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Description

BACKGROUND OF THE INVENTION

[0001] The present invention relates to a rotational
torque detection mechanism, which detects an amount
and direction of rotational torque acting on a rotatably
supported shaft and an electric power steering apparatus
having the rotational torque detection mechanism.
[0002] An electric power steering apparatus has pre-
vailed, which relieves the steering force required of a
driver so as to provide him with comfortable steering feel-
ing when he handles a steering wheel. In the apparatus,
when the driver turns the steering wheel, a rotational
torque detection mechanism detects the amount and di-
rection of torque acting on a steering system of vehicle.
Accordingly, an electric motor is controlled to generate
assist torque to be applied to the steering system based
on the output signal of the mechanism.
[0003] FIG.1 is a cross sectional view showing a con-
ventional rotational torque detection mechanism 300 dis-
posed in an electric power steering apparatus. As shown
in FIG.1, the rotational torque detection mechanism 300
is a magnetostrictive torque sensor, which includes a ro-
tational shaft 310 being rotatably supported, magneto-
strictive membranes 320A and 320B disposed on the sur-
face of the rotational shaft 310, excitation circuits 330A
and 330B and detection circuits 340A and 340B. The
magnetostrictive membranes 320A and 320B, which in-
clude plated alloy of Ni-Fe, vary their magneto permea-
bility according to the amount and direction of rotational
torque acting on the rotational shaft 310. The excitation
circuits 330A and 330B impose alternating current on the
magnetostrictive membranes 320A and 320B. The de-
tection circuits 340A and 340B, which confront the exci-
tation circuits 330A and 330B, respectively, electrically
detect changes of magnetic permeability of the magne-
tostrictive membranes 320A and 320B. In this way, the
detection circuits 340A and 340B detect the amount and
direction of the rotational torque acting on the rotational
shaft 310. A combination of the excitation circuit 330A
and the detection circuit 340A as well as the other one
of 330B and 340B are shown as united pairs, respective-
ly, in FIG.1.
[0004] In FIG.1, numeral 410 represents a rack shaft,
which is coupled to front right and left steerable wheels
(not shown) via a tie rod (not shown) and a knuckle (not
shown). Numeral 420 represents a motor for generating
assist torque, numeral 430 a reduction gear mechanism
which transmits the increased assist torque produced by
the motor 420 to the rotational shaft 310 and numeral
440 a housing which accommodates elements of the ro-
tational torque detection mechanism 300 and the rack
shaft 410.
[0005] An upper end portion 310a of the rotational shaft
310 is mechanically coupled to a steering wheel (not
shown) via a steering shaft (not shown) and a universal
joint (not shown). A pinion gear 311 is formed around a

lower end portion 310b, which engages with a toothed
rack 411, thereby forming a rack and pinion mechanism
450. The upper and lower end portions 310a and 310b
and a middle portion 310c are rotatably supported by
bearings 350, 370 and 360, respectively. The excitation
circuits 330A and 330B and the detection circuits 340A
and 340B are disposed between the bearings 350 and
360 which support the upper end portion 310a and the
middle portion 310c, respectively. The reduction gear
mechanism 430 is disposed between the pair of excita-
tion and detection circuits 330B and 340B and the bearing
360.
[0006] As an example of related art associated with
this type of technique, there is Japanese Published Pat-
ent Application 2002-257648 titled "Torque Detecting
Device and Electric Power Steering Device Using the
Same". Also Japanese Published Patent Application
2002-228527 discloses a rotational torque detection
mechanism without a magnetostrictive membrane.
[0007] Applicants have discovered that the rotational
shaft 310 experiences bending between the bearings 350
and 360 as well as between the bearings 360 and 370
as a result of applied bending moment when force F100
and F200 is exerted on the rotational shaft 310, as shown
in FIGS. 2A and 2B. The bending moment occurs be-
cause the upper end, middle and lower end portions
310a, 310c and 310b are supported by the bearings 350,
360 and 370, respectively. Because the conventional ro-
tational torque detection mechanism 300 unavoidably in-
corporates this bending moment into its detection, it is
not able to provide accurate detection for the amount or
direction of rotational torque actually acting on the rota-
tional shaft 310. In this connection, the rack shaft 410
exerts the force F100 perpendicularly on the rotational
shaft 310 relative to its axial direction. On the other hand,
the reduction gear mechanism 430 exerts the force F200
on the rotational shaft 310 in the same manner.
[0008] As shown in FIG.2B, the detection circuits 340A
and 340B, which are disposed separately in an axial di-
rection of the rotational shaft 310, deliver mutually differ-
ent output signals. This results from the fact that the bend-
ing moment acting on the rotational shaft 310 varies ac-
cording to the axial position between the upper end por-
tion 310a and the middle portion 310c. The applicants
have found that the conventional rotational torque detec-
tion mechanism 300 is not able to provide accurate de-
tection for the amount and direction of the rotational
torque acting on the rotational shaft 310.
[0009] Variation in thickness of the magnetostrictive
membranes 320A and 320B depending on the circum-
ferential position of the rotational shaft 310 makes the
detection circuits 340A and 340B generate output signals
dependent on the circumferential detection points. This
also results in less accurate detection for the rotational
torque.
[0010] When a steering wheel is rotated right or left
until it reaches an end-of-stop, either the right or left end
of the rack shaft 410 hits the end of a lower housing,
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which accommodates the rack shaft 410. This hitting re-
sults in generation of impulsively large torque transmitted
to the rotational shaft 310, thereby causing plastic defor-
mation for the rotational shaft 310. It may lead to sepa-
ration of the magnetostrictive membranes 320A and
320B from the rotational shaft 310.
[0011] The plastic deformation of the rotational shaft
310 or the separation of the magnetostrictive membranes
320A and 320B described above creates hysteresis,
thereby resulting in deterioration of accuracy for the ro-
tational torque detection mechanism 300.
[0012] In addition, undesirable nonlinear component
within a range of steering torque detection, which is at-
tributed to the plastic deformation of the rotational shaft
310, also deteriorates the accuracy achieved by the ro-
tational torque detection mechanism 300.
[0013] US-B1-6 422 095 discloses a rotational torques
direction mechanism in accordance with the preamble of
claim 1. There, a magnetostrictive membrane comes in
hard contact with a housing and is damaged when an
external force is applied to a shaft because a portion of
the shaft on which the magnetostrictive membrane is
formed is in contact with the housing. The damage may
affect the accuracy of a sensor significantly.
[0014] In US 2002/117348 A1, a shaft is supported by
bearings in its upper and lower ends. Thus, even when
a force is input to the shaft from the pinion gear, the po-
sitions of the bearing are not changed since both upper
and lower ends of the shaft are fixed. As a result, a bend-
ing moment affects a magnetostrictive membrane which
is disposed on the shaft.

SUMMARY OF THE INVENTION

[0015] It is an object of the present invention to provide
a rotational torque detection mechanism introducing a
magnetostrictive membrane, which is able to accurately
detect an amount and direction of rotational torque acting
on a rotational shaft, and an electric power steering ap-
paratus which incorporates the rotational torque detec-
tion mechanism as a torque sensor.
[0016] According to an aspect of the present invention,
a rotational torque detection mechanism is provided, ac-
cording to claim 1.
[0017] The rotational torque detection mechanism de-
scribed above can prevent bending moment from acting
on the first end portion of the rotational shaft. The reason
for this is that the bending moment does not act on the
first end portion while external force acts perpendicularly
on the rotational shaft relative to its axis and creates
bending because the first end portion is adapted to be
the free end but comes in contact with the housing when
an external force is applied to the rotational shaft and the
second portion is supported. In this way, the rotational
torque detection mechanism can accurately detect the
amount and direction of the rotational torque. In this con-
nection, a circuit generating alternating or rectangular
wave voltage may be selected for the excitation circuit

for the magnetostrictive membrane.
[0018] The rotational detection mechanism described
above, which has the elastic element disposed slidably
around the first end portion of the rotational shaft, can
damp the amplitude of resonant frequency because the
elastic element contacts the first end portion even if the
bending resonant frequency of the rotational shaft falls
as a result of dropping of the stiffness of the rotational
shaft. This allows the rotational torque detection mech-
anism to prevent an increase in the bending moment
caused by the resonance of the rotational shaft, thereby
eliminating a chance of erroneously delivering an exces-
sive torque signal. Therefore, the mechanism can accu-
rately detect the amount and direction of the rotational
torque acting on the rotational shaft.
[0019] According to the present invention, the rotation-
al torque detection mechanism further includes a bearing
which is disposed around a first end portion with a pre-
determined gap distance.
[0020] The rotational torque detection mechanism de-
scribed above, in which the bearing is disposed around
the first end portion with the predetermined gap, can sup-
port the rotational shaft with the bearing even if the rota-
tional shaft is forced to bend excessively when large force
perpendicularly acts on the rotational shaft. In this way,
the mechanism can prevent the plastic deformation of
the rotational shaft because the rotational shaft does not
axially bend more than the predetermined gap distance.
[0021] According to another aspect of the present in-
vention, a rotational torque detection mechanism is pro-
vided, in which the thickness of a magnetostrictive mem-
brane is adapted to be less than or equal to 30 micron
meters.
[0022] The rotational detection mechanism described
above, in which the thickness of the magnetostrictive
membrane is adapted to be less than or equal to 30 mi-
cron meters, can restrain the variation in torque detec-
tion. The reason for this is that the sufficiently thinned
magnetostrictive membrane does not affect adversely
the detection even if its unevenness causes variation in
its magnetic permeability according to the circumferential
position of the rotational shaft.
[0023] According to further aspect of the present in-
vention, a rotational torque detection mechanism is pro-
vided, in which Rockwell hardness of a rotational shaft
is adapted to fall in a range between equal to or greater
than 40 and less than or equal to 65.
[0024] The rotational torque detection mechanism de-
scribed above, in which Rockwell hardness of the rota-
tional shaft is adapted to be equal to or greater than 40
to less than or equal to 65, can prevent the plastic or
permanent deformation of the rotational shaft even if ex-
cessive torque, as much as 30 Kgf-m (294 N-m) for ex-
ample, is applied to it. This results in protection for sep-
aration of the magnetostrictive membrane from the rota-
tional shaft because the deformation of the rotational
shaft can be maintained within an elastic range. In this
way, the rotational torque detection mechanism can in-
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crease its accuracy because the magnetostrictive mem-
brane can maintain stable attachment to the rotational
shaft.
[0025] According to still further aspect of the present
invention, an electric power steering apparatus is provid-
ed, which employs a rotational torque detection mecha-
nism. The apparatus provides assist torque according to
an output signal of the mechanism.
[0026] The electric power steering apparatus, which
employs the rotational torque detection mechanism so
as to detect the amount and direction of rotational torque
or steering torque acting on the steering system, can in-
corporate accurate output of the mechanism when a driv-
er handles the steering wheel of a vehicle. This brings
improvement in steering feeling of the driver.
[0027] According to yet further aspect of the present
invention, an electric power steering apparatus is provid-
ed, which further includes a shock absorber that relaxes
impact force acting on a rotational torque detection mech-
anism.
[0028] The electric power steering apparatus de-
scribed above can prevent the magnetostrictive mem-
brane from separating from the rotational shaft because
the shock absorber can absorb impact force which is
caused by hitting between the end of a rack shaft and
the end of a lower housing. In this way, the hysteresis
and durability of the rotational torque detection mecha-
nism can be improved, which provides better steering
feeling for a driver.
[0029] According to another aspect a method for man-
ufacturing a rotational torque detection mechanism is
provided. The mechanism includes a rotational shaft, a
magnetostrictive membrane disposed on a surface of the
rotational shaft, an excitation circuit for exciting the mag-
netostrictive membrane, and a detection circuit for elec-
trically detecting a change of magnetic permeability of
the magnetostrictive membrane. The method includes
the steps of applying heat treatment to the rotational shaft
so that its Rockwell hardness is adapted to fall in a range
between equal to or greater than 40 and less than or
equal to 65, attaching the magnetostrictive membrane to
the rotational shaft after the heat treatment and imposing
anisotropy on the magnetostrictive membrane.
[0030] The method described above can dispense with
heat treatment for the rotational shaft after anisotropy is
imposed on the magnetostrictive membrane. In this way,
the rotational torque detection mechanism can have high
detection accuracy because the anisotropy of the mag-
netostrictive membrane is stabilized.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031]

FIG.1 is a sectional view showing a rotational torque
detection mechanism in an electric power steering
apparatus of the prior art.
FIG.2A is a schematic diagram showing bending in

a rotational shaft and FIG.2B is another schematic
diagram showing bending moment, when force F100
and F200 is applied to the shaft.
FIG.3 is schematic diagram showing the steering
system of a vehicle and an electric power steering
apparatus disposed in the steering system.
FIG.4 is a partial sectional view showing an electrical
power steering apparatus shown in FIG.3.
FIG.5 is a sectional view taken along line 5 - 5 in
FIG.4 showing one rotational torque detection mech-
anism not according to the present invention.
FIG.6A is a schematic diagram showing bending in
a rotational shaft and FIG.2B is another schematic
diagram showing bending moment, when force F1
and F2 is applied to the shaft.
FIG.7 is a sectional view taken along line 7 - 7 in
FIG.4 showing another rotational torque detection
mechanism not according to the present invention.
FIG.8 is a sectional view taken along line 8 - 8 in
FIG.4 showing a rotational torque detection mecha-
nism according to the present invention.
FIG.9 is a sectional view taken along line 9 - 9 in
FIG.4 showing another rotational torque detection
mechanism not according to the present invention.
FIG.10 is a sectional view taken along line 10 - 10
in FIG.4 showing the other rotational torque detec-
tion mechanism not according to the present inven-
tion.
FIGS.11A, 11B and 11C are schematic diagrams il-
lustrating the eccentricity of a magnetostrictive mem-
brane or dispersion in its thickness.
FIG.12 is a graph showing the relationship between
the thickness of a magnetostrictive membrane and
the detection sensitivity of a rotational torque detec-
tion mechanism as well as that between the thick-
ness and the steering feeling of a driver.
FIG.13 is a diagram of characteristic curve showing
the relationship between torsional angle and steer-
ing torque
FIG.14 is a diagram of characteristic curve showing
the relationship between hardness of a shaft and its
hysteresis.
FIG. 15 is an enlarged sectional view showing the
area E in FIG.4.
FIG.16A is a perspective view showing a rotational
shaft with magnetostrictive membranes to which
counterclockwise torque is applied. FIG.16B is a sim-
ilar view for clockwise torque.
FIG. 17 is a conceptual graph showing output signals
generated by a pair of magnetostrictive membranes
with and without pre-loading.

DESCRIPTION OF THE PREFERRED EMBODI-
MENTS

[0032] Embodiments of the present invention are now
described with reference to the accompanying drawings.
In this connection, a rotational torque detection mecha-
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nism is included in an electric power steering apparatus.
[0033] A steering system 100 of a vehicle and an elec-
tric power steering apparatus 200 included in the steering
power steering system 100 are described in detail refer-
ring to FIGS.3, 4 and 5.
[0034] As shown in FIG.3, the steering system 100 in-
cludes a steering wheel 110, a rotational shaft 140 which
is coupled to the steering wheel 110 via a steering shaft
120 and universal joints 130, and a rack shaft 160 which
is coupled to the rotational shaft 140 via a rack and pinion
mechanism 150. Forward right and left steerable wheels
W are attached to both ends of the rack shaft 160 via a
tie rod 170 and a knuckle 180.
[0035] As shown in FIG.5, the rack and pinion mech-
anism 150, in which a pinion gear 141 formed around a
lower end portion 140a of the rotational shaft 140 engag-
es with a toothed rack 161 formed on the rack shaft 160,
converts angular rotation of the rotational shaft 140 into
linear movement of the rack shaft 160. As shown in FIGS.
3 and 4, ball joints 190 are coupled to both ends of the
rack shaft 160 and the tie rods 170 are coupled to the
ball joints 190. The power steering system 100 can thus
steer the front right and left wheels W when a driver han-
dles the steering wheel 110.
[0036] The electric power steering apparatus 200,
which provides assist torque to the rotational shaft 140
that is coupled to the steering wheel 110 handled by a
driver, relieves effort required of the driver. As shown in
FIG.3, the electric power steering apparatus 200 includes
a rotational torque detection mechanism 210, a motor
220 generating assist torque, a reduction gear mecha-
nism 230 and a controller 240. The rotational torque de-
tection mechanism 210 detects an amount and direction
of steering torque acting on the rotational shaft 140. The
reduction gear mechanism 230 magnifies the torque gen-
erated by the motor 220 and transmits it to the rotational
shaft 140 as assist torque. The controller 240 controls
the motor 220 so as to produce assist torque according
to the output signal delivered by the rotational torque de-
tection mechanism 210.
[0037] As shown in FIG.5, the reduction gear mecha-
nism 230, in which a worm or drive gear 231 formed
around a drive shaft 221 of the motor 220 engages with
a worm wheel or driven gear 232 coupled to the rotational
shaft 140, transmits the assist torque produced by the
motor 220 to the rotational shaft 140 via the worm gear
231 and the worm wheel 232. In this connection, the as-
sist torque produced by the motor 220 is magnified ac-
cording to the gear ratio between the worm gear 231 and
the worm wheel 232.
[0038] The controller 240, which includes a computer
for example, calculates an amount and direction of rota-
tional torque to be applied to the rotational shaft 140 ac-
cording to output signals delivered by detection circuits
214A and 214B as shown in FIG.5. The controller 240
thus controls the motor 220 so as to generate assist
torque according to the calculation.
[0039] As shown in FIG.5, the rotational shaft 140, rack

and pinion mechanism 150, rotational torque detection
mechanism 210 and reduction gear mechanism 230 are
housed in a housing 250, which includes upper and lower
housings 250A and 250B. The motor 220 is attached to
the lower housing 250B. An upper end portion 140b of
the rotational shaft 140 reaches the outside above the
upper housing 250A and is coupled to the steering wheel
110 via the steering shaft 120 and the universal joints
130 as shown in FIG.3.
[0040] When a driver turns the steering wheel 110, the
electric power steering apparatus 200 described above
detects an amount and direction of steering torque with
the rotational torque detection mechanism 210 and gen-
erates assist torque according to the detection. The elec-
tric power steering apparatus 200 transmits the assist
torque magnified by the reduction gear mechanism 230
to the rotational shaft 140, thereby relieving effort re-
quired of the driver.

a. First embodiment

[0041] A first embodiment is described with reference
to FIGS.5, 6A and 6B. FIG.5 is a sectional view showing
a rotational torque detection mechanism taken along line
5 - 5 in FIG.4. FIG.6A is a schematic diagram illustrating
bending of a rotational shaft when force F1 and F2 is
applied to it. FIG.6B is another schematic diagram illus-
trating bending moment acting on the rotational shaft.
[0042] As shown in FIG.5, a rotational torque detection
mechanism 210 includes a rotational shaft 140, a first
bearing 211, a second bearing 212, excitation circuits
213A and 213B and detection circuits 214A and 214B.
The rotational shaft 140 as shown in FIG.3 is coupled to
a steering wheel 110 via a steering shaft 120 and univer-
sal joints 130. The first bearing 211 rotatably supports a
lower end portion 140a of the rotational shaft 140 and
the second bearing 212 a middle portion 140c. The ex-
citation circuits 213A and 213B, which confront the rota-
tional shaft 140 between an upper end portion 140b and
a middle portion 140c, impose alternating voltage on
magnetostrictive membranes 142A and 142B so as to
excite them. The detection circuits 214A and 214B elec-
trically detect changes of magnetic permeability of the
magnetostrictive membranes 142A and 142B. In this
connection, the excitation circuit 213A and the detection
circuit 214A are shown as a united pair in the FIG.5. This
is also the case with the excitation circuit 213B and the
detection circuit 214B. The upper end portion 140b of the
rotational shaft 140 refers to "a first end portion" and the
lower end portion 140a refers to "a second end portion"
described in the appended claims.
[0043] The lower end portion 140a is meant to repre-
sent an end portion of the rotational shaft 140 where a
pinion gear 141 engaging with a toothed rack 161 is
formed. On the other hand, the upper end portion 140b
is meant to represent the other end portion to which the
steering wheel 110 is coupled via the steering shaft 120
and universal joints 130, as shown in FIG.3. The upper
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end portion 140b is adapted to be a free end, which is
not supported by a bearing unlike the lower end portion
140a and middle portion 140c. The middle portion 140c
is located slightly offset downwardly from the middle be-
tween the lower end portion 140a and upper end portion
140b. A worm wheel 232 is attached to the middle portion
140c on the upper side.
[0044] The magnetostrictive membranes 142A and
142B are attached around the surface of the rotational
shaft 140, which vary their magnetic permeability accord-
ing to an amount and direction of rotational torque acting
on the rotational shaft 140. The magnetostrictive mem-
branes 142A and 142B, which are made of magnetostric-
tive material such as an Ni - Fe alloy, are plated on the
surface of the rotational shaft 140 between the upper end
portion 140b and middle portion 140c.
[0045] The rotational torque detection mechanism 210
described above, in which the detection circuits 214A
and 214B electrically detect changes of magnetic per-
meability of the magnetostrictive membranes 142A and
142B, detect an amount and direction of rotational torque
acting on the rotational shaft 140.
[0046] As shown in FIGS.6A and 6B, even if bending
of the rotational shaft 140 occurs, bending moment does
not act on the rotational shaft 140 between the middle
portion 140c and the upper end portion 140b where the
excitation circuits 213A and 213B and detection circuits
214A and 214B are disposed. The reason for this is that
the upper end portion 140b adapted to be a free end,
which is not supported by a bearing, is free from the bend-
ing moment although the rack and pinion mechanism 150
and the reduction gear mechanism 230 exert force F1
and F2 perpendicularly on the rotational shaft 140, re-
spectively. In this way, the rotational torque detection
mechanism 210 can accurately detect the amount and
direction of rotational torque acting on the rotational shaft
140.

b. Second embodiment

[0047] A second embodiment is described referring to
FIG.7. FIG.7 is a sectional view showing a rotational
torque detection mechanism of the second embodiment
taken along line 7 - 7 in FIG.4.
[0048] As shown in FIG.7, a rotational torque detection
mechanism 260 has an oil seal 261 serving as an elastic
element, which is slidably attached around an upper end
portion 140b of a rotational shaft 140. This makes a dif-
ference between the rotational torque detection mecha-
nisms 260 and 210 according to the first embodiment
shown in FIG.5. The same symbol is used for an item
which is the same as that of the first embodiment and
description in detail would not be repeated for it.
[0049] As shown in FIG.7, the oil seal 261, which is
slidably disposed around the upper end portion 140b,
helps damp the bending resonance occurring in the ro-
tational shaft 140 because the oils seal 261 contacts the
upper end portion 140b when the bending resonant fre-

quency of the rotational shaft 140 drops to the frequency
detection range of the rotational torque detection mech-
anism 260 as a result of decrease in the bending stiffness.
Therefore, the rotational torque detection mechanism
260 of the second embodiment can restrain the devel-
opment of bending moment resulting from the bending
resonance occurring in the rotational shaft 140, thereby
eliminating a chance of erroneously delivering an exces-
sive torque signal. This results in accurate measurement
of amount and direction of rotational torque acting on the
rotational shaft 140.

c. Third embodiment

[0050] A third embodiment of the present invention is
described in detail referring to FIG.8. FIG.8 is a sectional
view showing a rotational torque detection mechanism
of the third embodiment taken along line 8 - 8 in FIG.4.
[0051] As shown in FIG.8, a rotational torque detection
mechanism 270 has a plain bearing 271, which keeps a
predetermined gap distance D relative to an upper end
portion 140b. This makes a difference between the rota-
tional torque detection mechanisms 270 and 210 accord-
ing to the first embodiment shown in FIG.5. The same
symbol is used for an item which is the same as that of
the first embodiment and description in detail would not
be repeated for it.
[0052] As shown in FIG.8, the plain bearing 271, which
is disposed around the upper end portion 140b with the
predetermined gap distance D, can support the rotational
shaft 140 so that it does not bend more than the distance
D when excessive force is externally applied to it. In this
way, the rotational torque detection mechanism 270 of
the third embodiment can prevent plastic deformation of
the rotational shaft 140.

d. Fourth embodiment

[0053] A fourth embodiment is described in detail re-
ferring to FIG.9. FIG.9 is a sectional view showing a ro-
tational torque detection mechanism of the fourth em-
bodiment taken along line 9 - 9 in FIG.4.
[0054] As shown in FIG.9, a rotational torque detection
mechanism 280 has a third bearing 281, which is dis-
posed between an upper end portion 140b of a rotational
shaft 140 and a portion 140d where a worm wheel 232
is attached. The third bearing 281 rotatably supports the
rotational shaft 140. This makes a difference between
the rotational torque detection mechanisms 280 and 210
according to the first embodiment shown in FIG.5. It may
be preferable to place the third bearing 281 in the vicinity
of the worm wheel 232. The same symbol is used for an
item which is the same as that of the first embodiment
and description in detail would not be repeated for it.
[0055] Because the third bearing 281 is disposed as
described above, bending moment does not act on the
portion between the upper end portion 140b and an por-
tion 140e supported by the third bearing 281 when a re-
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duction gear mechanism 230 exerts external force on the
portion 140d where the worm wheel 232 is attached. In
this way, the rotational torque detection mechanism 280,
which is free from adverse effect of the bending moment,
can provide good accuracy for the detection of amount
and direction of rotational torque.

e. Fifth embodiment

[0056] A fifth embodiment is described referring to
FIGS.10, 11A, 11B, 11C and 12. FIG.10 is a sectional
view showing a rotational torque detection mechanism
of the fifth embodiment taken along line 10 - 10 in FIG.
4. FIGS.11A, 11B and 11C are sectional views of a ro-
tational shaft showing eccentricity or dispersion in the
thickness of a magnetostrictive membrane. In FIGS. 11A,
11B and 11C the eccentricity is exaggerated for conven-
ience sake. FIG.12 is a graph showing the relationship
between the thickness of a magnetostrictive membrane
and the detection sensitivity of a rotational torque detec-
tion mechanism as well as that between the thickness
and the steering feeling of a driver.
[0057] As shown in FIG.10, a rotational torque detec-
tion mechanism 290 has a bearing 291 which supports
an upper end portion 140b of a rotational shaft 140. The
thicknesses of magnetostrictive membranes 142A and
142B are adapted to be less than or equal to 30 micron
meters. This makes a difference between the rotational
torque detection mechanisms 290 and 210 according to
the first embodiment shown in FIG.5. The same symbol
is used for an item which is the same as that of the first
embodiment and description in detail would not be re-
peated for it.
[0058] Generally speaking, the thicknesses of magne-
tostrictive membranes 142A and 142B have some dis-
persion relative to the angular position of rotational shaft
140, as shown in FIGS.11A, 11B and 11C. When the
rotational shaft 140 rotates while bending moment is act-
ing perpendicularly on it, distortion associated with com-
pression and tension relative to a neutral plane occurs
in the magnetostrictive membranes 142A and 142B.
FIGS.11A, 11B and 11C sequentially illustrate the clock-
wise rotation of rotational shaft 140. In this connection,
the neutral plane is meant to represent a plane free from
compressive and tensile force.
[0059] A magnetostrictive membrane generally varies
its magnetic permeability according to either compres-
sive or tensile distortion. For example, assume a case
where external force acting perpendicularly on the rota-
tional shaft 140 induces compressive distortion in it and
the rotational shaft 140 rotates in the sequence of FIG.
11A through FIG.11C. The magnetic permeability of
magnetostrictive membranes 142A and 142B takes the
highest value when its thickness becomes the largest as
shown in FIG.11C. On the other hand it takes the lowest
value when its thickness becomes the smallest as shown
in FIG.11A. In this way, the magnetic permeability varies
according to the angular position of rotational shaft 140.

[0060] If each thickness of the magnetostrictive mem-
branes 142A and 142B is adapted to be less than or equal
to 30 micron meters, an error in torque detection attrib-
uted to the thickness variation according to the angular
position can be sufficiently restricted. The reason for this
is that the variation of magnetic permeability resulting
from the eccentricity of the rotational shaft 140 according
to its angular position is not dominant because the mag-
netostrictive membranes 142A and 142B are adapted to
be as thin as less than or equal to 30 micron meters.
Therefore, an electric power steering apparatus 200, into
which the rotational torque detection mechanism 290 is
installed, can provide comfortable steering feeling for a
driver.

f. Sixth embodiment

[0061] A rotational torque detection mechanism of a
sixth embodiment is basically the same as that of the first
embodiment shown in FIG.5. The same symbol is used
for an item which is the same as that of the first embod-
iment and description in detail would not be repeated for
it.
[0062] FIG.13 is a schematic diagram of characteristic
curve showing the relationship between torsional angle
and steering torque. FIG.14 is another diagram of char-
acteristic curve showing the relationship between hard-
ness of a shaft and its hysteresis when torque as much
as 30 Kgf-m is applied to it.
[0063] A rotational shaft 140 is made of chrome mo-
lybdenum steel such as SCM 822. The rotational shaft
140 is given Rockwell hardness of 40 - 65, which under-
goes hardening process and subsequent attachment of
magnetostrictive membranes 142A and 142B using PVD
method such as spattering or ion plating, plating method
or plasma spraying method. It may be possible to select
an alternative process of superficial charring with carbu-
rization on the surface of chrome molybdenum steel. The
reason for setting the upper limit of HRC65 is that if the
hardness exceeds this number, the rotational shaft 140
is susceptible to breakage caused by its brittleness. On
the other hand, the lower limit of HRC40 is determined
so that the deformation of rotational shaft 140 can occur
within the elastic range even if excessive rotational
torque is applied to it.
[0064] As shown in FIG.4, when a steering wheel 110
is turned clockwise or counterclockwise to its end, an end
of a rack shaft 160 hits an end of a lower housing 250B.
This may possibly create large impulsive torque which is
transmitted to the rotational shaft 140, causing its plastic
deformation. If the plastic deformation develops to some
extent, magnetostrictive membranes 142A and 142B
start separating from the surface of the rotational shaft
140, which may create hysteresis for the output signal of
rotational torque detection mechanism 210.
[0065] It has been discovered that the rotational shaft
140 having Rockwell hardness of HRC40 - 65 can re-
stricts the plastic deformation to remarkably small
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amount even if excessive steering torque as much as
30Kgf-m is applied to it, as compared with a conventional
shaft whose characteristic is shown by a broken line in
FIG.13. This prevents the separation of magnetostrictive
membranes 142A and 142B from the rotational shaft 140.
[0066] As shown in FIG. 14, if Rockwell hardness of
HRC40 - 65 is selected, the hysteresis of the rotational
shaft 140 attributed to its plastic deformation can be lim-
ited to less than or equal to an allowable value of 5 %
even if the rotational torque as much as 30 Kgf-m is ap-
plied to it.
[0067] In this way, it is possible to provide good accu-
racy for the rotational torque detection mechanism 210,
resulting in better steering feeling for a driver.
[0068] In this connection, bearings 211 and 212 and a
pinion gear 141 can undergo heat treatment for acquiring
Rockwell hardness, for example HRC58, in one step
along with the rotational shaft 140 because the magne-
tostrictive membranes 142A and 142B are attached to
the rotational shaft 140 after its heat treatment. This re-
sults in reduction of time period associated with manu-
facturing of the rotational torque detection mechanism
210.
[0069] Furthermore, the rotational torque detection
mechanism 210 of the sixth embodiment, in which the
magnetostrictive membranes 142A and 142B are at-
tached to the rotational shaft 140, can have detection
sensitivity 10 to 100 times as high as that of a conven-
tional mechanism in which its whole rotational shaft is
made of a magnetostrictive material.

g. Seventh embodiment

[0070] FIG.15 is an enlarged sectional view showing
the area E in FIG.4. An electric power steering apparatus
according to a seventh embodiment employs a shock
absorber which relaxes impact force acting on a rotation-
al torque detection mechanism. The same symbol is used
for an item which is the same as that of the first embod-
iment and description in detail would not be repeated for
it.
[0071] As shown in FIG.15, a shock absorber 30, which
is made of cylindrical elastic material such as rubber,
includes an absorber element 31 attached to an end por-
tion 251 of a lower housing 250B and a steel element 40
attached to the absorber element 31. The absorber ele-
ment 31 has a brim portion 31A extending in the axial
direction.
[0072] When a steering wheel 110 is turned clockwise
or counterclockwise to its end, one of two ends of rack
shaft 160 hits the brim portion 31A, which is able to absorb
impulsive force. In this way, it is possible to avoid creating
a large increase in steering torque in such a case as a
result of damping effect of the shock absorber 30, thereby
preventing magnetostrictive membranes 142A and 142B
from separating from a rotational shaft 140. This results
in improvement of hysteresis and durability of a rotational
torque detection mechanism 210, thereby providing bet-

ter steering feeling.

h. Eighth embodiment

[0073] A rotational torque detection mechanism of an
eighth embodiment is basically the same as that of the
first embodiment shown in FIG.5.
[0074] FIG.16A is a perspective view showing a rota-
tional shaft with magnetostrictive membranes to which
counterclockwise torque is applied. FIG.16B is a similar
view for clockwise torque. In a rotational torque detection
mechanism 210 of the eighth embodiment, anisotropy is
imposed on magnetostrictive membranes 142A and
142B, which are attached to a rotational shaft 140 after
its heat treatment for Rockwell hardness of HRC40-65.
[0075] As shown in FIGS.16A and 16B, the rotational
torque detection mechanism 210 includes the rotational
shaft 140, which has a pinion gear 141 at its lower end
portion 140a, and the magnetostrictive membranes 142A
and 142B which are attached vertically spaced from each
other to the circumferential surface of the rotational shaft
140.
[0076] A method for manufacturing the rotational
torque detection mechanism 210 is described below.
[0077] The magnetostrictive membranes 142A and
142B are attached to the circumferential surface of the
rotational shaft 140 after it undergoes heat treatment for
Rockwell hardness of HRC40 - 65. The rotational shaft
140 is twisted in the directions P and S as shown in FIG.
16A so that counterclockwise pre-load torque T, 10 Kgf-
m for example, is applied to the magnetostrictive mem-
brane 142A. The magnetostrictive membrane 142A is
heated up to about 300 deg. C for a couple of seconds
by its high frequency vibration induced by a coil CLA.
Subsequently, the rotational shaft 140 is relieved of the
pre-load torque T after cooling down of the magnetostric-
tive membrane 142A. In these steps anisotropy is im-
posed on the magnetostrictive membrane 142A.
[0078] As shown in FIG.16B, anisotropy in the reverse
direction is imposed on the magnetostrictive membrane
142B.
[0079] The rotational shaft 140 of the eighth embodi-
ment, which undergoes heat treatment to acquire Rock-
well hardness of HRC40 - 65 in advance, does not ex-
perience plastic deformation while the magnetostrictive
membranes 142A and 142B are undergoing the anisot-
ropy process with the pre-load torque T. This results in
a process which is able to stably impose anisotropy. Also
the rotational shaft 140 free from plastic deformation pro-
vides higher linearity for the rotational torque detection
mechanism 210. The reason for this is that the process
for imposing anisotropy with the pre-load torque T within
the elastic range of rotational shaft 140 can preclude non-
linearity in output signals of the magnetostrictive mem-
branes 142A and 142B in the detection range, as shown
in FIG.17.
[0080] While the invention has been described in detail
and with reference to specific embodiments thereof, it

13 14 



EP 1 445 595 B1

9

5

10

15

20

25

30

35

40

45

50

55

will be apparent to one skilled in the art that various
changes and modifications can be made therein without
departing from the scope of the appended claims.
[0081] For example, a rotational torque detection
mechanism according to the present invention has been
described for its application to an electric power steering
apparatus of a pinion assist type, in which assist torque
is exerted on a rotational shaft. It is not limited to this type
but the mechanism can be used for an electric power
steering apparatus of a rack assist type in which assist
torque is applied to a rack shaft.
[0082] Although a shock absorber of the seventh em-
bodiment includes an absorber element and a steel ele-
ment, it may be possible to select alternatively another
type of shock absorber such as a spring.
[0083] In addition, the shock absorber, which is at-
tached to a lower housing, may be alternatively attached
to a rack shaft or both lower housing and the rack shaft.
[0084] A rotational torque detection mechanism (210)
is provided, which includes a rotational shaft (140) whose
first end portion (140b) reaches outside the mechanism,
a magnetostrictive membrane (142A or 142B) which is
disposed on a surface of the rotational shaft and varies
its magnetic permeability according to an amount and
direction of rotational torque acting on the rotational shaft,
an excitation circuit (213A or 213B) which is disposed to
confront the rotational shaft so as to excite the magne-
tostrictive membrane and a detection circuit (214A or
214B) which is disposed to confront the rotational shaft
so as to electrically detect a change of the magnetic per-
meability of the magnetostrictive membrane. In the rota-
tional detection mechanism, the first end portion is adapt-
ed to be a free end and a second end portion (140a) of
the rotational shaft is rotatably supported.

Claims

1. A rotational torque detection mechanism (210) com-
prising:

a rotational shaft (140) rotatably supported
whose first end portion (140b) reaches outside
the mechanism;
a magnestostrictive membrane (142A or 142B)
disposed on a surface of the rotational shaft and
the membrane varying magnetic permeability
thereof according to an amount and direction of
rotational torque acting on the rotational shaft;
an excitation circuit (213A or 213B) which is dis-
posed to confront the rotational shaft so as to
excite the magnestostrictive membrane; and
a detection circuit (214A or 214B) which is dis-
posed to confront the rotational shaft so as to
electrically detect a change of the magnetic per-
meability of the magnestostrictive membrane,
wherein the first end portion (140b) is adapted
to be a free end and a second end portion (140a)

of the rotational shaft is rotatably supported,
characterized by further comprising a bearing
(271) which is disposed around the first end por-
tion with a predetermined gap distance (D).

2. A rotational torque detection mechanism according
to claim 1 wherein a thickness of the magnetostric-
tive membrane is less than or equal to 30 micron
meters.

3. A rotational torque detection mechanism according
to claim 1 wherein Rockwell hardness of the rota-
tional shaft (140) falls in a range between equal to
or greater than 40 and less than or equal to 65.

4. An electric power steering apparatus (200) in which
the rotational torque detection mechanism according
to one of claims 1 through 3 is installed, wherein the
apparatus provides assist torque according to an
output signal of the mechanism.

5. An electric power steering apparatus according to
claim 4 further comprising a shock absorber (30)
which relaxes impact force acting on the rotational
torque detection mechanism.

Patentansprüche

1. Drehmomenterfassungsmechanismus (210), um-
fassend:

eine drehbar gelagerte Drehwelle (140), deren
erster Endabschnitt (140b) zur Außenseite des
Mechanismus reicht;
eine magnetostriktive Membran (142A und
142B), die auf einer Oberfläche der Drehwelle
angeordnet ist, und wobei sich die magnetische
Permeabilität der Membran gemäß einem Be-
trag und einer Richtung eines auf die Drehwelle
wirkenden Drehmoments verändert;
eine Anregungsschaltung (213A oder 213B), die
der Drehwelle gegenüberliegend angeordnet
ist, um die magnetostriktive Membran anzure-
gen; und
eine Erfassungsschaltung (214A oder 214B),
die der Drehwelle gegenüberliegend angeord-
net ist, um eine Änderung der magnetischen
Permeabilität der magnetostriktiven Membane
elektrisch zu erfassen,
worin der erste Endabschnitt (140b) als freies
Ende ausgelegt ist und ein zweiter Endabschnitt
(140a) der Drehwelle drehbar gelagert ist,
gekennzeichnet durch weiteres Vorsehen ei-
nes Lagers (271), das mit einem vorbestimmten
Spaltabstand (D) um den ersten Endabschnitt
herum angeordnet ist.
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2. Drehmomenterfassungsmechanismus nach An-
spruch 1, worin eine Dicke der magnetostriktiven
Membran kleiner als oder gleich 30 Mikrometer ist.

3. Drehmomenterfassungsmechanismus nach An-
spruch 1, worin die Rockwell-Härte der Drehwelle
(140) in einen Bereich zwischen gleich oder größer
als 40 und kleiner als oder gleich 65 fällt.

4. Elektrische Servolenkvorrichtung (200), in der der
Drehmomenterfassungsmechanismus nach einem
der Ansprüche 1 bis 3 angebracht ist, worin die Vor-
richtung gemäß einem Ausgangssignal des Mecha-
nismus ein Unterstützungsdrehmoment erzeugt.

5. Elektrische Servolenkvorrichtung nach Anspruch 4,
die ferner einen Stoßdämpfer (30) aufweist, der eine
auf den Drehmomenterfassungsmechanismus wir-
kende Stoßkraft dämpft.

Revendications

1. Mécanisme de détection de couple de rotation (210)
comprenant :

un arbre de rotation (140) supporté en rotation
dont une première partie d’extrémité (140b) est
saillante par rapport au mécanisme,
une membrane magnétostrictive (142A ou
142B) disposée sur une surface de l’arbre de
rotation et dont la perméabilité magnétique varie
en fonction de la valeur et de la direction du cou-
ple de rotation agissant sur l’arbre de rotation,
un circuit d’excitation (213A ou 213B) lequel est
disposé face à l’arbre de rotation de manière à
exciter la membrane magnétostrictive, et
un circuit de détection (214A ou 214B) lequel
est disposé face à l’arbre de rotation de manière
à détecter électriquement une variation de la
perméabilité magnétique de la membrane ma-
gnétostrictive,
dans lequel la première partie d’extrémité
(140b) est adaptée pour être une extrémité libre
et une seconde partie d’extrémité (140a) de l’ar-
bre de rotation est supportée en rotation,
caractérisé en ce qu’il comprend en outre un
palier (271) lequel est disposé autour de la pre-
mière partie d’extrémité selon une distance
d’espacement prédéterminée (D).

2. Mécanisme de détection de couple de rotation selon
la revendication 1, dans lequel une épaisseur de la
membrane magnétostrictive est inférieure ou égale
à 30 Pm.

3. Mécanisme de détection de couple de rotation selon
la revendication 1, dans lequel une dureté Rockwell

de l’arbre de rotation (140) est dans une plage com-
prise entre égale ou supérieure à 40 et inférieure ou
égale à 65.

4. Dispositif de direction assistée électrique (200) dans
lequel le mécanisme de détection de couple de ro-
tation selon l’une des revendications 1 à 3 est ins-
tallé, dans lequel le dispositif fournit un couple d’as-
sistance conformément à un signal de sortie du mé-
canisme.

5. Dispositif de direction assistée électrique selon la
revendication 4 comprenant en outre un amortisseur
de choc (30) lequel détend une force de choc agis-
sant sur le mécanisme de détection de couple de
rotation.
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