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1  Introduction

Ball screw is widely used in machining center, and its per-
formance directly affects the numerical control machine’s 
working accuracy and machining quality [1].

The ball screw axial clearance refers to the original 
clearance between nuts and the nut displacement. Usually a 
pre-tightening structure is added to ball screw to control the 
elastic deformation within the minimum limit, which can 
decrease the axial clearance and improve the ball screw’s 
axial rigidity [2, 3].

The ball screw pre-tightening force is a key parameter 
affecting friction torque [4, 5]. Timely adjustment of pre-
tightening force makes the ball screw rapidly adapt to high-
acceleration start–stop, external load changes, temperature 
changes, etc.

2 � Design of giant magnetostrictive structure 
for double‑nut ball screw pre‑tightening

2.1 � Present double‑nut ball screw pre‑tightening 
structure

Currently, there are two kinds of ball screw pre-tighten-
ing methods: single nut and double nut. The double-nut 
method, which can repeatedly adjust and maintain the pre-
tightening force, is used in precision transmission where 
the return clearance is not allowed to exist.

Double-nut pre-tightening methods include the gasket 
method, the thread method, the tooth difference method, 
the spring method and the piezoelectric ceramics method.

In the gasket method, the two nuts are separated by a 
gasket and contact with the screw in opposite direction. 
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A representative gasket pre-tightening method is men-
tioned in China patent document CN203656087U, which 
is shown in Fig.  1, where 1. screw, 2. assistant nut, 3. 
double-end-stud pressure sensor, 4. pre-tightening gas-
ket, 5. pre-tightening nut, 6. mother nut. Although this 
pre-tightening method can realize the precise adjust-
ment of pre-tightening force, it cannot achieve automatic 
adjustment.

Like the gasket method, the thread method, the tooth 
difference method and the spring method are difficult to 
achieve timely adjustment of pre-tightening force.

Piezoelectric ceramics can also adjust ball screw pre-
tightening [6–11], but with a low stretching strain, energy 
strain and output force.

Compared with piezoelectric ceramics, GMM’s 
extend-retract strain, output force and energy strain are 
all much higher [12–15]. Therefore, when it is used for 
ball screw pre-tightening, the pre-tightening force can be 
adjusted within a relatively wider range [16], and precise 
adjustment of pre-tightening force can be achieved simul-
taneously [17].

2.2 � Three new giant magnetostrictive structures 
for double‑nut ball screw pre‑tightening

2.2.1 � Pre‑tightening structure composed of hollow 
cylindrical GMM

The whole structure is shown in Fig. 2, where the red part 
is hollow cylindrical GMM.

Its part-sectioned view is shown in Fig. 3, where 1. nut 
A, 2. end cap A, 3. cylindrical shell, 4. coil, 5. disk-like 
yoke iron, 6. end cap B, 7. nut B, 8. disk spring, 9. force 
sensor, 10. force output link, 11. yoke iron A, 12. inner 
sleeve, 13. outer sleeve, 14. hollow cylindrical GMM, 15. 
yoke iron B, 16. coil rack.

It can be seen from Fig. 3 that the pre-tightening struc-
ture mainly includes the cylindrical GMM and the excita-
tion coil. The magnetic field generated by excitation coil 
drives the cylindrical GMM to extend or retract, thus to 
produce pre-tightening force.

2.2.2 � Pre‑tightening structure composed of three discrete 
GMM rods

This structure is shown in Fig. 4, where 1. screw, 2. screw 
nut A, 3. locknut, 4. round nut, 5. pre-tightening structure 
composed of one discrete cylindrical GMM, 6. force sen-
sor, 7. screw nut B. Each rod in this structure is an indis-
pensable substructure. Its part-sectioned view is shown in 
Fig. 5, where 1. flat key, 2. screw nut B, 3. heat insulating 
layer, 4. end cap A, 5. end A of force sensor, 6. force sen-
sor, 7. end B of force sensor, 8. sleeve, 9. disk spring, 10. 
ejector rod, 11. excitation coil, 12. coil rack, 13. end cap 
B, 14. locknut, 15. Terfenol-D rod, 16. screw nut A, 17. 
screw.Fig. 1   Double-nut ball screw that can realize precise adjustment of 

pre-tightening force

Fig. 2   Whole structure of 
the pre-tightening structure 
composed of hollow cylindrical 
GMM
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2.2.3 � Giant magnetostrictive pre‑tightening structure 
with hinge‑levers

The giant magnetostrictive pre-tightening structure with 
hinge-levers is shown in Fig.  6, where 1. soleplate, 2. 
hinge-lever A, 3. screw nut, 4. screw, 5. hinge-lever B, 
6. the giant magnetostrictive structure composed of one 
GMM rod.

With the help of fixed hinge and live hinge, the hinge-
levers use the lever principle to realize the increase, 
decrease and transmission of force. The output force of 
giant magnetostrictive device is magnified by hinge-lever A 
and then transmitted by hinge-lever B.

2.3 � Characteristics of the three new structures

2.3.1 � Demands for GMM

In structure 2.2.1, GMM needs to be machined into a hol-
low cylinder, while GMM is a difficult-to-machine mate-
rial with high processing costs. In addition, for ball screw 
with larger diameter, a larger-diameter GMM is needed, but 
according to current production capacity, the diameter of 
GMM rod can only reach 70 mm, so the diameter of screw 
used is restricted.

In structure 2.2.2, GMM needs to be machined into rod, 
which is easy to machine. But its structure is complex with 
three rods, and it is heavy enough to deform the screw. In 
addition, the performance of the three rods may be incon-
sistent with each other, which makes it difficult for them to 
output completely equal force.

Fig. 3   Part-sectioned view of 
the pre-tightening structure 
composed of hollow cylindrical 
GMM
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Fig. 4   Pre-tightening structure composed of three discrete GMM 
rods

Fig. 5   Part-sectioned view of one discrete GMM rod
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In structure in 2.2.3, like in structure in 2.2.2, GMM rod 
is needed.

2.3.2 � Energy distribution in different GMM

Simulation conditions of hollow cylindrical GMM are 
set as: The coil’s inner radius is 23.219 mm, outer radius 
is 45.719  mm, and the coil length is 79  mm. The hollow 
cylindrical GMM’s inner diameter is 30 mm, outer diame-
ter is 40 mm, and the length is 50 mm. The ampere-turns is 
3074 A, and the magnetic field strength is 34.4 KA/m. The 
energy distribution of hollow cylindrical GMM is shown in 
Fig. 7.

The energy is mainly distributed in the GMM and the 
screw. If the screw consumes too much energy, the screw 
will deform due to the heat.

Simulation conditions of GMM rod are set as: The coil’s 
inner radius is 9.219 mm, outer radius is 31.719 mm, and 

the coil length is 79 mm. GMM rod diameter is 10 mm. The 
ampere-turns is 3074 A, and the magnetic field strength is 
34.4  KA/m. The energy distribution of the GMM rod is 
shown in Fig. 8.

The energy is mainly distributed in the GMM rod. The 
energy distribution at the geometrical center lines of the 
GMM rod and the hollow cylindrical GMM is shown in 
Fig. 9.

From Figs.  7, 8 and 9, it can be seen that at the same 
magnetic field strength, the energy distribution in GMM 
rod is more uniform than in the hollow cylindrical GMM.

2.3.3 � Comparison of the three new structures

After comparing the three structures, it is found that the 
giant magnetostrictive pre-tightening structure with hinge-
levers is superior to the other two. Its production and pro-
cessing cost is low, its weight will not affect the screw, no 

Fig. 6   Giant magnetostrictive 
pre-tightening structure with 
hinge-levers
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Fig. 7   Energy distribution in pre-tightening structure composed of hollow cylindrical GMM
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more energy is consumed on the screw, and the GMM rod 
has a more uniform energy distribution than the hollow 
cylindrical GMM at the same magnetic field intensity.

3 � Dynamics analysis of the giant magnetostrictive 
structure

Parameters of the giant magnetostrictive structure are listed 
in Table 1.

Dynamics model is the base of structure analysis [18, 
19]. The giant magnetostrictive structure’s mechanical 
model is shown in Fig. 10.

Parameters of the GMM rod are listed in Table 2. The 
rod-like GMM’s load (including the disk spring, the ejector 
rod, tail mass) is regarded as a mass-spring-damper load, as 
shown in Fig. 10. The displacement, velocity and accelera-
tion of the rod-like GMM’s one end remain zero during the 
total moving process, and the other end’s displacement y, 
velocity ẏ and acceleration ÿ are the same as its load. σ0 is 
the pre-stress that the disk spring acts on GMM rod.

GMM rod can be regarded as a mass-spring-damper 
with a single degree of freedom in longitudinal direction. 
The mechanical model of GMM rod is shown in Fig. 11.

lcoil is slightly larger than lrod in the giant magneto-
strictive structure. The internal magnetic field intensity 
H, the magnetic induction B, the strain ε and stress σ in 
GMM rod are supposed to be uniform. Here, ε is the total 
magnetic hysteresis nonlinear strain under piezomagnetic 

Fig. 8   Energy distribution in cylindrical GMM
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Fig. 9   Energy distribution in hollow cylindrical and rod-like GMM

Table 1   Parameters of coil, load and actuator

Name of parameter Expressed as Object

Coil turns N Coil

Coil length lcoil Coil

Input current I Coil

Equivalent damping coefficient Cl Load

Equivalent mass Ml Load

Equivalent stiffness coefficient Kl Load

Output force FA Cylindrical GMM
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effect, and such factors as vortices, dynamics mechani-
cal properties and magnetic field and stress higher order 
terms are not considered.

(1)F = σArod,

According to Newton’s second law, the GMM rod out-
put force is:

Substitute Formula (1) and (2) into Formula (3),

Considering the GMM rod’s mass and damping [20], 
its strain equation can be written as:

Then the giant magnetostrictive structure’s dynamics dif-
ferential equation under the action of λ and σ0 can be 
obtained by substituting Formula (4), (5) and (6):

where M = Mrod +Ml, C = Crod + Cl, K = Krod + Kl , 
Mrod = ρlrodArod/3, Crod = CDArod/lrod, Krod = ArodE

H

/lrod.

Laplace transform is taken in Formula (7) to obtain the 
giant magnetostrictive structure output displacement:

FA and Fl are opposite to each other in direction, but 
equal in value, that is,

Substitute Formula (8) into Formula (9),

(2)Fl = (Mlÿ + Clẏ + Kly).

(3)F = −(Fl + σ0Arod).

(4)σArod = −(Mlÿ + Clẏ + Kly + σ0Arod).

(5)ε = σ

/

EH
+ �− (CD/E

H)ε̇ −
ρl2

rod

/

EH

3
ε̈,

(6)y = εlrod,

(7)Mÿ + Cẏ+ Ky = ArodE
H
�− σ0Arod,

(8)y =
1

Ms2 + Cs+ K

(

ArodE
H
�− σ0Arod

)

.

(9)FA =

(

Mls
2
+ Cls+ Kl

)

y.

(10)FA =
Mls

2 + Cls+ Kl

Ms2 + Cs+ K

(

ArodE
H
�− σ0Arod

)

.

Fig. 10   Giant magnetostrictive 
structure’s mechanical model

The giant 
magnetostrictive 

structure 

Ml
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Cl
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Table 2   Parameters of the GMM rod

Name of parameter Expressed as

Cylindrical GMM diameter d

Cylindrical GMM length lrod

Cross-sectional area Arod

Internal damping coefficient CD

Density ρ

Equivalent stiffness coefficient Krod

Equivalent damping coefficient Crod

Equivalent mass Mrod

Magnetic strain λ

Output force F

Output displacement y

Pre-stress acting on GMM σ0

Load acting on GMM Fl

Fl

Mrod

Crod

Krod

σ0

yGMM rod

Fig. 11   Mechanical model of GMM rod
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It can be seen from Formula (10) that the giant mag-
netostrictive structure output force is coupled with the 
magnetic strain λ and stress σ0, and the magnetic strain λ 
is coupled with the current I in the coil. The output force 
can be changed by changing the input current.

4 � Pre‑tightening experiment of giant 
magnetostrictive structure with hinge‑levers

The pre-tightening force adjustment of the above three 
kinds of structures is shown in Fig.  12. The microcon-
troller sends out the control signal to the controllable 
constant current source through DAC, the controllable 
constant current source outputs the corresponding current 
to the excitation coil to adjust the magnetic field intensity 
of GMM, and meanwhile the changes of driving mag-
netic field will make the GMM extend or retract, thus to 
obtain the pre-tightening force between screw and nut by 
the output link. The force sensor is used to measure the 
pre-tightening force.

Here, we use the giant magnetostrictive structure 
with hinge-levers to do pre-tightening force experiment 
and the experiment table is shown in Fig.  13, where 1. 
PC, 2. stabilized current supply for giant magnetostric-
tive device, 3. DC power for force sensor, 4. ball screw, 
5. nut A, 6. force sensor, 7. hinge-lever B, 8. nut B, 9. 
hinge-lever A, 10. the giant magnetostrictive structure, 
11. transmitter of the force sensor, 12. data acquisition 
unit.

A digital direct current source is adopted, with a con-
tinuously adjustable output voltage 0–30 V and output cur-
rent −10 to 10 A. A piecewise linear current is applied to 
the giant magnetostrictive structure, GMM outputs a force 
under magnetostriction effect, and then the force is trans-
mitted to the screw and nuts by hinge-levers A and B. The 
pre-tightening force between screw and nuts measured by 
the sensor is shown in Fig. 14. 

It can be seen from the experiment results that the pre-
tightening force changes with the current. When current 
changes from −3 to 3 A, the max output pre-tightening 
force may reach 1892.87 N.

5 � Conclusion

In this paper, to achieve double-nut ball screw auto-
matic pre-tightening, three new types of giant magne-
tostrictive pre-tightening structures are introduced. The 
characteristics of these three structures are analyzed 
by electromagnetic field simulation, and their working 
principles are stated. A dynamics model is established 
to analyze the factors affecting the pre-tightening force. 
The mechanical and electrical coupling experiments 
were carried out and the results show that using the giant 
magnetostrictive device to adjust the ball screw pre-
tightening force is feasible. In order to obtain a better 
ball screw pre-tightening effect, the giant magnetostric-
tive structure parameters will be optimized in the future 
research to improve its mechanical–electrical coupling 
performance.

Acknowledgements  This work is supported by National Natural Sci-
ence Foundation of China (Grant No. 51475267).
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Fig. 14   Pre-tightening force and current
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