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Abstract

Ball screw has become a key functional component commonly used in actuators of high-end machine tools because of its
high transmission efficiency, low environmental impact, and strong universality of working conditions. For the high-precision
ball screw, the proper and constant preload is the premise to maintain the transmission accuracy and reliable dynamic char-
acteristics of the ball screw. The direct measurement of the preload is difficult to be achieved. Usually, the preload of the
ball screw is indirectly determined by the friction torque of the ball screw under no-load condition. In previous studies, the
influence of lubrication on friction torque of the ball screw was not considered, and the influence of operating conditions on
performance of lubricant was ignored, and the influence of contact elastic hysteresis effect and the sliding friction effect was
not considered, which seriously affected the modeling accuracy of friction torque for the ball screw. Therefore, on the basis
of considering the contact elastic hysteresis friction and the sliding friction of the ball screw in the paper, a calculation model
of friction torque for the ball screw based on the coupling of the ball load distribution and the thermal elastohydrodynamic
lubrication is proposed. The mechanism of different friction terms on the friction torque of the ball screw is analyzed, and
the coupling relationship among preload, rotational speed, and friction torque is established. The experimental results show
that the proposed method, which the ball load distribution, the thermal elastohydrodynamic lubrication, the elastic hysteresis,
and the sliding friction are comprehensively considered, has a good reference significance for improving the internal preload
and predicting the precision degradation of the ball screw.

Keywords Ball screw - Thermal elastohydrodynamic lubrication - Friction torque - Elastic hysteretic friction - Sliding
friction

1 Introduction tools are in urgent need of high reliability core executive

components. Ball screws have become key functional com-

With the development of numerical control machine tools to
the direction of high reliability, high precision, and extreme
manufacturing, the high-end numerical control machine
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ponents of actuators in high-end machine tools due to its
characteristics of high transmission efficiency, low environ-
mental impact, and strong universality of working condi-
tions [1-3]. As shown in Fig. 1, the double-nut ball screw
is mainly made up of the screw, the preload nut, the work
nut, the reverser, and the spacer. In order to eliminate the
reverse clearance of ball screw and improve its transmission
accuracy, the different preload should be applied in applica-
tion fields [4, 5]. Although the transmission characteristics
of the ball screw can be improved by adjusting the large
preload, the increasing preload causes to the increase of the
contact load between the ball and the raceway. The contact
friction of the ball screw is aggravated due to the increasing
load, which has a negative impact on the precision life of
the ball screw. In addition, the preload is the internal force
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Fig. 1 The mechanism of the double-nut ball screw

of the ball screw, which is not easy to be measured directly
after assembly. In general, the preload of the ball screw is
obtained indirectly through the calculation of the measured
no-load friction torque [6, 7]. Therefore, the accurate cal-
culation of friction torque is very important for the design
process of the ball screw.

As a closed circulation system, it is difficult for the ball
screw to experimentally study the dynamic performance of
internal balls, and several researches have been carried out
to investigate the motion state of balls within the ball screw
mechanism [8]. It is obviously known that the friction torque
generated in the ball screw depends on the applied load and
redistributed state of all balls. Lin et al. [9] established the
vector space coordinate system of the ball screw and analyzed
the influence of contact deformation of moving ball on slid-
ing characteristics based on transformation of the space coor-
dinate system. On this basis, Hu et al. [10] further improved
representation method of the vector space coordinate system
for the ball screw and established the kinematic model of
the ball screw by using homogeneous transformation matrix.
Considering the change of contact angle and contact elastic
deformation of the ball screw, Wei and Lai [11, 12] analyzed
the sliding behavior generated by the two contact areas and
the influence of the friction coefficient or the normal force on
its motion characteristics of the ball screw. It is assumed that
the contact load and motion states of all balls in the closed
raceway are completely consistent. Therefore, there will
be some deviation in the application of the model in actual
working conditions. The accurate calculation of load distribu-
tion is helpful to guide the innovative design and selection
of the ball screw. Some researchers [13, 14] analyzed the
load distribution under axial load by simplifying the screw
and nut of the ball screw into a two-dimensional plane based
on the marking tracking method of displacement field and
the photoelastic image of stress field. The simplified setting
misdefines the three-dimensional force—displacement inter-
action in the practical application of the ball screw. Yoshida
et al. [15, 16] proposed the calculation formula of ball stress
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distribution and rolling characteristics through numerical
theoretical analysis and analyzed the change of the dynamic
contact stiffness for the feed system in the process of circular
operation.

On the assumption that the contact angle between the
ball and the raceway is equal and unchanged after being
loaded, Mei et al. [17] proposed the ball load distribution
model considering the manufacturing error under axial load
conditions and proposed that the consistency of the ball load
distribution can be improved by changing the pitch. On the
basis of Mei” model, Xu et al. [18] analyzed the influence of
contact angle on the ball load distribution, and Liu et al. [19]
further made a comparative analysis on the ball load distri-
bution. The lateral deformation and torsional deformation of
the ball screw were ignored in the above studies, and only
the axial deformation of the ball screw was considered. Zhen
and An [20] proposed the analysis method of the ball load
distribution for the ball screw under the combined action of
axial and radial loads and calculated the contact stress and
fatigue life through mechanical analysis. In order to discuss
the influence of lateral deformation for the ball screw, Lin
and Okwudire [21, 22] studied the coupling relations of
axial, torsional, and lateral deformation for the ball screw
under the assumption of equal contact angle and analyzed
the influence of coupling contact deformation and manufac-
turing geometric error on ball load distribution. Zhou et al.
[23] proposed a modified load distribution model to obtain
the critical axial load of the double-nut ball screw with and
without adding the elastic element.

The relationship between the preload and the no-load fric-
tion torque of the ball screw mainly used in the field is an
empirical formula, which was proposed by NSK company in
2003 [24]. However, the measuring conditions of the no-load
friction torque are not described by the empirical formula,
and the influence of lead angle for the screw on the no-load
friction torque is only considered. The other parameters
affecting the no-load friction torque, such as contact angle
and friction coefficient, are not reflected in the empirical
formula. Many relevant studies on the friction torque of
the ball screw were proposed by researchers. Xu et al. [25]
established the calculation method of the friction torque for
the ball screw based on the rolling-sliding contact theory
and analyzed the influence of rolling-sliding parameters and
contact parameters on the friction torque. Zhou et al. [26]
proposed a calculation method of the friction torque for all
balls considering the changes of contact angle and lead angle
for the ball screw under the action of preload. Considering
the influence of lubrication and temperature rise, Bertolino
et al. [27] simulated the friction torque of the ball screw
based on multi-rigid body dynamics model. Zhao et al. [28]
installed a new grinding tool on a specially designed friction
torque tester to dynamically control the rotation of the screw
and monitor the change of the friction torque of the ball
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screw. The authors established a lumped parameter dynamic
model of the double-nut preloaded ball screw [29, 30] in
which evolved in a more detailed three-dimensional multi-
body dynamic model [27], capable to describe the motion
state of all balls for the ball screw mechanism. The focus
has been put on the punctual contact between the ball and
the raceway in the consideration of grease lubrication. Some
fault evolution models have been proposed to study the influ-
ence on the overall performance of the ball screw.

The structure of our paper can be expressed as follows: In
Sect. 2, the coupled analysis of kinematic model for the ball
screw is established, and the entrainment rate, the slip rate,
and the roll-slip ratio of the contact micro-zone are obtained
to analyzed the Reynolds equation by using the substitution
method of parameters. Then, the film thickness and the pres-

2 Analysis of thermal elastohydrodynamic
lubrication

2.1 Analysis of kinematics

Taking the kinematics analysis of a single ball as an exam-
ple, the contact state and the relative coordinate system
between the ball and the raceway are shown in Fig. 2. In the
study of the thermal elastohydrodynamic lubrication, only
the velocity of the elliptic contact point in the X direction is
considered. Based on the previous research discussion and
analysis, the velocity of the contact micro-zone between the
ball and the raceway can be obtained [31, 32]. Therefore,
the linear velocities of contact point for the ball screw can
be expressed as follows:

Uvb:\/(rm(é - g.z)/cosi -, (wbcosﬁi - wnsinﬂi) +7r, g.2cos/1)2 + (7, g.zsini — ryw,cosB)? + (r,,wlsinﬁi)2 &y

Unb=\/(rm(é - 5.2)/(:05& + ry(wpcosp; — w,sinf;) +r,, Q cosA)? + (r,, Q sinA + ryw,cosp;)? + (rbw,sinﬂi)2 )

sure distribution of lubricant is analyzed, and the viscos-
ity, density, and load equations of lubricant are established.
Finally, the energy heat convection equation of contact solids
(ball and raceway) is analyzed to solve the thermal elastohy-
drodynamic lubrication in the contact zone. In Sect. 3, the
calculation method of the viscous friction force, the elastic
hysteresis friction, and the slipping friction force is obtained.
The ball load distribution of the double-nut ball screw under
the preload is studied, and the calculation method of the fric-
tion torque for the ball screw considering the viscous fric-
tion, the elastic hysteresis friction, and the sliding friction is
proposed. In Sect. 4, a novel test bench measuring friction
torque of the ball screw is designed. The proposed prediction
method of the friction torque based on the thermal elasto-
hydrodynamic lubrication is validated. The friction torque
under different preload and rotational speed of the ball screw
is measured during operation test, and there is a compara-
tive analysis including the experimental results, the proposed
model, NSK model, and Zhou’s model to verify the predic-
tion accuracy of the proposed model. In Sect. 5, the thermal
elastohydrodynamic lubrication performance of contact point
between ball and raceway is analyzed. The viscous friction,
the elastic hysteresis friction, and the sliding friction of the
ball screw at different speeds are studied respectively. The
friction torque under different sliding friction coefficient and
different environment viscosity caused by different lubricat-
ing oil temperatures is compared, and the friction torque of
the ball screw under different preload is analyzed.

The linear velocity of contact point between the ball and
the screw raceway at the side of the screw can be expressed
as:

U= Q \/(rm - rbcosﬂl-)2 + r,sin?B;sin A 3)

Contact point of
screw raceway

Contact point of
nut raceway

Fig.2 Contact area between the ball and the raceway
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The linear velocity of contact point between the ball and
the nut raceway at the nut side can be expressed as:

U,=r, Qtani €]

where the parameters in Eqgs. (1)—(4) are defined in Zhao
et al. [31]. The entrainment rate at the contact micro-area
is Uy, = (U, + U;,)/2 (L=s and n represent the contact side
of the screw and the nut, respectively). The slip rate at the
contact micro-area is U, ,= U,;-U,,, and the slip-roll ratio of
the contact micro-areais S;=U,; /U;,

2.2 Analysis of film thickness and pressure
distribution

When the thermal effect of lubricating oil film is considered,
the viscosity and density of lubricating oil film are different
in the direction of oil film thickness. The Reynolds equa-
tion of the elastohydrodynamic lubrication considering the
thermal effect can be written as:

3 3
ox\ n o0x/) oy\ n Ody ox

Since the nominal friction torque in the paper repre-
sents the average friction torque on the effective stroke
of the ball screw, the manufacturing error and the surface
roughness of the raceway have average effect when the
average friction torque is solved. Therefore, the influence
of the manufacturing error and the surface roughness on

film thickness can be ignored, and the film thickness can
be expressed as:

x2 y2
h . =h, + — + —
(x, y)=hy 2R, T 2R, (6)

where A, is the oil film thickness at the center of the ellip-
tic contact point, Rx and Ry are the equivalent radius of
the contact point in the x and y directions, respectively,
R=R,| Ry /(R\1 +Ry ), R=Ryy Rp/(Rpp+Ry), as
shown in Fig. 3.

2.3 Analysis of viscosity, density, and load
for lubricant

The viscosity of lubricant based on the Roelands viscous-
pressure formula can be written as:

o v ((T—=138\7"
(14511077 <To— 138) _1]}
)
The temperature coefficient is s, = y(TO - 138)/
(ln Ny + 9.67); v is the viscosity-temperature coefficient; T} is
the initial environmental temperature. The pressure coefficient
iszy = @/5.1 x 107°(In#, + 9.67); The initial environmental
viscosity is 1y = 4.83 X 107 exp {1045.31/ (T, — 183.19) },
a is the viscous-pressure coefficient. Based on the Dowson-
Higginson density-pressure formula, the density of lubricant
can be expressed as:

n=ng exp { (lnr]o + 9.67) :

0.6x 10~%p

—— = _p,(T-T
1+1.7x 10~ ol 0) ®)

p=py|1

In order to solve Eq. (5), the contact boundary conditions
of Reynolds equation (shown in Fig. 4) can be expressed as:

(a) Principal curvature radius of contact point

h(x)

o X

(b) Film thickness of contact point in the x direction

Fig. 3 Film thickness of contact point for the ball screw. a Principal curvature radius of contact point. b Film thickness of contact point in the x

direction
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Fig.4 The elliptic contact area of thermal elastohydrodynamic lubri-
cation
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The thermal elastohydrodynamic lubrication analysis of
the ball screw is carried out under given preload conditions,
and the load balance equation of oil film pressure in micro-
contact area can be obtained:

Qj=//p(x,y)dxdy;j= 1,2,...N (10)

2.4 Analysis of energy heat convection

For solving the thermal elastohydrodynamic lubrication in
the contact area, it is necessary to consider the influence of
the thermal effect in analyzing the temperature field, which
is usually resolved according to the heat conduction equation

of contact solids (ball and raceway), oil film energy equa-
tion, and lubrication boundary conditions. The energy con-
trol equation of oil film considering the thermal convection

and conduction can be written as follows:

"

U— +v—-+w

oT oT d_p

ox

0T> *T T op (
— ) =k u
0z

dox dy

] (2) 4 (2
”az 0z

()p)
v_
dy

;

Y

The velocity continuity control equation of the elliptic
point contact can be expressed as:

opu) | 0(pv) _ 9(pw)

ox

ady 0z

12)

The temperature boundary conditions of the lower and
upper surfaces (between the ball and the screw raceway
or the nut raceway) for the elliptic contact surface can be
expressed as follows:

k toor ds
Tkx,y,0) = — = + T,
Vapicikuy J - 92 Ly,0 VX—s (13)
T(x,y,h>=#/ G -
Vapycokotty J-co 92 lxyhy/x — s

where the relevant parameters can be defined in Table 1.

3 Friction torque model of the ball screw

3.1 Analysis of viscous friction force

Under the condition of the thermal elastohydrodynamic
lubrication, the lubricating oil film is formed at the contact

Table 1 Structure and

lubrication parameters of the
ball screw

Structure parameters Value Lubrication parameters Value
Nominal radius, r,, (mm) 20 Environmental density, p, (kg/m3) 970

Ball diameter, d,, (mm) 4.763  Densities of ball and raceway, p;, p,, (kg/m3) 7870
Initial contact angle, B, (°) 45 Environmental viscosity, 1, (Pas) 0.033
Raceway radius r, r,, (mm) 2.477  Specific heat of lubricant, c, (J/(kg K)) 1910
Lead angle, A, (°) 3.64 Specific heat of interface, c,, c,, (J/(kg K)) 450

Ball number, z 86 Thermal conductivity of lubricant, k, (W/m K) 0.14
Rows X turns, N X1 3x1 Thermal conductivity of interface.k.k,, (W/m K) 46

Lead, Lp, (mm) 8 Viscosity-pressure coefficient, vy, (Pa~) 1.85x1078
Poisson’s ratio, i, iy 0.3 Viscosity-temperature coefficient, a, (K1) 0.032
Young’s modulus, E,, E,, (GPa) 205 Initial temperature, T, (K) 303
Useful stroke, L, (mm) 1000 Autocorrelation length, L,, Ly, (pm) 50
Lubrication mode Oil Density-temperature coefficient, D, (K1) —0.00065
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Hertzian pressure
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TEHL pressure
distribution

Film /A
thickness

Fig.5 Pressure distribution and film thickness of contact point

ellipse between the ball and the raceway, as shown in
Fig. 5. The shear stress between a single ball and the
contact surface in the lubricating area of oil film can be
expressed as:

ou
T=n—

0z (1

The viscous friction force generated by a single ball
on the contact ellipse of the raceway can be expressed as:

Fig.6 a Changes of the contact
area and the shear stress for
secondary surface at depthr’y. b
Corresponding permanent shear
strain increment AE during roll-
ing forward

()

a
A
Rear ] Front
part part
B ik ,—
2a;| >

dy;
2b;
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F,(x,y) =

1—x2 /d?

niauiﬂaibi
oh;
(15)
Considering all balls distributed in the ball screw, the
total viscous friction force can be written as:

z nlau na;b;
= (16)

i=1

3.2 Analysis of elastic hysteresis friction

Figure 6a shows the Hertz contact ellipse of the ball under
the given contact load Q,. The contact stress distribution of
the contact ellipse for the i th ball can be expressed as:

q:(x;, ;) = 17

The ball is spirally rolling along the raceway in the high
stress state, which causes local deformation on the contact
surface and the plastic shear stress—strain cycle on the sec-
ondary surface, as shown in Fig. 6a, b. For the ball roll-
ing forward, the stress and strain states vary from A to B
to C until varying to E. The sub-surface contact element
deforms elastically from A to B' until the yield stress is
reached. At this point, the strain continues to increase to a
maximum at point B, and the contact element is subjected

C

1
1
i
|
|
i
|
Shear strain !
|
1

—

Shear strain

Shear stress
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to constant stress. From point B to point C, the element
is elastically unloaded and deforms in the opposite direc-
tion until the yield point D' is reached. The reverse plastic
deformation occurs until the maximum normal strain is
reached at point D, and then it is unloaded at point E until
there is no stress. As the plastic shear of outlet point D
exceeds that of inlet point B, the permanent shear strain
AE is formed under the contact sub-surface. Due to the
existence of internal friction during the loading cycle, the
energy loss caused by the elastic hysteresis of the material
is amplified. For the reciprocating movement of the ball
screw, the continuous shear stress—strain cycle as shown
in Fig. 6b repeatedly occurs in the forward and backward
movement. Using Eq. (17) and the hysteresis friction coef-
ficient u,,, the elastic hysteresis friction of a single ball can
be obtained as follows:

s o (/I (1-1
—a; JO

2
i dvy.d 3y, Qib;

.dy.dx.

ZﬂaLb,r;1 a b )y’ il

Fm,,-(xi,y,') = 7
12 o (18)

r,= [Rz - (Ciai)z] - (R? — “2)1/2+[(dbl/2)2 - a’z]

where R is the principal curvature radius of the contact
deformed pressure surface, R=2fd,/(2f+ 1), f is the curva-
ture ratio of contact point, the elastic hysteresis friction coef-
ficient y;,;=0.01 [7]. Therefore, the total elastic hysteretic
friction of the ball screw can be expressed as:

Z
3Hhs
F, = r E b, 19
hs 167‘b — Ql i ( )

3”5Qi
2rab;

Fyi(x,y) =

1
biy/ l—x’z/a’z a;

3.3 Analysis of slipping friction force

Figure 7a shows the relative motion state between the ball
and the raceway. When the nut moves along the screw axis
at the velocity v,, the ball moves along the raceway around
the axis v; at the angular velocity wg. Because the distances
from the rotation axis of the ball to each point on the con-
tact area are different, the relevant peripheral velocities on
the contact area are different. The pure rolling of the ball
occurs along the direction of the raceway v;=c,a;. The slid-
ing friction due to differential slip is caused by the differ-
ence in surface velocity between the raceway and the ball
with respect to the axis of rotation v;, as shown in Fig. 7b.
The sliding motion opposite to the rolling direction occurs
in the middle region of the contact ellipse, -c,a;<v;<ca;
and the sliding region is flanked by the rolling region.
According to Eq. (17), the shear stress on the contact sur-
face caused by the slip effect and the contact load can be
written as:

3:“in
Ts,i(x," yi) = -

= 20
2ra;b; 20)

The sliding friction coefficient y is 0.15 [7]. By inte-
grating the Hertz contact area, the sliding friction force
of the contact area in the rolling contact process can be
written as:

ciap  tb; \/1_)‘,-2/",-2 X2 y? ai - [tb; \/l_xi2 /a} x2 y2
i i i i _ 3
[/ - [ f Y 0 (146 -3e) @D

2
b[\/l—x?/a? a; bi

Fig. 7 a Relative motion state
of contact area. b Slip motion
caused by differential slip in the
contact area

Contact area

(b)
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where ¢; = a?/(6d,,), and the total slip friction caused by
differential friction at the contact point can be written as:

z

Fo=p, ) 0,(1+c -3¢) (22)

i=1

3.4 Analysis of total friction torque

According to the above analysis of the viscous friction, the
elastic hysteretic friction, and the sliding friction of all balls,
the friction torque of a single nut under the action of preload
can be expressed as:

Tp = (FV+FhS+FS) -cosA-R,, (23)

where R, is the friction radius of the contact point relative
to the screw axis, as shown in Fig. 8. For the double-nut ball
screw in the paper, the friction torque can be expressed as:

Ty=2-Tp=2- (Fv+Fhs+Fs) . (rm+rhcosﬁi) -cos A
(24)

The friction torque of the double-nut ball screw is calcu-
lated by using MATLAB. The algorithm design flow chart
is shown in Fig. 9.

4 Experimental details
4.1 The test bench for ball screw

The measurement system of friction torque for the ball
screw developed is shown in Fig. 10. When the servo motor
drives the screw to rotate, the worktable moves in a straight
line at the same speed with the nut. The product of the
resistance measured by the sensor and the distance between
the bolt and the screw axis is the no-load friction torque

Fig.8 Friction radius of the ball screw

@ Springer

of the ball screw. The preload double-nut ball screw meas-
ured in the paper is GD4008-3 of BT Company, and the
diameter of the corresponding standard ball is 4.763 mm.
However, the diameter of the ball in the assembly process
is 4.759 mm, which avoids interference contact between
the ball and the raceway and ensure that the initial preload
between the main and auxiliary nuts is zero. The ball screw
should be fully lubricated by idling for 10 min before meas-
urement (using ISO VG100 lubricating oil with viscosity
grade according to DIN ISO3408-3:2006 measurement
conditions).

4.2 Model validation

Taking the ball screw GD4008-3 of BT Company as an
example, the structure parameters and the lubrication param-
eters are shown in Table 1.

Figure 11 shows the positive and negative friction
torque and the mean friction torque in different position
of the ball screw with the rotational speed 100 rpm and six
kinds of preload. Due to the impact of the travel error for
the ball screw, the friction torque is different in different
positions. Therefore, the nominal friction torque of the
ball screw is actually the average value of the effective
friction torque in the stroke. (In Fig. 11, 1-6 KN repre-
sents the preload of the ball screw, and the actual mean
values of friction torque at different preload are 0.409 N.
mm, 0.828 N. mm, 1.168 N. mm, 1.542 N. mm, 1.889 N.
mm, and 2.224 N. mm respectively). It can be seen from
Fig. 11 that the friction torque in the front 600 mm stroke
of the ball screw is lower than the mean friction torque at
the same preload and it is opposite in the back 600 mm
stroke, which is caused by the manufacturing taper of the
ball screw. The runout of friction torque decreases with
the increasing preload, because the higher preload can
improve the stiffness of the ball screw and reduce friction
vibration.

Figure 12 shows the theoretical and experimental values
of friction torque under different preload (100 rpm). The
calculation model of friction torque proposed in the paper,
which the ball load distribution and thermal elastohydrody-
namic lubrication is considered, is in good agreement with
the test value. However, the deviation between the calculated
value of Zhou et al. [26] model and the test value increases
with the increase of preload, which is mainly because the
contact load of all balls in Zhou model are assumed to be
consistent. However, the larger preload lead to the greater
difference of the contact load for all balls, and the lubrication
performance of each ball is different under different contact
load. Moreover, the calculation value based on the empirical
formula proposed by NSK Company has a large deviation
compared with the experimental value, and the empirical
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Setting parameters (geometric and physical parameters of ball
screw, physical characteristics of lubricating oil)

Load balance analysis of full ball

Kinematics analysis of full ball

\ 4

Contact load distribution of full ball

\ 4

Obtaining operating parameters
(Contact load, slip-roll ratio, coiling speed, etc.)

Meshing of elliptic contact area

v

The shape and contact stress calculation of
elliptic contact area

v

Giving distribution values of initial oil
film pressure P and temperature T

=¢

Setting the number of cycles k=1

>

Obtaining new pressure P1 by solving Reynolds equation
according to the initial pressure and temperature distribution

Modify the unknown

e |

Convergence error of load
and pressure < 0.001?

quantities of pressure

v

Obtaining new temperature T1 by solving the energy equation
based on the pressure and initial temperature distribution

Modify the unknown

Convergence etror o
temperature< 0.001?

quantities of temperature

Outputing pressure, shear stress, film
thickness, temperature rise

Solving elastic hysteretic friction, slip friction
and viscous friction

v

Solving the total friction torque

Fig.9 Algorithm design flow chart of friction torque
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Fig. 10 Measuring test bench
of friction torque for ball
screw. 1-tailstock; 2-ball screw;
3-headstock; 4-support device;
S-pressure sensor; 6-driving
lever

1-Tailstock; 2-Ball screw; 3-Headstock; 4-Support device; 5- Pressure sensor; 6-Driving lever.

formula of friction torque proposed by NSK Company can
be expressed as Tp= 0.05 - Fpp - Lp /(27 - \/tan 4) [24]. The
empirical formula is based on the principle of energy con-
version. The work of friction torque (7 - 27) is equal to
the work of preload (Fp - Lp) multiplied by the coefficient
(0.05/4/tan 4). The preload of the ball screw is internal
force and is not actually doing work, which results in a large
error compared with the experimental value.

According to the measurement conditions specified in
the international standard DIN ISO3408-3:2006, the rela-
tive error between the test value and the no-load friction
torque calculated by using Eq. (24), Zhou et al. [26] and
the model proposed in NSK is shown in Table 2. It can be
seen from Table 2 that the average deviation between the
no-load friction torque calculated by Eq. (24) and the test
value is 1.59% at the preload of 1-6kN. However, the aver-
age deviation between the test value and the no-load fric-
tion torque calculated by Zhou et al. [26] and NSK model
is 4.15% and 34.34%, respectively. It can be seen that the
reference preload with the theoretical value calculated
by Eq. (24), Zhou et al. [26] and NSK model in the case
of known no-load torque is compared in Table 3. Similar
to Table 2, the average deviation between the theoretical
preload calculated by Eq. (24) and the benchmark value is
2.19% at the preload of 1-6kN. However, the average devia-
tion of the theoretical preload in Zhou et al. [26] is 4.57%
compared with the experimental value under six kinds of no-
load friction torque. The prediction deviation of the preload
increases with the increase of friction torque. The theoretical
value calculated by NSK model has a large deviation (above
46.85% and greater than the benchmark value).

Figure 13 shows the positive and negative friction torque
and the mean friction torque at different position of ball
screw under the preload of 1000 N and six kinds of speed.
(In Fig. 13, 100 r/min, 500 r/min, 1000 r/min, 1500 r/min,
2000 r/min, and 2500 r/min represent the speed of the ball
screw, and the actual mean friction torques at different speed
are 0.409 N. mm, 0.612 N. mm, 0.682 N. mm, 0.748 N.
mm, 0.802 N. mm, and 0.846 N. mm respectively). It can
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be seen from Fig. 13 that the friction torque of the ball
screw increases with the increasing rotational speed, and
the runout of friction torque decreases gradually at high rota-
tional speed. The lubricating oil film is easy to be formed at
high rotational speed, so that the contact point of the ball is
fully lubricated.

Figure 14 shows the theoretical and experimental friction
torque for the ball screw at different speed and the preload
1000 N. The calculated value of the friction torque model
proposed in the paper is in good agreement with the experi-
mental friction torque, but the calculated value of the Zhou
model and NSK model is unchanged with the increase speed
of the ball screw (the influence of the speed on the fric-
tion torque is ignored). The comparison of friction torque
test value and model calculated value at different speed is
shown in Table 4. Therefore, it can be known that the aver-
age deviation of friction torque calculated by Eq. (24) com-
pared with the test value is 1.59% at different speeds of 100
r/min, 500 r/min, 1000 r/min, 1500 r/min, 2000 r/min, and
2500 r/min. As shown in Fig. 14, the average deviation of
friction torque calculated by Zhou model and NSK model
gradually increases with the increase of rotational speed, and
the deviation of friction torque in NSK model is larger than
that in Zhou model.

It can be seen from Fig. 15 that the mean frictional torque
for the positive and negative stroke gradually increases with
the increasing rotational speed when the preload is low. The
friction torque is increasingly affected by rotational speed
with the increasing preload, and the frictional torque at dif-
ferent rotational speed gradually shows a stable state. The
main reason for the phenomenon is that the pressure of con-
tact point is small when the preload is low, and the oil film is
not easy to be formed. The lubrication between the ball and
the raceway gradually deteriorates with the increase of the
speed, which causes that the friction torque increases con-
tinuously. When the preload is high, the pressure between
the ball and the raceway is large and the lubricating oil film
is easy to be formed. Therefore, it is always in a good lubri-
cation state at different speed, so the friction torque is stable.
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Fig. 12 Theoretical and

experimental values of friction

torque under different preload
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Table 2 Comparison between the experimental friction torque under the measurement conditions specified in international standard and the cal-

culated value of the model

Friction torque Preload (V) Proposed model Zhou model [26] NSK model [24]

N. m

( ) Data (N. m) Relative error Data (N. m) Relative error Data (N. m) Relative error
0.409 1000 0.416 1.71% 0.399 2.45% 0.255 37.65%

0.828 2000 0.816 1.45% 0.805 2.77% 0.505 39.00%

1.168 3000 1.171 0.25% 1.206 3.26% 0.751 35.70%

1.542 4000 1.503 2.53% 1.594 3.37% 1.010 28.60%

1.889 5000 1.864 1.32% 1.993 5.51% 1.262 33.19%

2.224 6000 2.274 2.25% 2.392 7.56% 1.515 31.87%

Table 3 Comparison between the test value of preload and the theoretical value of the model under the measurement conditions specified in

international standard

Friction Standard Proposed model

Zhou model [26]

NSK model [24]

torque (N. preload (N)

m) Data (N) Relative Data (N) Relative error Data (N) Relative error
error
0.409 1000 1020.6 2.06% 1025.9 2.59% 1620.4 62.04%
0.828 2000 2054.8 2.74% 2077.0 3.85% 3280.4 64.02%
1.168 3000 2939.2 2.03% 2875.9 4.14% 4627.5 54.25%
1.542 4000 3918.0 2.05% 3818.0 4.55% 6109.2 52.73%
1.889 5000 4856.4 2.87% 4738.4 5.23% 7484.0 49.68%
2.224 6000 5916.5 1.39% 5578.8 7.02% 8811.2 46.85%
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Figure 16 shows the change of friction coefficient for the
ball screw with rotational speed under different preload,
which is similar to the change trend of friction torque in
Fig. 15. For given a certain preload, the friction coefficient
increases with the increase of the screw speed. The greater
the preload is, the less the influence of rotation speed on
friction coefficient is. When the preload changes from 1 to
6 KN, the friction coefficient of the ball screw varies from
0.0056 to 0.0065 at low speed (100 r/min). The friction coef-
ficient varies from 0.0095 to 0.0127 at high speed (2500
r/min). The friction coefficient corresponding to different
preload increases and the variation gradually increases with
the increase of speed, which indicates that it is reasonable
to set the measurement speed of no-load friction torque for
the ball screw as 100 r/min in the international standard DIN
1S03408-3:2006.

1000 1500
Rotational speed (r/min)

2000 2500

5 Results and discussion

5.1 Thermal elastohydrodynamic lubrication
analysis of a single ball

Keep the preload of the ball screw at 2000 N and rota-
tional speed at 3000 r/min. Based on the analysis of all
ball load distribution for the ball screw [2, 3], the initial
contact load between the ball and the raceway is obtained
to be 39.5 N. According to the above kinematic analysis,
the initial slide-roll ratio between the ball and the screw
raceway is 0.63174, and the coiling speed is 4374.37 mm/s.
The sliding ratio between the ball and the nut raceway is
1.94203, and the coiling speed is 1541.64 mm/s. Figures 17
and 18 show the regional distribution of contact stress,
shear stress, film thickness, and temperature rise for the

Table 4 Comparison between experimental friction torque at different speed and calculated value of the model

Friction torque ~ Speed (r/min) Proposed model

Zhou model [26] NSK model [24]

(N.m) Data (N. m) Relative error Data (N) Relative error Data (N) Relative error
0.409 100 0.418 1.71% 0.399 2.45% 0.255 37.65%
0.612 500 0.625 2.13% 0.399 34.80% 0.255 58.33%
0.682 1000 0.692 1.47% 0.399 41.50% 0.255 62.61%
0.748 1500 0.747 0.14% 0.399 46.66% 0.255 65.91%
0.802 2000 0.798 0.50% 0.399 50.25% 0.255 68.21%
0.846 2500 0.851 0.61% 0.399 52.84% 0.255 69.86%
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Fig. 15 Change of mean friction
torque at different rotational
speed

Fig. 16 Change of friction
coefficient at different rotational
speed
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contact points of the screw raceway and the nut raceway
respectively. The maximum contact stress and the maxi-
mum shear stress of contact point for the screw raceway
are larger than that of contact point for the nut raceway,
which is caused by the smaller contact curvature of the
ellipse contact point for the screw raceway. The minimum
film thickness of contact point for the screw raceway is
more than two times larger than that of contact point for
the nut raceway, and the minimum film thickness is only
0.223 pm. It can be seen that the oil film thickness formed
at high speed is small, while the oil film thickness formed
at low speed is smaller. Therefore, the ball screw is easy
to be affected by the insufficient lubrication, resulting in
the increased friction. The maximum temperature rise of

@ Springer

oil film at contact point of the screw raceway is 121.62 K,
which is 10 K higher than the contact point of the nut race-
way. It can be seen that the teeth of the screw are more
likely to fail than the teeth of the nut due to the influence
of high temperature adhesion.

5.2 Analysis of friction torque at different
rotational speed

The preload of the ball screw is kept at 1800 N, and the
friction torque of the ball screw at different speed is shown
in Fig. 19. Since the elastic hysteretic friction torque term
and the sliding friction torque term are composed of
preload, geometric information, elastic hysteretic friction
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coefficient, and rolling friction coefficient, these will keep
constant value when the speed of the screw changes. The
sliding friction term has a higher influence than the elastic
hysteresis friction term. The viscous friction term depends
on the contact ellipse radius caused by the contact load of
the ball, the oil film thickness, the viscosity of lubricant,
etc. Therefore, the viscous friction term increases with the
increase of the screw speed. Obviously, the elastic hys-
teresis friction torque is relatively small in the beginning.
When the rotational speed of the ball screw is less than 186
r/min, the sliding friction torque generated by the contact
load of the ball is higher than the viscous friction torque.
The viscous friction torque plays a predominant role when
the screw is at a high rotation speed, which causes the total
friction torque of the ball screw increases with the increase
of rotational speed.

5.3 Analysis of sliding coefficient and environment
temperature

Figures 20 and 21 show the friction torque under differ-
ent sliding friction coefficients and the change of friction
torque under different environment viscosity caused by
different lubricating oil temperature obtained from Eqgs.
(19) and (22) respectively. The friction torque of the ball
screw is nonlinear with the change of the screw speed.
The friction torque increases with the increase of sliding
friction coefficient and the increase of initial environment
temperature. When the environmental viscosity of lubri-
cating oil increases by 0.025 Ns/m?, the friction torque
increases by 6.4% on average. When the sliding friction
coefficient increases by 0.001, the friction torque increases
by 9.9% on average.
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Fig. 19 Friction torque at differ-
ent speed

Fig. 20 Friction torque under
different sliding friction coef-
ficient
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Fig. 21 Friction torque at differ-

[ 2 o - . ..
ent environmental viscosity 1.4 0.100 Ns/ m2 (47°C) Sliding friction coefficient :0.15
* 0.123 Ns/m? (43°C)
< 0.145 Ns/m? (40°C)
121" % 0,170 Ns/m? (38°C)

Friction Torque (N.m)
o
fe') —_

o
o

[ [ [ r

5.4 Analysis of friction torque with the screw speed
and preload

Figure 22 shows the change trend of friction torque for
the ball screw with the change of the screw speed and the
preload. It can be obviously seen that the friction torque

Fig.22 Change of friction
torque with the screw speed and
preload

;
1000 1500 2000 2500 3000

Rotational speed (r/min)

increases with the increase of the preload and the screw
speed. The friction torque changes greatly with the increase
of speed at low speed, which is caused by the large change
rate of the viscous friction for the ball screw. When run-
ning at high speed, the change of friction torque is relatively
stable, and the change rate of viscous friction torque is no
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longer obvious because the film thickness of contact lubri-
cating oil has been formed. For a given constant preload, the
friction torque increases by 0.12 N. m on average when the
screw speed increases by 1000 r/min. For a given constant
speed, the relationship between the friction torque and the
preload is close to linear, and the friction torque increases by
0.65 N. m on average when the preload increases by 1000 N.

6 Conclusion

The coupling analysis model of thermal elastohydrody-
namic lubrication and operation of the ball screw is estab-
lished in the paper. Based on the Reynolds equation con-
sidering the influence of temperature rise, the lubrication
performance of the contact point is studied. The failure
area caused by insufficient lubrication is analyzed by com-
paring the oil film pressure, shear stress, film thickness,
and temperature rise of the contact point for the screw and
nut raceway. On this basis, the ball load distribution of the
double-nut ball screw is analyzed under the action of the
preload, and the calculation method of friction torque for
the ball screw considering the viscous friction, the elastic
hysteresis friction, and the sliding friction is put forward.
The calculation accuracy of friction torque considering the
ball load distribution and the thermal elastohydrodynamic
lubrication is verified by experiments. The main conclu-
sions can be expressed as follows:

1. The calculated value of the friction torque model con-
sidering the viscous friction, elastic hysteretic fric-
tion, and sliding friction is in good agreement with the
experimental value, and the viscous friction torque term
increases with the increase of the screw speed. When
the speed of the ball screw is below 186 r/min, the slid-
ing friction torque generated by the contact load of the
ball is higher than the viscous friction torque, and the
viscous friction torque plays a dominant role in the high-
speed rotation of the ball screw, resulting in the increase
of the total friction torque with the increase of the speed.

2. When the preload is low, the mean friction torque for
the positive and negative stroke increases gradually with
the increase of rotational speed. The friction torque is
more seriously influenced by rotational speed with the
increase of preload, and the friction torque at different
rotational speed gradually presents a stable state. When
the preload is high, the contact pressure between the
ball and the raceway is large, and the oil film is easy to
be formed. Therefore, it is always in a good lubrication
state, and the friction torque is stable.

3. When the preload changes from 1 to 6kN, the fric-
tion coefficient of the ball screw varies from 0.0056 to
0.0065 at low speed (100 r/min). The friction coefficient

@ Springer

varies from 0.0095 to 0.0127 at high speed (2500 r/min).
The variation of the friction coefficient increases gradu-
ally with the increase of rotational speed, which indi-
cates that it is reasonable to set the measurement speed
of no-load friction torque of ball screw as 100 r/min in
the international standard DIN ISO3408-3:2006.
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