordinate system.

The contact angle of the BSM determines not only the
relative position relationship between the balls and race-
ways, but also the motion relationships among the screw,
balls, and the nut. The position vectors of contact point A
between the ball and the screw raceway and contact point
B between the ball and the nut raceway ( see Fig.2) in the
Frenet-Serret coordinate system O, tnb are as follows:

0 0
H_ rbC.OSBA ’ P: _| - rbC?SBB (1)
r,sin8, - r,sinB,
1 1

where B, is the contact angle between the ball and the
screw raceway; B, is the contact angle between the ball
and the nut raceway; and r, is the radius of the ball.
Taking the right-hand screw as an example for the con-
venience of studying the BSM, the nut moves along the
negative direction of the Z,, axis when the screw rotates
around the positive direction of the Z,, axis, and the con-
tact angles B, and B are positive. Cj is the arc center of

tob

Fig.1 Three coordinate system

\B> b

n

Fig.2 Contact angle

the normal section of the screw’s raceway, and Cy is the
arc center of the normal section of the nut’s raceway.
1.1.2 Analysis of the acceleration of BSM
The angular acceleration of the BSM during the motion
.. d
can be expressed as (2 = %((T?) Based on Refs. [11,
15], the position vector of point A on the screw in the

Oy Xy YyZ,, coordinate system can be expressed as

" S H pH
P, =T\TP, =
- r,cosB,cosf + r,sinB, sinasing + rcosf

s | —r,cosB,sind — r,sinB, sinacosh + rsinf
Ty . (2)
r,sin8, cosa + rftana
1

Similarly, the position vector of point B on the screw
in the Oy X, Yy Z,, coordinate system can be expressed as

' S H pH
Py =T\TP; =
1, €083, €086 — r, sinB; sinasing + rcosf
s r,c0sB3,sinf + r, sinB3, sinacosf + rsind (3)
w .
- 7,8inB,cosa + rftan

1
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where PY =T, P°, P° =T(P"; ris the screw pitch radi- —cosasingd —cosd  sinasind  rcosd
us, namely the radius of the helix path; and « is the helix T cosacosf —sing —sinqcosf  rsing
angle of the ball screw mechanism. s sina 0 cosa rftana
cosf2 -sinf2 0 O 0 0 0 !
T - sin2 cosf2 0 O By solving the second-order derivative of time using
Y71 o 0 1 0 Egs. (2) and (3), the acceleration matrices of points A
0 0 0 1 and B on the screw in the coordinate system O, X, Y Z,
and and the Frenet-Serret coordinate system Otnb, respec-
tively, can be calculated as follows:
0
[ =S [P8]) =) L (9T TP
ol drilo dr\ dr dr\ dr | °| r,sinB,
1

[ - rsin(2+6) +r,cosB,sin(£2+0) + r,sinasing,cos(2+6)] + ]
O - rcos(£2+6) + r,cosB,cos(£2+0) — r,sinasing,sin(2 + ) ]
O rcos(£2+6) - r,cosB,cos(£2+6) + r,sinasing,sin(2+6)] +

0 ) 4a
O - rsin(2+6) +r,cosB,sin({2 +6) + r,sinasinB,cos(L2 +6) ] (42)
0
L 0 i
0
ay1 d vy d (dPy\ d (dTy\ 4| —7vCOSBy
[ ]:7([ ]):7 =S () . -
0 dr' Lo dr\ dr dr\ dr - 7,81nB3,
1
T - rsin(2 +6) — r,cosBysin(2 + ) — r,sinasinBzcos(2+6)] +
O - rcos(2+6) - r,cosB,cos(£2+0) + r,sinasingsin(2 +6) ]
0 O rcos(2 +6) + r,cosBycos( {2+ 0) — rysinasinB,sin(2+0)] + (4b)
O - rsin(2+6) - r,cosBysin(£2+6) — r,sinasing,cos(£2+6) ]
0
L 0 i
€)X rcosa — r,cosacosB,)
a'l d /vt d Y - Or, sinasing
(o=l L) = e L) =] e ot 2 (4)
ol drilo dr{l o £ - rsing + r,sinacosB, )
L 0 J
() rcosa + r,cosacosBy) 7
agy d (v Ld vy 0r, sinasing
[C]=9(1]) = mrn S []) =, e (4d)
0l dello dr\l o L) - rsina - r,sinacosBy)
L 0 i
Assuming that the motion acceleration of the ball center a, +a,,r,sinB, — o, r,cosB,
relative to the screw in the tangential direction of the helix — a, r,Sing,
path is a,, and its angular acceleration relative to the coor- @ 7,CO3B (52)
bt' b A
dinate system O, b is @ =[a, @, ay]', the motion 0
accelerations (i.e., relative sliding accelerations) of con- ; ; ;
tact points A and B on the ball relative to points A and B [abBS] :i( [vbBS]) - i( dp bB) -
on the screw, respectively, in the coordinate system 0 d 0 dr\ dr
O, tnb can be expressed as 0
0 i( dT';) - 1,c08B, - [aEB] ~
dr\ dr J| -r,sing "lol™
RETEARTEA LS AT v
0 _dt( dz)_dt( dt) r,sinB, o1~

1
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. .
a, —a,, 7, SInBy + o, 1, oSG,

Q7,808 (5b)
— 7, COSB;
0
where

1 0 0O

01 0 0

PSA :Pﬁ’ P:IB :P:’ T:I = 0 O 1 0

0 0 0 1
0 0 0 v, 00 0 a,
d(dT‘;)_doooo 1o 00 o
dr\ dr def {0 0 0 O 00 0 O
0 00 O 00 0 O

0 — Qyy a, O 0

[a:A] _ Ay 0 —a, O 1,CO8B3,
0 QO 0 0| r,sinB,
0 0 0 0 1
0 -y o, O 0
[aEB] _| % 0 o, 0| —r,cosBy
0 ™ Ay 0 0 —r,sinBy
0 0 0 0 1

Using Eq. (3), the position vector of point B on the
nut in the coordinate system O, Xy, Yy,Z,, can be calculat-
ed as follows:

Py =TT Py, (6)
0

— r,CO803;

—r,sing, |
1

By solving the first-order derivative of time using Eq.

(6), the velocity vector of point B on the nut in the coor-
dinate system Oy, Xy, YwZ,, can be calculated. By solving

where Py, = Py, =

the second-order derivative using Eq. (6), the accelera-
tion of point B on the nut in the coordinate system
0, X, YyZ, can be solved as follows:

W W S H
VeN _dPNB _dTW H pH s [ VNB
[ 0 ] Todr T dr TPy +TWT5[ ] N
[avaN] :i [V;VN :i dPgB _
0 dr 0 dr\ dr
d (dTS al
e L R ] I B

During the accelerated motion of BSM, there is a rela-
tive motion between the common tangential plane of the
nut’s raceway and the ball at the ball contact point B, and
the relative acceleration of the nut relative to the coordi-
nate system O, b in the O, B direction is zero, so we as-
sume that the motion acceleration of point B on the nut

relative to the coordinate system Oy tnb is

ay (1) an, (1)
ay, =| axs(n) |=| —aysing, 9)
agB( b) a,5COSB;

The acceleration of point B on the nut is shown in Eq.
(8) then follows the acceleration of the nut, and the ac-

celeration of the nut during the acceleration becomes ay
0
= [ 0 ], which can be substituted into Eq. (8) to
- rftanay
obtain
V1=l ) =al[5])-
0 drll o drll o
0
d deV H pH S H agB _ 0
dt( dr )TSPNB +TWTS[ 0 ] | - rtana
0

(10)

By substituting Eq. (10) into Eq. (9) for simplification,
the acceleration of point B on the nut relative to point B
on the screw can be obtained as

. r
- —— +r,cosBycosa
" cosa

e = - O sinasing,

Or, sinacosB,

(11)

By combining Eq. (5b) and Eq. (11), the acceleration
(i.e., relative sliding acceleration) of point B on the ball
relative to point B on the nut can be obtained as follows:

d d
a:s :a( vgs) :E(VEBS - v:B) =

‘ . s
ay, — a,, 1, SinBy + a,, r,cosBy + | —— + r,cosB,cosa
cosa
a, r,sinBy + Or sinasing,
- a,,r,co8B, — I sinacosB,
(12)

1.2 Analysis of the accelerated motion state of ball

1.2.1 Relative accelerated motion between the ball
and screw raceway

Article 1
the ball and screw raceway is pure rolling, i.e., if the

If the relative accelerated motion between

relative sliding velocity at the contact point A between the
ball and the screw raceway is zero, then

Ay, +a,, 1, SinB, — a1, cosB,
— a1, SING,

0y, 7, COSB

AS

0
=[0] (13)
0

Using Eq. (13), we can obtain
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(14)

“ .
Ay = Q1L COSB, — Ty, SIHBA}

a, =0

By substituting Eq. (14) into Eq. (12), the relative
sliding acceleration at point B between the ball and the
nut raceway can be obtained as follows:

Ay — a1, SinBy + oy, 7, COSB, +

P r
(2( —— +r,cosB cosa)
H b B
ay = cos (15)
oy, 1y SinBy + (2, sinasing,

- @, 1,c088; — O, sinacosB,

Using Egs. (13) and (15), the calculated acceleration
0) of the screw is not zero; therefore, it is impossible for
the two contact points of the ball to simultaneously expe-
rience pure rolling.

Article 2
the ball and screw raceway is pure sliding, i.e., if there
is no relative rolling at point A, the ball and nut are fixed
together. Then, the BSM is similar to the trapezoidal lead
screw, and the following equation holds.

If the relative accelerated motion between

“ .
Ay = Oy, 1, SINBy + 0y, 7, COSBy +

(T 0
al = Q( cosa + rbcos,BBcosa) _ [0] (16)
a1, SinB, + o, sinasing, 0

- @, 7,c08B, — O, sinacosBy

At this point, the rotational angular acceleration of the
ball relative to the screw is the rotational angular accelera-
tion of the nut. Therefore, the angular acceleration of the
ball can be expressed as

Qy, 0 - (sina
Ay, s gty —1| O 0
=(T,T . | = .. 17
y (LT ) gy - (cosa an
0 0 0

Using Eq. (17), because the acceleration of point A on
the ball is equal to the acceleration of the nut (ay, =
[0 0 =-(r-rycosB,)ana]™) when the nut and ball
are fixed together,
point A can be expressed as follows:

the relative sliding acceleration at

(18)

The relative sliding acceleration at point A can be cal-
culated using Eqs. (18) and (5a) as follows:

wo_ W w
Aps =Qpp — Ay

H
aAS

0

w
aAS

o= (19)

Eq. (19) can be simplified as

o .
a,, +o,,rSnB, —a,,r,cosB,
Ay = =,y SING, =

o, 7, COSB

[ - Q( L rbCOSaCOSBA)

cosa
O, sinasing, (20)
L - 0, sinacosB,
Using Eq. (20), we can obtain
a; = -0— (21)
cosa

Substituting Eq. (21) into Egs. (16) and (20), we
have

Qy, T, (SINB, +sinBy) — a1, (cosB, +cosBy) =
(r,cosa(cosB, +cosBy)

Article 3
tively motionless, i.e., if the relative sliding acceleration

(22)

If the ball and the screw raceway are rela-

at point A is zero and the motion acceleration and relative
rotational acceleration of the ball center along the helix
path of the screw are zero as well, Eq. (13) is estab-
lished, and can be obtained using Eq. (14).

(23)

X
a, =0 }
Qe = 0, = 0y, =0

By substituting Eq. (23) into Eq. (12), the relative
sliding acceleration at point B between the ball and the
nut raceway can be obtained as

.. r
!2( —— + r,,c083,cosx

" cosa
Gins = Or, sinasing, (24)
- Or sinacosB,
Article 4 If the motion between the ball and the

screw raceway is the slide-roll mixed motion, the slide-
roll ratio can be used to describe the motion of the contact
point'™™ . The acceleration of contact point A on the ball
can be calculated using Egs. (4) and (5) as follows:

(25)

H _ H H
Ay =Ay Ty

Then, the slide-roll ratio of the ball at contact point A
between the ball and the screw raceway in the tangential
direction 7 of the helix path becomes

_an( -ai(n |
P lan (o |+ e |
| als(1) |
|ai(1) +als(n) | + [ai(D) |

(26)

Substituting Eqgs. (4c), (5a) and (25) into Eq. (26),
we obtain

‘ a, + a,, 1, SinB, — a,r,cosB, ‘

S

A lal +ay,rsing, —ay,r,cosB, +cosa(r —r,cosB,) | + | fdcosalr - r,cosB,) |

(27)
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By substituting Eq. (23) into Eq. (27), the slide-roll
ratio at point A, S, =0, can be obtained, i.e., there is a
pure rolling or a motionless state.

By substituting Eq. (21) into Eq. (27), the slide-roll
ratio at point A, S, =1, can be obtained, i.e., there is a
full sliding state. This verifies the above three mentioned
analysis results. Thus, the condition of the motion be-
tween the raceways of ball and screw being the rolling-
sliding mixed motion is

0<S, <1 (28)

1.2.2 Relative accelerated motion between the ball
and the nut raceway

Article 1

the nut raceway is pure rolling, i. e, if the relative sliding

If the relative motion between the ball and

acceleration of point B is zero, then

. .
Ay = O, 1, SINB + 1, 7, COSPy +

[ T 0
ags _ _()( cosa + rbcosﬁBcosa) _ [O] (29)
1, SinB, + £, sinasing, 0

- a,, 7,c08B8; — £Ir, sinacosB,
Using Eq. (29), we can obtain
Ay, =0y, 1, SINBy — Ay, 1,CO8By —

!2( Ly rbcosﬁBcosa) (30)

cosa
a, = - {Xsing

By substituting Eq. (30) into Eq.(5a), the relative
sliding acceleration of point A in the case of pure rolling
at point B can be obtained as follows:

a,,r,(sinB, +sinBy) —a,r,(cosB, +cosBy) —

.. r
()| —— + r,cosB,cosa
a'l = cosae  ° B
AS . . ;
Or, sinasing,
- Or sinacosB,

(3D

Similarly, according to Eqs. (29) and (31), the accel-
eration (2 of the screw is not zero; therefore, it is impos-
sible for the two contact points of the ball to simultane-
ously experience pure rolling.

Article 2 If the relative motion between the ball and
the nut raceway is pure sliding, i.e, if the balls and the
screw are fixed together, then the BSM is similar to the
trapezoidal lead screw.

Article 3  If the ball and the nut raceway are relatively
motionless, 1i.e, if the ball and the nut are fixed togeth-
er, then contact point A is under a pure sliding state.

Article 4 If the motion between the ball and the nut
raceway is the slide-roll mixed motion, then the slide-roll
ratio at contact point B between the ball and the nut race-
way can be obtained by Egs. (5b) and (11) as follows:

| als(1) —ays (1) | | ags(t) |

P lah() |+ lan(0 ] lalh(n | + lag( |

. o T
Gy = Ay, 7, SINBy + 0y 1, COSBy +.(< o +rbcosBBcosa) ‘
o

‘abt =@y, T, SINBy + 0y, 17,COSBy ‘ +

.. r
—.({ E + rbOOSﬁBCOSa) ‘
(32)

By substituting Eqgs. (30) and (22) into Eq. (32), the
slide-roll ratio at point B, S, =0, can be obtained; i.e.,
there is a pure rolling or motionless state.

By substituting Eqgs. (23) and (24) into Eq. (32), the
slide-roll ratio at point B, S, =1, can be obtained; i.e.,
there is a pure sliding state. This verifies the three above-
mentioned analysis results. Thus, the condition of the
motion between the ball and the nut raceway being the
rolling-sliding mixed motion is

0<S, <1 (33)

Based on the above mentioned analysis results, the rel-
ative motion forms of the contact points among the ball,
the screw raceway, and the nut raceway are shown in
Tab. 1.

Tab.1 The slide-roll ratio of contact points

Sequence  Contact Value of  The running state of
. Parameters .
number points SA/ Sy contact points
A Sa 0 Pure rolling
1 B s, Eq. (32) Roll'ing—sliding mixed
motion
N s, Eq. (27) Roll'ing-sliding mixed
2 motion
B Sg 0 Pure rolling
3 A Sa 1 Pure sliding
B S 0 Relatively motionless
4 A Sa 0 Relatively motionless
B Sg 1 Pure sliding
s, 0.1 Roll-ing-sliding mixed
s motion
B Sy 0.1 Rolling-sliding mixed

motion

1.3 Analysis of the acceleration of nut

During the accelerated rotation of the screw shaft, the
four extreme accelerated motion states of the ball are
taken into consideration for the convenient analysis of the
accelerated movement characteristics of the balls in the
raceways.

When there is pure rolling at contact point A between
the ball and the screw raceway, and the rolling-sliding
mixed motion at contact point B between the ball and the
nut raceway, the acceleration of the ball can be calculated
using Article 1 in Section 1.2. 1, and then the accelera-
tion of contact point B on the nut can be expressed as

aI‘SVN a}:’ S H agS a}:‘/ S H agB
I A P e I e P e
0 0 0 0 0
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By substituting Eq. (4a) and Eq. (11) into Eq. (34)
for simplification, thus the acceleration in the nut is apy

T Q0 - rsin(£2 +6) + r,cosB,sin(£2 +6) + r,sinasing, cos(2+6)] +
D[ —rcos(2+6) + r,cosfB,cos({2+0) — r sinasing,sin(2+0)] -
() rsinfcos(? + r,sinasing, cosgcoss2 + r, singcosB, coss +

rcosfsing2 — r, sinasingsinB; sin{2 + r, cosfcosPB sin(2)

(Z,), and then an(Z,,) can be expressed as

afb] | 20 rcos(2+6) - r,cosB,cos(2 +0) +rsinasing,sin(2+0)] + (35)
0 O -rsin(Q+6) + r,cosB,sin(£2+ 0) + r sinasinB,cos(2+6)] -
£ rsingsing) + r, sinasinB, cos@sin(2 + r, sinfcosB, sind2 —
rcosfcos2 + r, sinasinfsinB, cos{2 — r,cosfcosB, cos{?)
Ortane
L 0 i
a;”N(ZW) = — (rtana (36)  the screw raceway, and the acceleration of the nut can be

When there is pure sliding at contact point A between
the ball and the screw raceway and those of the ball and
the nut are relatively motionless, the acceleration of the
ball can be calculated using Article 2 in Section 1.2. 1.
The acceleration of contact point B on the nut is similar to
Eq. (10), and the acceleration of the nut can be ex-
pressed as

ap(Zy) = — 4 r - r,cosB,) tana (37)

When there is pure rolling at contact point B between
the ball and the nut raceway, and the rolling-sliding
mixed motion at contact point A between the ball and the
screw raceway, the acceleration of the ball can be calcu-
lated using Article 1 in Section 1. 2. 2. By the same
process as pure rolling at contact point A between the ball
and the screw raceway, the acceleration of contact point
B on the nut can be expressed as

[agq _[ar]__Ts]m[aiﬂ
ol Lo "o

According to Eq. (15) and Eq. (31), Eq.(38) can be
transformed into
a&]:[af]_TquaZ

0 0 “tlo

aj\v S H agB
[0]_TWTS[ 0 ]

In order to facilitate the computing, supposing that 8,
=B;. Using Eq. (39), the acceleration of the nut can be
calculated as ajy(Z,,) = — (rtana.

When there is pure sliding at contact point B between
the ball and the nut raceway, the ball and the screw race-
way are relatively motionless and form an integrated
whole.
using Article 2 in Section 1.2.2. The acceleration of con-
tact point B between the ball and the nut raceway is simi-

(38)

@Y s [ Bos
:[o]_TWTS[ 0 ]:

(39)

The acceleration of the ball can be calculated

lar to pure sliding at contact point A between the ball and

expressed as

ap(Zy) =X r+r,cosB,) tan (40)

2 Simulation Analysis and Experimental Details

2.1 Simulation analysis

In the BSM, the screw drives the ball while the ball
drives the nut; therefore, the acceleration of the ball at
contact point A in the tangential direction ¢ is less than
that of the screw. Based on the relative acceleration rela-
tionship expression Eq. (5b) of the contact point A be-
tween the ball and the screw raceway and the relative ac-
celeration relationship expression Eq. (12) of the contact
point B between the ball and the nut raceway, we have

P r
— )| —— + rycosBcosa | <
cosa

ay, (41)

- a,,1,sinB, + a,,r,cosB, <0

Considering the two ultimate accelerated motion states
of the ball, i.e, it is motionless relative to the nut ( Eq.
(21)) and the screw (Eq. (23)), the acceleration range

of the ball along the helix path of the screw is
~0—"—<a <0 (42)
cosa

Similarly, the angular acceleration range of the ball in
the tangential direction of the helix path can be obtained
using Eq. (13) and Eq. (14) as follows:

- sina <o, <0 (43)
Assuming that
a,,r,sinB = —a,, +a,r,cosB+ gf)( ﬁ - rbcosﬁcosa)
(44)

where -1<g<0.
The slide-roll ratio of the ball contact points can be ob-
tained as
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S, =

P r
g{)( cosa rbcos,Bcosa)

(45)
g!)( é - rbcosBCOSa) +{dcosa(r - r,cos8) | + | eosa(r - r,cosp) |
o
. AT Ay
i 2a, - g()( oS rbCOSBCOSa) +.(2( cosa T rbcosﬁcosa) (46)

Sy =
cosa

Based on a comprehensive consideration of Eq. (37), g

should also satisfy the following condition:
- @y, — Q1 COSB

8= L) r/cosa - r,cosBcosa)

(47)

By substituting the parameters of the BSM shown in
Tab. 2 into Eq. (45) and Eq. (46) to achieve the values
satisfying Eq. (42), Eq.(47) and -1<g<0, the rela-
tionship between a,, and a,, is shown in Fig.2 as well as
that between the slide-roll ratio and a, (a,,) can be
worked out as shown in Figs. 3 to 5.

Tab.2 Parameters of the BSM

2a, - g_(?( Ly, cosBeosa

Parameters Value
Screw pitch radius »/mm 16.375
Ball radius r,/mm 2.976 5
Helix angle o/(°) 2.767
Initial contact angle B/(°) 44.35
Pitch L/mm 5
Rotational angular acceleration of the screw ()/(rad - s~2) 200
40001
—o—a=2.24°
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N —— p=35°
. a =450
£ 2000+ “
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Fig.3 Relationship between a,, and a,,. (a) Relationship be-

-2910

tween ap, and ay,; (b) Local enlarged drawing of ay, and ay,

+

.. r
— ()| — + r,cosfBcosa
cosa

)

2.2 Experimental details

To verify the motion rule of the ball contact points of
the BSM during the accelerated motion, a test bench is
established to test BSM in Fig. 6. The acceleration and
velocity of the nut are recorded by the laser interferometer
during the acceleration process of screw. The working
principle of the laser interferometer is based on the light
refraction, and the laser head is fixed to the ground by
three-foot shelf brackets. The refracting mirror is fixed on
the servo motor fixed seat, and the reflector is fixed onto
the moving platform. The moving platform is driven to
move by the nut.

On this basis, the abovementioned four motion states
of the nut are simulated and compared with the measured
accelerations of the nut, as shown in Fig. 7, and the
effect of the accelerated motion of the screw on the nut
velocity is shown in Fig. 8.

3 Results and Discussion
3.1 Relationship between a,, and a,,

While the BSM is running at a constant acceleration,
the greater the contact angles, the smaller the values of
a,,/a, , as shown in Fig.3. Under constant acceleration,
the greater the helix angles, the larger the values of a, /
a,,, but their values are affected by the helix angle to a
less degree than the contact angles. At the same time,
with the increase in a,,, a,/a,, is constant.

3.2 Relationship among a,,,S,, and S,

While the BSM is running at constant a,, S, and S,
decreasing with the increase in the contact angles can be
observed in Fig. 4. Under constant a, , the greater the
helix angles, the smaller the values of S, first and the lar-
ger values of §, later; however, the increase range of S,
is smaller than the decrease range. The greater the helix
angles, the larger the values of S; With the increase in
the absolute value of a,,, the range of S, becomes grea-
ter. In contrast, with the increase in the absolute value of
a,, , the range of S, is very small.

3.3 Relationship among a,,, S,, and S,

As shown in Fig. 5, under constant a,,, the greater the

contact angles, the larger values of S, first and the smal-



406 Kong Deshun, Wang Min, and Gao Xiangsheng

_ 0.042 ——a=2.24° 0.6 . -
0.043 e a=224° o a=438° I
0.040 0.040 s 04l -o-a=646°
0.035} p=35° T ——p3se
+,8:45°
0.0301 0.038 el —— g5
p=55 02 —>—posse
0.025
o o< 0.036 .
0.020 “
0.015}F 0.0341"
010¢
e 0.032 -02¢
0.005}-
0 s s P N 0.030 s : ; -04 : : : :
—4000 3000 2000 —1000 0 23400 -3300 -3200 -3 100 24000 3000 —2000 1000 0
a’,/(mm -« s72) a’ /(mm * s7?) a’,/(mm -+ s72)
() (b) (¢)
—0.010r 0.03r 4240
5 =438
-0.012} 0.02F o 4=646°
~0.014}
tﬂ:
~0.016}-
~0.018}
—-0.020 L AW L 1 | 1 L L |
Z1870 —1860 —1850 —1840 —1830 —1820 “1860  —1820 —1780 —1740
a’,/(mm s a’,/(mm -+ s72)
(d) (e)

Fig.4 Relationship between S,(Sy) and a;, . (a) Relationship between a;; and S,; (b) Local enlarged drawing of a;, and S,; (c) Relation-

ship between ay; and Sg; (d) Local enlarged drawing of a; (e) Local enlarged drawing of 8

0.045r ——0=224° 0.0330r ——a=2.24°
& 0=4.38° = a=4.38°
0.040F o p=6.46° 0.0328f -0~ a=6.46°
0035} B35 —— p=35°
s f=45° L —— p=a5°
0.0326
0.030F  —>— p=55° —b>— f=55°

0.025}
“0.020f
0.015}
0.010f
0.005}

P 0.0324
)

0.0322

0.0320

0.0318

0Lpf . L . ) N L L )
0 1000 2000 3000 4000 2450 2460 2470 2480 2490 2500
a, /(mm -+ s7?) a, /(mm -+ s7?)
() (b)
0.6r 0.0851
i —_— a=2.24° —_— o=2.24°
i o=4.38° & a=4.38°
0.4 oo - 0=6.46° 0.080r -0~ 0=6.46°
—— p=35° —— p=35°
—=— [=45° D —s— [=45°
02l p=55° 0.075k ~
o “370.070
“l
0.065
-0.2f
\ 0.060r ~
al 0 1000 2000 3000 4000 1100 1120 1140 1160
a, /(mm - s7%) a, /(mm - s7%)
(¢ (d)

Fig.5 Relationship between S, (S;) and a,. (a) Relationship between ey, and S,; (b) Local enlarged drawing of ay, and S,; (c) Relation-

ship between «y,, and Sy; (d) Local enlarged drawing of «



Effect of contact angle and helix angle on slide-roll ratio under the accelerated motion state of ball screw mechanism

407

ler values of S, later, but the decrease range is greater.
The greater the contact angles, the smaller the values of
S;. The greater the helix angles, the smaller the values of
S,, and the larger the values of S;. At the same time,
with the increase in the value of a,,, S, and S; show the
same change trend under the influence of | a,; | .

1—Reflector; 2—Moving platform; 3—BSM; 4—Refractor;
5—Laser interferometer

Fig.6 Test bench of the BSM

3.4 Acceleration and velocity of the nut

The acceleration of the nut linearly increases with the
increase in the acceleration of the screw, and the meas-
ured acceleration of the nut is consistent with the accelera-
tion of the nut at ball contact point B when there is pure
rolling (see Fig.7). Due to the existence of error in the
processing of the BSM and the friction coefficient of the
screw u, smaller than the friction coefficient of the nut
My, there is pure rolling at the ball contact point B be-
tween the ball and the nut raceway during the acceleration
of the BSM. Whereas at ball contact point A, there is the
slide-roll mixed motion.

1601
P Test f
9 140F —+— Pure rolling of point 4 PR
. - % - Pure sliding of point A o
£ 1201 Pure rolling of point B o
£ —©-Pure sliding of point B -« L
3 100 Lok
e o %
< 80f s
= 7
(=}
g
=
3
Q
3
<
100 150 200

Acceleration of the screw/(rad * s72)

Fig.7 Acceleration relationship between the screw and nut

As shown in Fig. 8, the measured initial velocity of the
nut is lower than the velocity of the nut under the assump-
tion that there is pure sliding at ball contact points A and
B. However, with the increase in the velocity of the nut,
the measured velocity exceeds the velocity of the nut

when there is pure sliding at the ball contact point A.
This is due to the slide-roll mixed motion at the ball con-
tact point A, and with the increase of time, the velocity
of the nut exceeds that of the pure sliding of contact point
A.

1801
""" Test 0
160 - —— Pure rolling of point 4 g
- % - Pure sliding of point 4 *
140 Pure rolling of point B
120k —©" Pure sliding of point B o i

100F e

. S—l)

60 o “?/,:
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\'*' Q
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()
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----- Test
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Pure rolling of point B

--o - Pure sliding of point B

. SAI)
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Speed of the nut/(mm

0 0.1 02 03 04 05 06 07 08 09 10
Time/s
(b)
Fig.8 The running velocity of the nut. (a) Running velocity of
the nut; (b) Partial enlargement drawing of the running velocity of nut

By measuring the acceleration and velocity of the nut
of the BSM, it is verified that there is a slide-roll mixed
motion at the ball contact point A and the pure rolling at
the ball contact point B during the acceleration of the
BSM.

4 Conclusions

1) In this paper, the curve theory in differential geom-
etry and the homogeneous transformation matrix is used
to establish an acceleration kinematics model of the BSM.

2) By analyzing the relative accelerated motions be-
tween the ball and the raceways, it can be concluded that
there may be five different accelerated motion states at the
ball contact points A and B.

3) It also explores the effects of the contact angle and
helix angle on a,, and a,,, S, and S, as well as a,, and
a,, during the accelerated motion of the screw. Increasing
the contact angle can reduce the slide-roll ratio at contact
point A of the ball, thus reducing the wear of the ball
screw.
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the nut of the BSM, it is verified that there is a slide-roll [8] Gnanamoorthy R, Govindaraian N, Mutoh Y. Effect of
slide-roll ratio on the contact fatigue behavior of sintered
and hardened steels[J]. Journal of Failure Analysis and
Prevention, 2004, 4 (2): 78 — 83. DOI: 10. 1361/

mixed motion at ball contact point A and pure rolling at
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