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Abstract: The slide-roll ratio and entrainment velocity are critical parameters in ball screw mechanism
tribology investigations and are often determined by Chin-Chung Wei’s approach. Their findings
indicated that substantial sliding always occurs between the ball and the raceways, which appears to
violate the ball drive principle. We validated Wei’s approach using the Harris method, which is widely
used in rolling bearing research. When the helix angle is set to zero, significant differences occur:
when the Harris method is utilized, the entrainment velocity at the inner contact points is essentially
equal to that at the outer contact points, and the slide—roll ratio is zero for both; however, when Wei’s
method is utilized, the entrainment velocity at the inner side is nearly three-times that of the outer
side, and the slide-roll ratio at the outer side approaches two—the level of pure sliding—which is
clearly incorrect. To overcome this issue, we present an accurate approach for obtaining the slide-roll
ratio and entrainment velocity for ball screws by regarding the Frenet frame as a virtual cage, which
is particularly applicable to those with a long lead and operating at high speeds. Moreover, we
investigated the effect of structural factors on the slide—roll ratio and entrainment velocity utilizing
this model.

Keywords: ball screw; entrainment velocity; slide—roll ratio; kinematic; relative velocity

1. Introduction

Ball screw mechanisms (BSMs) are a common type of component used in machine
tools to convert motor rotations into linear motions. As with ball bearings, it employs
several bearing balls to decrease friction, resulting in great positional precision and high
conversion efficiency. Due to the helix angle, sliding motion is constantly present in
the contact region, resulting in heat effects and limiting the operational range of the
component [1,2]. In practice, high-speed ball screws are lubricated with oil to decrease
friction. Since the contact between the ball and the raceway is considered a single point,
elastohydrodynamic lubrication (EHL) analyses are often performed in BSM lubrication
investigations. The entrainment velocity is a significant parameter in EHL analysis that
is utilized to characterize the movement of the contact surfaces. It is essential to properly
solve for the entrainment velocity while examining the lubricating status of the ball-race
contact region.

Due to the closed structure of BSMs, it is hard to obtain the balls” kinematic properties
through experiments. Lin et al. [3] proposed a theoretical method in 1994 for describing
the motion of the balls by constructing a Frenet frame. They developed a method for
determining the slip velocities at the contact points. Based on Lin’s study, Wei et al. [1]
derived the angular velocities of the balls while considering the influence of elastic de-
formation, then further analyzed how structural factors affect the friction behavior and
mechanical efficiency of the BSM. The preceding studies established an efficient method for
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determining the linear velocities of BSMs, which were applied in multiple studies [4-0].
Wei et al. [7] performed a kinematic analysis of two balls and analyzed the BSM’s mechani-
cal efficiency and slipping-rolling behavior for a preloaded single-nut double-cycle ball
screw. Hu et al. [8] investigated the kinematic characteristics of a BSM utilizing the homo-
geneous transformation matrix and the influence of movement velocity on the slide-roll
ratio. Previous studies established a basis for determining the contact surface velocities,
but their results suggested that significant sliding between balls and raceways always
occurs, which appears to conflict with the ball screws” operating principle. Meanwhile,
their findings indicated a considerable disparity in the entrainment velocities between
ball-nut and ball-screw contact, which may not be an accurate reflection of the motion
relationship between the lubricants and the contact surfaces.

The elastic deformations caused by both the contact load and the centrifugal force can
affect the velocities of the balls, making the load distribution of BSMs an important consid-
eration in kinematic studies. Wei et al. [1] considered the effect of elastic deformations and
determined the contact angles and gyroscopic angles numerically, assuming that all balls
were bearing the load uniformly. Mei et al. [9] proposed a static load distribution model for
ball screws that included the axial elastic deformations between the balls, indicating that
the load distribution curve is monotonous and concave. For ball screws with geometric
errors, Lin et al. [10] proposed a low-order FE model to predict the static load distribution
and proved that manufacturing inaccuracies can have a significant effect on the load distri-
bution. Zhen et al. [11] and Zhao et al. [12] considered radial elastic deformations in their
studies and further determined the contact load of balls during operation, showing that
the contact load is location-dependent. Additionally, Liu et al. [13] proposed a method
for determining the load distribution caused by the nut’s location. Previous studies have
shown that the contact angles of balls under static conditions are slightly different among
the balls. Meanwhile, the centrifugal force derived from kinematic studies is also essential
in improving these models for high-speed ball screws.

Several EHL studies on ball screws have been published in the last few decades. Wei
et al. [14] investigated the impact of lubrication during mechanical efficiency analysis
by approximating the hydrodynamic pressure with the Hertzian contact pressure. Mu
Shigang [5] determined the kinematic parameters and analyzed the EHL behavior of a
nut-driven high-speed ball screw. Zhang et al. [15] conducted experiments to compare the
lubricating effects of oil and grease. Several studies [16,17] have used laser surface texturing
to enhance the tribological performance of ball screws in recent years. Entrainment velocity
plays a critical part in nearly all of these EHL investigations. A large amount of research
agrees that the entrainment velocity at the screw side is similar to that at the nut side, as
the experiments demonstrated, but merely estimating it using absolute velocities derived
by Wei’s model [1] results in a large discrepancy at the two sides.

Ball bearing research is highly relevant due to the resemblance between ball screws
and ball bearings. In the 1970s, Harris [18,19] developed an analytical approach for deter-
mining the motion of ball bearings. Additionally, he incorporated fundamental theories
for rolling bearings in a book [20], which has been widely utilized in subsequent research.
Meng et al. [21] recently proposed a multi-ellipsoid contact elastohydrodynamic lubrica-
tion model for deep groove ball bearings that takes into account the skidding phenomena,
as well as the interactions between the bearing’s various components. These ball bearing
studies demonstrated an efficient method for calculating entrainment velocities using
relative rational speeds to the cage.

The Frenet frame affixed to the balls in a ball screw performs a similar function to
the cage in ball bearings. In this work, we suggest a novel approach for calculating the
slide-roll ratio and entrainment velocity based on the relative velocities, which can be
utilized to precisely compare the behavior at the nut or screw side, which is particularly
crucial for ball screws with a long lead and operating at high speeds. We determined the
relative velocities of the ball screw’s contact surfaces by treating the Frenet frame as a
virtual cage. We also introduced a different method for obtaining absolute and convected
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velocities to address several issues in the earlier models. Furthermore, we also looked at
the impact of the BSM’s structural factors.

2. Theoretical Analysis
2.1. Slide—Roll Ratio and Entrainment Velocity

Entrainment velocity U is defined as the average of the linear velocities of the two
surfaces to evaluate the motion at the contact point. In elastohydrodynamic lubrication
analyses, it is used to determine the dimensionless velocity parameter in the Hamrock—
Dowson oil film thickness equation [22-24]. Additionally, it is also a critical component
when evaluating the thickness and pressure distribution of EHL films.

The rotating speeds of ball bearing elements are often transformed into relative veloci-
ties relative to the cage in its EHL studies [20,21], and the resulting entrainment velocities at
the inner and outer rings’ contact points are practically identical. Considering the structural
similarities between the BSM and rolling bearings, as well as the Frenet frame’s role as a
virtual cage, we determined the entrainment velocity and slide-roll ratio using the linear
velocity relative to the Frenet coordinate system. The following formulas were used to
determine the entrainment velocity at the contact point for a BSM:

1

Ua = 5| Vin + Vil )
1

Up = 5 |Vbs + V| @

where V), and V are the nut/screw’s relative linear velocities at the contact point and
V), and Vg, are the ball’s relative linear velocities at the contact point of the nut and the
screw side.

The slide—roll ratio is a frequently used indicator for evaluating contact surface sliding
behavior. It is defined as the ratio of two surfaces’ sliding velocities to their average velocities:

g _ 201 —v) 3)
U1+ 02
where v and v, are the linear velocities of the driven and passive surfaces, respectively.
When S = 0, pure rolling occurs between the two surfaces; pure sliding occurs when
S = £2. From Equations (1)—(3), the slide-roll ratio can also be considered as the ratio of
the sliding velocity to the entrainment velocity. In the case of a BSM, the slide-roll ratio at
the contact point between the ball and raceways can be obtained by:

_ Vst

S¢ u;

¢=AB 4)

where { = A or { = B represents the contact point between the ball and the nut/screw
raceway, respectively; the sliding velocity is defined as:

Vsa=Vy, — Vi, (5)
Vsp = Vg, — Vg, (6)

2.2. Position of Contact Points

In a ball screw mechanism, a global coordinate system and a Frenet coordinate system
are created to uniformly express the velocity of the contact surfaces. As seen in Figure 1,
the global coordinate system CSj was fixed to the base, with its origin at O and its k-axis
aligned with the screw’s axis. CSy’s base vector is defined as:

X=[ijk"



Machines 2022, 10, 203

40f 15

where i, j, and k are the unit vectors of the i-axis, j-axis, and k-axis, respectively. Notably,
all vectors ending in X were measured in the global coordinate system CSy. The location
of each ball is defined by its azimuth 6 in combination with the screw’s rotation angle ¢.
Since the contact point is always in the normal section of the raceway, we define a Frenet
coordinate system CS; with its origin O’ fixed at the ball center, its t-axis pointing in the
positive direction of the k-axis along the helix and its n-axis pointing in the radial direction
to the screw axis center. Y is the Frenet coordinate system'’s basic vector, defined as:

Y=[tnb]"

where ¢, n, and b are the unit vectors of the t-axis, n-axis, and b-axis, respectively. Notably,
all vectors ending in Y were measured in the Frenet coordinate system CS;. Transformations
between the two coordinate systems can be expressed as follows:

X=TyY ?)
Y=T'X (8)
the coordinate transformation matrix can be determined by:
—cosypsind —cosf  singsind
Ty = | cospcosf® —sinf —sinycosh 9)

siny 0 cosy

where 1 is the helix angle of the raceway.

Figure 1. Frenet coordinates.

Suppose that the ball screw is supported by a fixed floating type and that the nut’s
downside is pulled downward. Figure 2 shows the contact point location vectors, where A
and B represent the ball’s contact points with the nut and screw raceways, respectively. The
absolute position of the ball center in the global coordinate system CSy can be written as:

0 —
RYo = |rmcos® 1y sin6 LTN(P X (10)
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where r;; and L are the BSM’s nominal diameter and lead, respectively. The vector from
the ball’s center to the nut’s and screw’s contact point can be expressed as:

ba=10 —rycosa, rpsina,]Y (11)
Riyp =10 rycosa, —rpsina,]Y (12)

where ry, is the ball’s diameter and «, and «; are the contact angle of the ball-nut contact and
ball-screw contact. The superscripts a and r in the above equations indicate whether the
vector is related to the fixed global coordinate system, CSy, or the moving Frenet coordinate
system, CS;.

Through the conversion of the vectors in Equations (11) and (12) into global coordinates
with the help of Equation (8), then incorporating them into Equation (10), the two contact
points” absolute coordinates can be determined:

7 cos 0 + 1, (cos a, cos 0 + sin a, sin 6 sin ) T
A = | rmsin® +rp(cosa,sinf — sina, cosfsiny) | X (13)
(0 — ¢) = + rysina, cos ¢

7 cos 6 — 1y (cos aj cos O + sinw; sin O sin ) E
O = | rmsin® —ry(cosa;sin® —sinw;cosOsiny) | X (14)
(0 —¢) = — rysina; cos g

| £ b nut raceway

SCICW raccway

Figure 2. Position of contact points.

2.3. Absolute Velocity

When represented in the Frenet coordinate system CS;, the balls’ velocity vectors are
independent of the position angle 8 since the balls always travel along the spiral raceway.
As a result, this study utilizes the ball with 8 = 0 to determine the linear velocities of the
contact surfaces and then converts them to CS; using Equation (7). The matrix of coordinate
transformations Equation (9) can be simplified as follows:

0 -1 0
T; = [cosyp 0 —siny (15)
sing 0  cosy
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Since the nut can only translate along the screw’s axial direction, the absolute velocity
of each point on it is:

Vi, = {0 0 —szTC]X
(16)
- {L ng 0 L } y
w o sin o cos
where w is the screw’s angular speed of rotation, i.e., w = ¢.
The screw rotates around its axis without axial movement, and the contact point’s
absolute velocity is:

Vgs =wX RaOB

- . . T
—7psina; sin
=w| ty—rpcosn; | X
0 (17)

(rm — 1y cosa;) cos P
=w rpsing; sin Y
| —(rm — rpcosa;) siny

Referring to Wei et al.’s study [1], the orbital speed of the ball wy, (w, = 6), the ball’s
rotation speed along its own axis wg, and its components along each Frenet coordinate
system axis can be determined as follows:

w
(149 cos ay) (cos wj+tan Bsina;)
(1—7' cos ;) (cos ao+tan Bsina,)

Wy = (18)

1+

wm(1+ ' cosw,) cosp

wWpr =
R 37 (cos B cos a, + sin Bsina,)

(19)

wi]" wp cos Bsin f/
wr = |wy| Y= —wg sin Y (20)
wp —wp cos Beos p

where v = r,/ry,, B, and B’ are the pitch and yaw angles relative to the Frenet frame,
respectively. Since the yaw angle ' is considerably small [1], it was set to zero in our study.
Considering the effect of the ball’s centrifugal force, this study assumed that the nut-side
raceway and the ball exhibit just pure rolling, and the pitch angle can be calculated as
follows [5]: .

sina,

B = arctan
COS &g + 7 COS o /iy

(21)

Additionally, for high-speed ball screws, the orbital motion of the ball provides cen-
trifugal force in the direction opposite to n (pointing radially outwards). The centrifugal
force can be obtained by [1]:

h = mrmwfn (22)

where m is the mass of the ball.
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As illustrated in Figure 3, the absolute velocity of a point on the ball V;/ can be
calculated as the sum of the convected velocity at that point V7 and its relative velocity in
the Frenet coordinate system ng, ie.:

Vi, = Vi +wr x Riys
. T
7y (wy sina, + wy cos ay) (23)
=V, + —wyrp sin &, Y
— Wty COS Ky
Vi, = Vg + wr X Ry
. T
— 1wy sina; + wy cos a;) (24)
=Vg+ wyry sin ; Y
Wil COS K

It should be noted that in Figure 3, (A) and (B) represent the contact points on the nut
and screw raceways, which should be located in the same area as A and B.

(B

Figure 3. Linear velocities of the ball and raceway.

2.4. Relative Velocity

Before determining the relative velocities, we should first obtain the convected veloci-
ties at the contact points—that is, the absolute velocity of the Frenet frame at the contact
points’ corresponding locations. Thanks to the fixed position of the contact point in the
Frenet frame, we can derive Equations (13) and (14) (the absolute coordinates of the two
contact points A and B) with time and transform the coordinates to obtain the convected
velocity at the contact point:

Wi (rm + 1 co8 0p) COS P + (wy — w) 5 sin

Vi =RH, = — Wty sin a, sin P Y (25)
— W (I + 1 co8 &p) SINY + (Wi — W) 5= cOS P
W (1 — 1 cosa;) cos P + (wy — w) A sinp

Vi =R}, = Wiy Sin a; sin i Y (26)

— W (rm — 1y cosa;) siny + (wy, — w)% cos i
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By subtracting the convected velocity Equations (25) and (26) from the absolute veloci-
ties Equations (16), (17), (23) and (24), the relative velocities of the raceway and ball at the
contact point are obtained as follows:

Vzgn = Vf\n - Vﬁl (27)
Vb=V, —Va (28)
Vl{is = VE[;S - VE (29)
Ve, = Vi, — V3 (30)

Finally, substituting the above equations into Equations (1), (2) and (4), the entrainment
velocity and slide-roll ratio measured by the relative velocity can be obtained.

3. Results and Discussion
3.1. Verification Based on a Ball Bearing

Since a ball bearing is a particular case of a ball screw, the theory of a ball screw is
also applicable to the kinematic analysis of a ball bearing when the lead is set to zero. We
calculated the entrainment velocity and slide-roll ratio for the deep-groove ball bearing
61830 from [21] and compared them to the classical Harris approach using the method
proposed in this research and the method from [1]. The inner ring of the bearing was
set to rotate at 3600 rpm. It should be noted that throughout this study, we assumed
constant contact angles between the ball and the inner and outer raceways: &;,, ~ a = 71/4,
neglecting the influence of elastic deformation.

As shown in Table 1, this model obtains identical inner and outer entrainment veloci-
ties, which is consistent with the widely used Harris method; however, Wei’s method gives
an inner entrainment velocity nearly three-times that of the outer, which may result in an
overestimate of the speed difference between the inner and the outer sides. Furthermore,
the slide—roll ratio calculated by this proposed model is zero on both the inner and outer
sides, indicating that the contact between the ball and the raceway is close to pure rolling;
the results obtained by Wei’s model indicated that pure sliding occurs between the ball and
the outer raceway and that significant sliding also occurs between the ball and the inner
raceway, which is inconsistent with the ball bearing principle.

Table 1. Results using ball bearing parameters.

Item (Unit) Present Model Wei’s Model Harris Method
Uy (m/s) 15.994 7.971 15.994
Ug (m/s) 15.994 22.740 15.994
Sa 0.000 2.000 0.000
Sp 0.000 0.701 0.000

3.2. BSM-Based Discussion

To further investigate the reasons for the disagreement between the results of this
study and those gained from Wei’s model, we compared our results and performed the
following analyses using the double-cycle BSM from [1]. Its essential parameters are listed
in Table Al. The angular velocities of the ball, the contact angle, and the pitch angle were
calculated using the same previous simplification: Equations (18)—(21), and some errors in
the original paper were rectified, resulting in acceptable variations between the following
results obtained by Wei’s method and the original values in [1]. The kinematic parameters
derived using our new approach and Wei’s model are listed in Table 2.

As with the ball bearing case, there is a significant disparity in Table 2 between our
model’s and Wei’s entrainment velocity results. The entrainment velocity of a ball screw is
defined as the average of two components: the linear velocity of the ball’s surface at the
contact point and that of the raceway. Given that we utilized the same angle simplification
for both models in this case study, all the absolute velocities should be identical between
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both of our outcomes, as the absolute velocities for the nut and screw raceways (me and
Vj,) already proved.

Table 2. Results using ball screw parameters.

Item (Unit) Present Model Wei’s Model
V4, (m/s) [70.101 0.000 — 0.659] Y [70.101 0.000 — 0.659} Y
Vg, (m/s) [ 3.820 0.071 — 0.587] Y [ 3.820 —0.071 — 0.587} Y
V4, (m/s) [—0.056 —0.032 — 0.691] Y [ 1.789 0.000 — 0.659} Y
Vg, (m/s) [ 3.764 0.032 — 0.627] Y [ 1.919 0.000 — 0.659} Y
Vsa (m/s) [ 0.045 —0.032 — 0.032] Y [ 1.890 0.000 0.000} Y
Vsg (m/s) [ 0.056 0.040 0.040] Y [ 1.901 —0.072 0.072} Y
Uy (m/s) 2.140 1.071
Up (m/s) 2.146 2.937
Sa 0.030 1.766
Sg 0.037 0.648

The primary distinction is in the ball’s result: V3, and Vg, . Our result indicates that the
ball shares a similar speed with the raceway at the contact point, causing it to rotate rapidly
in the opposite direction of the screw’s rotation; while in Wei’s result, the absolute velocities
of the balls on the screw and nut sides were nearly identical, and the velocities had a
substantial component in the t-direction, indicating that the balls were almost traveling
tangentially along the helix and were not rolling. This phenomenon contradicts both the
ball’s real movement and also Wei'’s calculation of the ball’s angular velocity, demonstrating
that the inconsistencies between our and Wei’s conclusions are largely attributable to our
different treatment of linear velocities.

Additionally, even the sliding velocity at the nut was also similar to that of the
screw side when Wei’s method was applied; the slide—roll ratio of the two sides remained
significantly different, making it inconvenient to directly compare the sliding status of
the two sides using the slide—roll ratio obtained from absolute velocities. Given that
our procedure with relative velocities does not affect the result of sliding velocity (as
demonstrated by Equations (5), (6) and (27) and (30)), the sliding velocities obtained
in both ways should be identical, allowing us to evaluate the sliding velocity based on
relative velocities as well. Since we proved that entrainment velocities are similar to
sliding velocities and can be used as a more proper reference for the sliding velocity when
calculating with relative velocities (which is also a widely used method in ball bearing
research), calculating the slide-roll ratio using relative velocities provides an unambiguous
comparison of the sliding behavior on the screw and nut sides.

3.3. Centrifugal Force

The centrifugal force generated by the rotation of the ball alters the load distribution
and also the contact angle. As shown in Equation (22), the centrifugal force of the ball
is directly proportional to its mass and nominal diameter, as well as to the square of its
angular velocity of rotation. Additionally, it was determined from Equation (18) that the
change in contact angle impacts the centrifugal force.

The trend of centrifugal force as a function of screw rational speed and contact angle
in Figure 4 demonstrates that the centrifugal force on the ball is nearly constant for different
contact angles and that increasing the rotational speed greatly increases the centrifugal force.
When the axial load was 1000 N, the average contact load on the ball was approximately
27 N; even when the screw rational speed was 3000 rpm, the centrifugal force on the ball
was only about 2% of the contact load. As a result, the centrifugal force had a negligible
effect on lubrication for ball screws running at medium to high speeds. This finding also
reveals that it is appropriate to assume that the inner and outer contact angles are equal.
Since the centrifugal force is insensitive to contact angle changes, the result measured at the
nominal contact angle can be employed as a known constant in investigations considering
centrifugal force.
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Figure 4. Centrifugal force when rotational speed and contact angle varies.

3.4. Slide—Roll Ratio and Entrainment Velocity
3.4.1. Effect of Screw Rotational Speed

The rotation speed of the screw has a significant impact on the entrainment velocity.
As seen in Figure 5, the entrainment velocity is fairly similar on the screw and nut sides
and increases linearly with increasing speed. This was mostly due to the rise in the contact
point’s relative velocity. The slide—roll ratio is independent of the screw rational speed
as defined in Equations (4), (18)-(20), and (23)—(30). Additionally, as seen in Figure 5, the
slide-roll ratio on the nut side is slightly smaller than on the screw side, and none of them
changes when the screw rational speed varies.

—— Slide-roll ratio at nut side — o— Entrainment velocity at nut side
——+—— Slide—roll ratio at screw sidle ——-—Entrainment velocity at screw side

0.038

| | | | | |
0.037 T T T T T T T T T

0.036 /'k

0.035F
E 0.034 /+/ 1
) /_+z

L0033t _¥
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0031} _
_¥ 15
003+

0.029 ol L L L L L L 1
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Rotational speed of screw (rpm)

)
W

roll ratio

de—

Sli
\
_k

Entrainment velocity (m/s)

Figure 5. Slide—roll ratio and entrainment velocity under various rotational speeds.

3.4.2. Effect of Contact Angle

The contact angle is a critical parameter in the investigation of the load distribution
in BSMs. It varies due to elastic deformations, machining and assembly errors, and other
factors. However, as seen in Figure 6, the contact angle has a negligible influence on the
slide—roll ratio and entrainment velocity. The slide-roll ratio on the screw side reduces
a little as the contact angle rises, while the slide-roll ratio on the nut side increases even
less. Increases in contact angle result in a slight increase in entrainment velocity, with the
variance being almost equal on both sides. As can be observed, the effect of contact angle
variation on the kinematic parameters is essentially negligible.
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——e—— Slide—roll ratio at nut side — — Entrainment velocity at nut side
——}—— Slide—roll ratio at screw side —-— Entrainment velocity at screw side
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Figure 6. Slide—roll ratio and entrainment velocity under various contact angles.

3.4.3. Effect of Lead Length

The lead length is a critical element impacting the helix angle of the BSM and represents
the major differential between ball screws and rolling bearings, resulting in sliding at the
ball-raceway contact point. As seen in Figure 7, when the lead grows, the slide-roll ratio
increases dramatically on both the screw and nut sides, implying that more sliding occurs
at the contact point. The lead increase has a negligible influence on entrainment velocity,
which increases slightly on the screw side and lowers somewhat on the nut side. Given
the considerable rise in the slide-roll ratio and the absence of a significant change in the
entrainment velocity, this implies a significant increase in the sliding velocity.

—— Slide-roll ratio at nut side — o— Entrainment velocity at nut side
—+—— Slideroll ratio at screw side —-— Entrainment velocity at screw side

0.121 2.16

0.1F

2.155
0.08F E
2 =
3 215 §
20061 2
d g
= 2145 £
0.041 £
2
m

2.14

0.02

2.135
5 10 15 20 25 30 35 40

Lead (mm)

Figure 7. Slide-roll ratio and entrainment velocity under various lead lengths.

3.4.4. Effect of Nominal Diameter

When the rational speed and lead of the screw are determined, raising the nominal
diameter greatly increases the velocity at the contact point and decreases the helix angle. As
seen in Figure 8, as the nominal diameter grows, the slide—roll ratio reduces dramatically
as the helix lift angle lowers, while the entrainment velocity increases significantly as the
linear velocity at the contact point increases.
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Figure 8. Slide—roll ratio and entrainment velocity under various nominal diameters.

3.4.5. Effect of Ball Diameter

The diameter of the ball has a weak effect on both the slide-roll ratio and entrainment
velocity. As seen in Figure 9, the entrainment velocity reduces slightly as the ball diameter
increases, owing mostly to a minor decrease in the contact point’s relative velocity. Addi-
tionally, increasing the diameter of the ball raises the slide—roll ratio on both sides slightly,
but given that decreasing the entrainment velocity also increases the slide-roll ratio, the
change in sliding velocity is rather minor.

———— Slide—roll ratio at nut side — — Entrainment velocity at nut side
——}—— Slide—roll ratio at screw side —-— Entrainment velocity at screw side
0.0551 92.17
0.05
0.045 2
g 0.04 2
E E
T =
2 0.035 2
2 =
E
@

0.03

0.025

0.02

Ball diameter (mm)

Figure 9. Slide-roll ratio and entrainment velocity under various ball diameters.

4. Conclusions

In this study, we proposed a new method for calculating the slide-roll ratio and
entrainment velocity of the BSM in terms of relative velocities in the Frenet frame, and
the linear velocities of the ball and raceway surfaces at the contact points were derived
correspondingly. By applying the current method to ball bearing kinematic and lubrication
investigations, this model was validated. We compared our new model’s sliding velocities
and slide—roll ratios to those obtained from Wei’s model, demonstrating that the slide-roll
ratio based on relative velocities may give a convenient comparison of the sliding behavior
on the screw and nut sides. Utilizing this model, we investigated the effect of the BSM’s
operating conditions and structural parameters on sliding and lubrication at the contact
points and came to the following conclusions:
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1.  The ball’s centrifugal force was negligible in comparison with the contact load.
Centrifugal force had a minor influence on medium-to high-speed operating or
small BSMs;

2. The variation of the contact angle had a negligible influence on the centrifugal force
and a minor effect on the slide—roll ratio and entrainment velocity. When determining
the BSM’s kinematic characteristics, the contact angle at the inner and outer sides can
be considered to be equal to the nominal contact angle;

3. The slide—roll ratio and entrainment velocity were close on the inner and outer sides.
The slide—roll ratio was usually slightly higher on the screw side than on the nut side,
as was the entrainment velocity;

4. The helix angle had the greatest impact on the sliding behavior at the contact points.
When either the lead increases or the nominal diameter decreases, the helix angle will
be increased, resulting in a significant increase in the slide-roll ratio;

5. The entrainment velocity rose linearly with the screw rotation speed and nominal
diameter, while all other construction parameters had a negligible influence. Lubrica-
tion can be enhanced and sliding decreased in high-speed BSMs with a long lead by
increasing the nominal diameter.
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Nomenclature

CSy global coordinate system fixed to the base

CS Frenet coordinate system moved to the ball center

Fu centrifugal force of the ball

L lead of the ball screw

m ball’s mass

N number of loaded balls

R4 4 absolute coordinates of the nut contact point

Rbp absolute coordinates of the screw contact point

Ry absolute position of the ball center

Ry 4 vector from the ball’s center to the nut contact point
Riyp vector from the ball’s center to the screw contact point
p radius of the ball

T'm nominal radius of the ball screw

Sa slide-roll ratio at the nut contact point

Sp slide—roll ratio at the screw contact point

T coordinate transformation matrix from CSj to CS;

T; coordinate transformation matrix from CSj to CS; when 6 = 0
Uy entrainment velocity at the nut contact point

Up entrainment velocity at the screw contact point
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va convected velocity at the nut contact point

Vi convected velocity at the screw contact point

Vi, ball’s absolute linear velocities at the contact point with the nut
Vi ball’s relative linear velocities at the contact point with the nut
Vg, ball’s absolute linear velocities at the contact point with the screw
Vi, ball’s relative linear velocities at the contact point with the screw
Vi, nut’s absolute linear velocities at the contact point

Vi, nut’s relative linear velocities at the contact point

Vi, nut’s absolute linear velocities at the contact point

Vi, screw’s relative linear velocities at the contact point

Vsa sliding velocity at the nut contact point

Vsp sliding velocity at the screw contact point

X base vector of the global coordinate system CSy

Y base vector of the Frenet coordinate system CS;

« nominal contact angle of the ball screw

o contact angle of ball-screw contact

X contact angle of ball-nut contact

B ball pitch angle relative to the Frenet frame

B ball yaw angle

v ratio of ryy, to 1y,

w rotating angular speed of the screw

Wi orbital angular speed of the ball

WR rotation angular speed of the ball along its own axis

wR vector of the ball’s rotation angular speed

wt, wy,wy,  components of the ball’s angular speed along the t-, -, and b-axis
¢ rotation angle of the screw

P helix angle of the ball screw

0 azimuth angle of the ball

Superscripts ) )

a absolute velocity or coordinates

e convected velocity

r relative velocity or coordinates

Subscripts

A values of the contact point at the nut side

B values of the contact point at the screw side

b values of the ball (except wy, for pointing along the b-axis)

n values of the nut (except F,;, and wj, for pointing along the n-axis)
s values of the screw

¢ contact between the ball and the nut/screw raceway

Endings

X vectors expressed in the global coordinate system CSy

Y vectors expressed in the Frenet coordinate system CS;
Appendix A

Table Al. List of the BSM parameters.

Parameter (Symbol) Value Unit

Helix angle (1) 8.74 deg

Lead (L) 20 mm

Nominal diameter (d;;) 414 mm

Ball’s diameter (d},) 6.35 mm
Ball’s mass (m) 1.05 g

Number of loaded balls (N) 52
Nominal contact angle («) 45 deg
Screw’s rotational speed 2000 rpm
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