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Abstract

Ball screw mechanism (BSM) is an important force-motion transfer device which is used in
high-precision machine tools such as the computer numerical control. Performance parameters such
as contact angle, helix angle, and the pitch radius of the screw can greatly affect the transmission
precision, and the transmission precision of the BSM are not yet well resolved. In this study, ball
contact point motion model is derived to assess the influence of contact angle, helix angle, and the
pitch radius of the screw on transmission precision under uniform motion of the BSM. For the pur-
pose of verifying the kinematic characteristics of the contact points between the balls and raceways
under a state of uniform motion, a kinematic model is developed and values are computed for a set of
boundary conditions. Comparing the simulated data to measured data, the laws of motion for the ball
contact points developed in this study are confirmed. Moreover, the effect of the screw velocity on
contact angle, helix angle and the pitch radius of the screw directly affects the velocity of the nut.
Under the accelerated and uniform motion state of the screw, larger angular velocity of the screw re-
sults in an increase in the displacement deviation of the nut, and these parameters of the nut are
considered to improve the transmission precision of the BSM. The verification of the research results
provides a new research method for the study of the precision retention of ball screw mechanism.
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0 Introduction

As a key component of computer numerical con-
trol, the performance of the ball screw mechanism
(BSM) has great impact on process quality. A credi-
ble BSM enables high precision manufacturing of parts,
close tolerances, and improves productivity in the
workplace. The parameters affecting the performance of
the BSM include contact angle, helix angle, and the
pitch radius of the screw, and it have been found that
the running status (i. e., sliding versus rolling) be-
tween the balls and raceway can have a significant effect
on transmission precision of the BSM. Refs [1,2] stud-
ied the helix motion rule of the balls in the raceways
using analytical method, proved that there are both
pure rolling and sliding between the balls and the race-
ways in the operation process of the ball screw mecha-
nism, and developed theories for evaluating the effi-

ciency. Refs [ 3-5] introduced the theory of differential
geometry of curve to analyze the motion laws of a ball
considering the effect of the elastic deformation of con-
tact angle, and found that the self-spin and rotational
angular velocities of the ball have an approximately lin-
ear relationship with the rotational velocity of screw.
Ref. [6] affirmed the influencing rules of contact an-
gles and helix angles of the BSM on the slide-roll ratio,
and found that it had an opposite trend of the slide-roll
ratio, and an increase in helix angle significantly de-
creased the slide-roll ratio at contact point B. Ref. [7]
established the model of the dynamic contact angle of
BSM combined with the geometric parameters of the
ball and the raceway between nut and screw. He veri-
fied that the inner contact angles in screw raceway are
always greater than the external angles in nut raceway
under high velocity working conditions. Ref. [ 8] found
that the torque fluctuation of BSM came from the load
change of the contacting balls between the nut and the
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screw shaft during ball circulation, and the torque fluc-
tuation and position deviation can be decreased, as the
load of the ball decreasing. Ref. [9] and Ref. [10]
found 5 different motion states between the ball, the
screw of raceways, and the nut of raceways by analysis
and also evaluated the effects of the motion velocity of
the ball on the slide-roll ratio. At the same time Kong
confirmed that the existence of the slide-roll mixed mo-
tion 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 ac-
celerated motion. And Refs[10,11] proved that with
the increase in the BSM’ s contact angle, the slide-roll
ratio at the contact points decreases, and the contact
angle has relatively significant effect on the slide-roll
ratio. In the above cases, the motion rules of the ball
were explored when the BSM is under a motion and
quasi-static state. However, there is no quantitative a-
nalysis on the influence of contact angle, helix angle,
and the pitch radius of the screw on transmission preci-
sion. The motion characteristics of the ball during the
uniform motion of the BSM decreased the wear of the
BSM during this process and increased its precision
and service life''>"*’ .

Based on Refs[9,10,14 ], this paper further ana-
lyzes the kinematic laws of the contact point between
the ball and raceways under 4 types extreme conditions
for accelerated motion and uniform motion. Through
the comparison and analysis of simulation values and
test values, it is verified that the slide-roll mixed mo-
tion at the ball contact point A and pure rolling at the
ball contact point B during the accelerated motion and
uniform motion of the screw. Moreover, the effect of
the screw velocity on contact angle, helix angle and the
pitch radius of the screw directly affected the velocity
of the nut, under the accelerated and uniform motion
state of the screw, larger angular velocity of the screw
resulted in an increase in the displacement deviation of
the nut. These parameters of the nut are considered to
improve the transmission precision of the BSM.

1 Contact angle of BSM

In order to facilitate the systematic study of the ki-
nematic rules of the ball, the Cartesian coordinate de-
picted in Fig. 1 is established at the contact point A be-
tween screw-raceway and ball and the contact point B
between nut-raceway and ball, respectively. A and B
are contact points when contact just occurs. In this sit-
uation, there is no normal stress. Z,-axis and Zg-axis
are perpendicular to the tangent plane at contact
points. X,-axis and Xj-axis are parallel to tangential

direction ¢ of the center track of balls. Y,-axis and Y;-
axis are determined by the right-hand rule. The ball
screw mechanism is driven by the rotation of the screw,

and the angular velocity of the screw is 2 = d(/ds.
The contact angle of the BSM determines not only

the relative position relationships between the balls and

raceways, but also the kinematic relationship among

the screw, balls, and nut. The position vectors of con-

tact point A between the ball and screw raceway and

contact point B between the ball and nut raceway

(Fig.2) are defined using the Frenet-Serret coordinate

system Oyinb .

r 0

PY = | T (1a)
r,sin,

-1

r 0

P]; = | = r,cosBy (1b)
— r,sinB,

- 1

where B, is the contact angle between the ball and

screw raceway, [B; is the contact angle between the ball
and nut raceway, « is the helix angle, r, is the radius
of the ball, and r is the circle radius of the ball center
locus helix path.

Parallel

Fig.1 Three coordinate system of ball-screw

Fig. 2 shows rq is the curvature radius of the screw
raceway and ry is the curvature radius of the nut race-
way. The arc center track of the screw raceway section
intersects the normal plane of the ball center track at
the point Cg. Arc center track of the nut raceway sec-
tion intersects the normal plane of the ball center track
at the point c¢y. Ball center Oy is all in the normal plane
of the ball center track.

Assuming that the velocity of the ball’ s center
relative to the screw in the tangential direction of the
helix path is v, and its angular velocity relative to the
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coordinate system Oytnb are w = [ w,,, w,,, ], the
velocity (1. e., relative sliding velocity ) of contact
points A and B on the ball relative to points A and B on

the screw, respectively, can be expressed as follows**' ;

ey 0
Vi = ()]+ ® X | r,cosB,

-0 r,sinB,
[V + @,,7,81I08, — wy,r,cosB,

= — @y 1,sinG, (2a)
= W, T,c080,

H [ 0
Vigs = | 0 ] + w X | — r,cosBy

"0 — rpsinBy
[V — @,1,8108 + wy,1,co8B;

= @y, T SIinBy (2b)
- - wy1,co86;

where v}y is the contact point B between the ball and
screw.

Fig.2 Contact angle

2 Kinematics of the ball contact points

During rotational motion of the screw, four ex-
treme conditions are defined and the contact points of
the ball are taken into consideration in order to conven-
iently analyze the uniform kinematic characteristics of
the balls within the raceways.

(1) When there is pure rolling at contact point A
between the ball and the screw raceway and rolling-
sliding mixed motion at contact point B between the
ball and nut raceway. The sliding velocity at contact
point A between the ball and the screw raceway is cal-
culated using Eq. (3a), as well as the rolling velocity
at contact point A between the ball and the screw race-
way using Eq. (3b) in Refs[ 8,97 :

Uy + @3, 7, SI08, — @,1,C086, 0

Vis = - @y ,sinB, w: [0]

0
(3a)

Wy, 7,c083,

O(rcosa — rycosacosB, )
H

[VA] _ - Drbsinasin,BA (3b)
0 O - rsina + rysinacosB, )
0
Then, using Eq. (3a) , Eq. (4) can be obtained ;
{vbt = W M,Co8B, — Wy, 1, 8InG, (4)
w, =0

By substituting Eq. (4) into Eq. (2b), the rela-
tive sliding velocity at point B between the ball and nut
raceway is obtained as follows;

wy,ry (cosBy + cosBy) — wy,r, (sinB, + sinBy)

N
+ .Q( + rbcosBBcosa)
Ho_ cosa
Vs = .
Or, sinasinBy
— (O, sinacosBy

(5)

The rolling velocity at contact point B of the nut is

equal to the rolling velocity at contact point B of the

ball minus the sliding velocity at contact point B of the

ball. By combining Eq. (3a) and Eq. (5), the rolling

velocity at contact point B of the nut is obtained as fol-
lows :

H H H
[51=151-1"%] (6)
0 0 0

In the Frenet-Serret coordinate system Oyinb, the
velocity of point B on the nut relative to point B on the

screw is calculated as Eq. (7).
- _Q( r
cosa

H = .
Vap = — O sinasinB, (7)

+ rbcosBBcosa)

f)rbsinacosBB

When there is pure rolling at contact point A be-
tween the ball and the screw raceway, the velocity of
point A on the ball is equal to the velocity of point A on
the screw, so, the sliding velocity at contact point B of
the ball is equal to the sliding velocity of point B on the
ball relative to point B on the screw. Thus, vy = vy.
By substituting Eq. (3b) and Eq. (7) into
Eq. (6) for simplification, the rolling velocity at con-

tact point B of the nut can be expressed as

H H H H H
(1 (- D3 [ )
Q( rcosa + ﬁ — rycosacosf3, + rbcosBBcosa)
= - .Qrbsina( sinB, — sinBy)
(2( — rsina + rysinacosB, — rysinacosBy)

0
(8)
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In the inertial coordinate system Oy Xy Yy Zy, , the
velocity of nut at contact point B can be expressed as

(3] = nn ]
0 0
rsin(@ + £2) (- 2r + rycosB, — rycosBy) T
+ rysinacos( 6 + £2) (sinB, — sinBy)
-0 cos(0 + £2) (2r — rycosB, + r,cosBy)
+ rysinasin( 6 + ) (sinB, — sinBy)
rtana
L O _
(9)
cosfl -sin2 0 O
where, T, = si(r)l!) COS“Q (1) 8 .
0 0 0 1
— cosasing — cosf  sinasinf rcosf
T;I _ | cosacosf  —sinf - sinacosf  rsinf )
sina 0 cosq rftano
0 0 0 1

Finally, Eq. (9) is used to obtain the velocity of
point B on the nut in the inertial ordinate system

OwXyYyZy as follows:

0
vQ;V:[ 0 ] (10)
—flrtana

(2) When the relative motion between the ball
and screw raceway is pure sliding, i. e., there is no
relative rolling at point A, the ball and nut are fixed to-
gether. In this case, the BSM is similar to the Trape-
zoidal Lead Screw, and the relative velocity at point B
can be calculated as

Uy — Wy, T,81085 + w7, cosB;
: r
+!2(

cosx

+ rbcosﬂBcosa)
H —_—
Vps =

I3

(11)
The relative rotational angular velocity between
the balls and the screw can be defined as the relative

wy, rpsinB, + O sinasing;,

- wy,,co8By — O, sinacosBy

angular velocity between the nut and the screw. So the
angular velocity of the ball in the Frenet-Serret coordi-
nate system Oyinb is defined as

Wy 0 = f)sina
Opn | _ (TgvTIs*)—l = 0 (12)
Wy, -0 = Dcosa

0 0 0

Since the ball and the nut are motionless relative
to the other, the velocity of the nut is equal to the ve-

locity at contact point A of the ball in the direction of
screw axis. Thus, the velocity of the nut is obtained as
0
vy = 0 (13)
- Q(r - rycosB, ) tana

(3) When there is pure rolling at contact point B
between the ball and the nut raceway and rolling-slid-
ing mixed motion at contact point A between the ball
and the screw raceway. Under these conditions, the
relative sliding velocity at contact point B between the
ball and the nut raceway is zero, and the sliding veloc-
ity at point B can be expressed using Eq. (14).

4

(14)
Then, from Eq. (14), the following is obtained ;
Vi = @p,1,SInBy — wy,r,cosBy

- .Q( F_ 4 rbcos,BBcosa) (15)

cosx

vy — W, 7,SINB + Wy rycosBy +

4

+ rycospy cosa)
v — cos b ﬁ
BS —

w,rysinfy + (O, sinasingy

— wy,rycosBy — O, sinacosBy

W, = - Osina
By substituting Eq. (15) into Eq. (2a), the rela-

tive sliding velocity at point A is obtained as
H

Vas =
w1, (sinB, + sinBy) — w,,r, (cosB, + cosBy) —
.Q( cosa + rbcosBBcosa)
j)rbsinasinBA
= QrbsinacosBA

(16)

The rolling velocity at contact point B of the nut is
equal to the rolling velocity at contact point A of the
ball minus the sliding velocity at contact point A of the
ball. By combining Eq. (3b) and Eq. (16), the roll-

ing velocity at contact point B of the nut is obtained as
WEIKEE (12)
0 0 0
Since the velocity of point A on the screw relative
to point A on the ball is equal to the velocity of point B
on the nut relative to point B on the screw, the sliding
velocity at contact point A could be calculated using
Eq. (17). To simplify the calculation, let 8, =8, =

H H
B, my=my, 0V, = Vyp.

Using Eq. (17) , Eq. (18) can be got:

-0 o
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By substituting Eq. (3b) and Eq. (7a) into
Eq. (18) for simplification, the velocity of the nut is

v (Zy) = - Ortana.

(4) When the relative motion between the ball
and nut raceway is pure sliding, i. e. , there is no rela-
tive rolling at point B. Similar to condition Eq. (2),
the ball and screw are considered to be fixed together,
thus the BSM is comparable to the Trapezoidal Lead
Screw. The velocity of contact point B between the ball
and the nut raceway is similar to pure sliding at contact
point A between the ball and the screw raceway, and
the velocity of the nut can be expressed as

0
vy = 0 (19)

-O(r + r,cosB, ) tana

3 Experimental results and comparison to
the theoretical model

To verify the motion rule of the ball contact points
of the BSM during the uniform motion, a test bench is
established to test BSM in Fig. 3, and the velocity and
displacement of the nut are recorded using a laser in-
terferometer. By substituting parameters of the BSM in-
to Eq. (10) and Eq. (19) shown in Table 1, and get
simulation data.

The velocity and displacement of the nut are re-
corded by the laser interferometer during the motion
process of screw. And the model of the laser interfer-

ometer is RENISHAW XL80.

1 Reflector 2 BSM 3 Refractor 4 Motor encoder 5 Laser interferometer

Fig.3 Test bench of the BSM

The actual values of the nut velocities match the
simulated values when the ball contact points A and B
are under pure rolling conditions, as shown in Fig. 4,
and the actual values of the nut velocities are in the
middle of two velocities when the ball contact points A

and B are pure sliding. The BSM creates a centrifugal
force as the screw rotates, and the normal pressure of
the ball contact point B is greater than that of point 4,
therefore, the friction force of point B is larger than
that of point A under the same friction coefficient. Mo-
reover, it can be concluded that the ball contact points
A and B cannot be pure rolling at the same time in
Ref. [9]. So the ball contact point B can be consid-
ered pure rolling while the ball contact point A presents
the rolling-sliding mixed movement.

Table 1 Parameters of the BSM

Parameters Value Unit
Screw pitch radius r 16.375 mm
Preload 2630 N
Ball radius ry, 2.9765 mm
Helix angle o 2.767 °
Initial contact angle 8 44.35 °
Pitch L 5 mm
Rotational angular accelera-

a 26/56/78 rad/s’

tion of the screw — 2

Rotational angular velocity of

. 100/600/1 200 r/min
the screw — (2
100 F : ' ' - ——
----- Test o B
-——-- Pure rolling of point 4
e 80 Pure sliding of point 4 1
E —&— Pure rolling of point B
g ---@-- Pure sliding of point B
S 60f -
=]
Q
=
B 40+ _
B
g
Q
> 20 .
0 s 1 1 L 1 1 1
0 20 40 60 80 100 120

Velocity of the screw (rad/s)

Fig.4 Relationship of screw velocity and nut velocity

4 Improving transmission precision

As the screw rotational velocity increases, the con-
tact angle, helix angle, and ball center position relative
to the screw axis position radius change in Refs[3,14].
These parameters directly affect the velocity of the nut.
When the contact angle, helix angle, and the pitch ra-
dius of the screw are considered, they are affected by
the screw rotation velocity. Again, the deviation values
between the measured and simulated values are presen-
ted in Fig. 5 and Fig. 6 under the condition that the nut
moves the same distance.
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Under the accelerated motion state of the screw,
as the nut moves the same displacement at different
screw speeds, considering and ignoring the influence of
the contact angle, helix angle, and the pitch radius of
the screw, the deviation between the measured value
and the simulated value is as follows. These variations
are shown in Fig.5. The deviation values of the nut
displacement reduce to 1/5 as the velocity of angular
acceleration is 26 rad/s”, the displacement deviation
reduces to 1/3 as the velocity of angular acceleration is
52 rad/s”, and the displacement deviation reduces to
1/1.7 relative to not considering the effects of these
parameters as the velocity of angular acceleration is 78
rad/s”.

screw, larger angular acceleration of the screw results

Under the accelerated motion state of the

in an increase in the displacement deviation of the nut.

0.45 T T T T T
—+— 26 rad/s
—+— 26 rad/sz(Presem model)
035} ——o—— 52 rad/s?
o §2 rad/sz(Present model)

04}

)

03}

—+— 78 rad/s?
0.25 ' —<— 78 rad/s*(Present model)

0.15

o1} T ]

Displacement error of the nut (mm
(=]
)

0 20 40 60 80
Displacement of the nut(mm)

100 120

Fig.5 The deviation values of the nut displacement at

screw accelerated motion

T T T T T T
—+— 100 rpm
= =% = 100 rpm (Present model)
—+— 600 rpm
=+ & = 600 rpm (Present model)
| —<— 1200 rpm
-+==@ -1 200 rpm (Present model)

o
i
D

o
=

=

=3

&
T

=

=3

=N
.

g

f=J

=
T

Displacement error of the nut(mm)

(=3
f=3
[
Py

H et e ot Kt A FR AR e e F AR

¢ 0 20 40 60 80 100 120

Displacement of the nut (mm)

Fig.6 The deviation values of the nut displacement at

screw uniform motion

Similarly, under the uniform motion state of the
screw, as the nut moves the same displacement at dif-
ferent screw speeds, considering and ignoring the influ-

ence of the contact angle, helix angle, and the pitch
radius of the screw, the deviation between the meas-
ured value and the simulated value is as follows. These
variations are shown in Fig. 6. The deviation values of
the nut displacement reduce to 1/3.4 as the velocity of
rotator is 100 rpm, the displacement deviation reduces
to 1/2 as the velocity of rotator is 600 rpm, and the
displacement deviation reduces to 1/1.7 relative to not
considering the effects of these parameters as the veloc-
ity of rotator is 1 200 rpm. And larger velocity of the
screw results in smaller values of the nut displacement
deviation.

5 Conclusions

Contact angle, helix angle, and the pitch radius
of the screw have significance effect on BSM transmis-
sion precision. However, these parameters have not
been fully studied. As such, these parameters are cho-
sen as the basis for the proposed kinematic model. In
addition, specific operational parameters based on the
existing literature are used to assess the model. The
conclusions can be drawn from this study.

By empirically measuring the velocity and the dis-
placement values using a test bench and comparing
them to the simulated values, the kinematic relation-
ships for the ball movement are verified, and the BSM
parameters are optimized such that the velocity and dis-
placement of nut are improved.

When the nut is displaced by an equal amount u-
sing different screw velocities under the accelerated
motion state of the screw, the contact angle, helix an-
gle, and the pitch radius of the screw are considered.
The deviation values of the nut displacement reduce to
1/5, 1/3 and 1/1. 7 relative to not considering the
effects of these parameters as the velocity of angular ac-
celeration is 26 rad/s>, 52 rad/s” and 78 rad/s’>. Sim-
ultaneously, the screw velocities under a state of uni-
form motion, the deviation values of the nut displace-
ment reduce to 1/3.4, 1/2 and 1/1.7 as the velocity
of rotator is 100, 600 and 1 200 rpm respectively. Un-
der the accelerated and uniform motion state of the
screw , larger angular velocity of the screw results in an
increase in the displacement deviation of the nut.

Finally, the effect of the screw velocity on position
of nut, including contact angle, helix angle and the
pitch radius of the screw, is considered to improve the
transmission precision of the BSM.
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Appendix
Nomenclature
A B The contact point between the ball and the
’ screw’ s Taceway or nut’ s raceway
Cy The center point of nut arc section
Cy The ball center of screw arc section
L The pitch length of the screw
Oy The normal plane of the ball center track
The circle radius of the ball center locus
r
helix path
T, The radius of the ball
Ty The radius of the micro-pattern
Ty The curvature radius of the nut raceway
Ts The curvature radius of the screw raceway
’ The relative sliding velocity vector of the
A contact element
Y The linear velocity of the center of the ball
. along the helix path
The coordinate-direction distance of the ro-
X, Y,z . .
tating coordinates
«a helix angle
The contact angle formed at the ball/screw
Ba» By

Wy s Wy, Wy

and ball/nut contact, respectively

The angular velocity components of the ball
with respect to Oytnb

The revolution velocity of the ball in the co-
ordinate Oytnb

The angular displacement of the screw

The angular velocity of the screw




