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Description

Technical Field

[0001] The present invention relates to a magnetic spring having a plurality of permanent magnets.

Background Art

[0002] Currently, various vibration models have been proposed and put to practical use. In general, vibration char-
acteristics depend on the loaded mass and the input. It is considered that there is a correlation between the loaded
mass and the curvature of load-deflection characteristics, and between the input and the hysteresis of load-deflection
characteristics.
[0003] For example, in suspension systems for automotive vehicles, the points core adjusting ride comfort, such as
the spring constant of the suspension systems, are the road surface condition, the control stability, and the impedance
(or the difference thereof) condition. For the optimization under all the conditions, the active control is needed. Annoying
road driving or high-speed driving result in significant differences in a low frequency and high amplitude region. In the
case where the damping force is low, the transmissibility of deflection will increase, and the resonance frequency will
shift to the lower frequency region. In order to increase the damping force, it is necessary to increase the damping
ratio of a damper, or decrease the spring constant. Therefore, conventional passive vibration models have a limit on
its performance.
[0004] As concrete examples, suspension seats are described hereinafter. The suspension seats are the seats avail-
able mainly in off-road vehicles, such as earth-moving machines or recreational vehicles (RV), or long-distance trav-
elling vehicles, such as trucks or busses, and equipped with a vibration isolator mechanism. As the vibration isolator
mechanism, metal springs, an air suspension, air dampers or the like are used. In these seats, the isolation of seat
vibration has been improved within the frequency range from about 1.5 to 12 Hz, especially from 3 to 5Hz. Therefore,
suspension seats have a resonance frequency in the range of 1 to 2.5Hz.
[0005] Fig. 51 depicts the vibration characteristics of conventional suspension seats. In Fig. 51, (a) indicates a rigid
seat, (b) a suspension seat, (c) a spring-rich seat, and (d) a suspension seat having no damper.
[0006] In the seats with a low stiffness (i.e. soft ride comfort), there will be a large dynamic deflection when exposed
to some shocks or to low frequency vibration. However, the travel of seat suspension mechanisms is usually limited
to less than 100mm so as not to interfere with the driver's operations such as, for example, depression of a pedal and
the like. In the case of large dynamic deflections, it will cause the suspension seat to produce an end-stop impact.
[0007] In order to investigate the influences of the end-stop-impact on the performance of the suspension seat, Stiles
performed a field survey of tractor driving in 1994. He found that 45% of suspension seats increased the acceleration
levels experienced by the driver. He suggested that the end-stop impacts deteriorated the isolation efficiencies of the
suspension seats. A shock absorber is used as a solution to a sudden or transient bump experienced by the vehicle.
[0008] Recently, an active suspension seat has been proposed wherein an actuator mounted to the seat works to
active-control vibrations to enhance the ride comfort.
[0009] However, the vibration isolator mechanism employing the metal springs, air suspension, air dampers or the
like cannot enhance the ride comfort or the feeling of use by decreasing a vibration frequency of 4-20Hz from among
vibrations transmitted through the vehicle floor.
[0010] Furthermore, the active suspension seat is heavy and expensive and is also required to always activate the
actuator. If the actuator is turned off, vibrations are transmitted to a seat occupant through the actuator, thus losing the
ride comfort.
[0011] On the other hand, in the suspension seat employing the shock absorber, if the damping force is too great, it
may worsen the vibration isolation performance for the seat in the low and middle frequency region, i.e., at more than
about 1.4 times of the resonance frequency.
[0012] Further, JP 07-217687 A discloses a magnetic spring comprising first and second permanent magnets spaced
from each other with like magnetic poles opposed to each other, the maximum separation distance of the magnets
being adjustable.
[0013] The present invention has been developed to overcome the above-described disadvantages. It is accordingly
an objective of the present invention to provide a magnetic spring having positive, 0- or negative damping characteristics
by utilizing permanent magnets. Another objective of the present invention is to realize an inexpensive dynamic-char-
acteristic control system or highly efficient engine of a simple construction by providing a stable nonlinear vibration
mechanism or coefficient exciting vibration mechanism having the aforementioned magnetic spring and no physical
damping structure.
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Disclosure of the Invention

[0014] In accomplishing the above and other objectives, the magnetic spring according to the present invention
comprises the features according to claim 1.
[0015] The maximum repulsive force can be generated at the closest position of the at least two permanent magnets
or the position having passed the closest position.

Brief Description of the Drawings

[0016]

Fig. 1 is a schematic diagram of a magnetic spring, particularly depicting balanced positions of two permanent
magnets on the input side and on the output side;
Fig. 2 is a graph of the fundamental characteristics of the magnetic spring of Fig. 1, particularly showing a rela-
tionship between the load applied to one of the two permanent magnets and the deflection thereof from the balanced
position;
Fig. 3 is a graph showing a relationship between the load measured and the deflection;
Fig. 4 is a schematic diagram depicting the way of thinking of input and output in a charge model assuming that
magnetic charges are uniformly distributed on end surfaces of the permanent magnets, (a) showing attraction, (b)
showing repulsion, and (c) showing repulsion at locations different from those of (b);
Fig. 5 is a schematic diagram depicting mutually spaced permanent magnets with the same magnetic poles op-
posed to each other and also depicting the case where one of the permanent magnets is moved relative to the
other (to change the opposing area);
Fig. 6 is a graph showing the load in X-axis and Z-axis directions relative to the amount of movement in X-axis
direction when calculation has been carried out based on Fig. 5;
Fig. 7 is a graph showing a relationship between the load and deflection when the distance between the permanent
magnets of Fig. 5 is kept constant, and one of the magnets is moved relative to the other from the completely
slipped condition to the completely lapped one, and again to the completely slipped one;
Fig. 8 is a schematic diagram depicting mutually spaced permanent magnets with the same magnetic poles op-
posed to each other and also depicting the case where one of the magnets is rotated relative to the other (to
change the opposing area);
Fig. 9 is a graph showing the maximum load relative to th opposing area when one of the magnets is rotated, as
shown in Fig. 8;
Fig. 10 is a graph showing a relationship between the load and the distance between the magnets when neodym-
ium-based magnets are employed;
Fig. 11 is a front view of a first magnetic spring model according to the present invention wherein the geometric
dimensions are changed by changing the opposing area of the permanent magnets;
Fig. 12 is a front view of a second magnetic spring model wherein the geometric dimensions are changed by
changing the distance between the permanent magnets;
Fig. 13 is a front view of a third magnetic spring model wherein the geometric dimensions are changed by the
combination with a lever-ratio conversion;
Fig. 14 is a front view of a fourth magnetic spring model wherein the geometric dimensions are changed by a pole
conversion;
Fig. 15 is a front view of a fifth magnetic spring model wherein the geometric dimensions are changed by a magnetic-
circuit conversion;
Fig. 16 is a fundamental model explanatory of the characteristics of the magnetic spring;
Fig. 17 is a graph showing a relationship between the distance between two opposing permanent magnets and
the repulsive force;
Fig. 18 is a front view of an apparatus used to obtain the static and dynamic characteristics of the magnetic spring
without any area conversion;
Fig. 19 are graphs showing the dynamic characteristics of the magnetic spring obtained by the use of the apparatus
of Fig. 18, (a) being a graph obtained by the use of magnets of 50350310mm, (b) being a graph obtained by the
use of magnets of 50350315mm, (c) being a graph obtained by the use of magnets of 50350320mm, (d) being
a graph obtained by the use of magnets of 75375315mm, (e) being a graph obtained by the use of magnets of
75375320mm, and (f) being a graph obtained by the use of magnets of 75375325mm;
Fig. 20 is a graph showing the dynamic characteristics of the magnetic spring obtained by the use of the apparatus
of Fig. 18 when the load is changed with the same magnets used;
Fig. 21 is a graph showing the dynamic characteristics of a conventional automotive seat employed as a compar-



EP 0 833 074 B1

5

10

15

20

25

30

35

40

45

50

55

4

ative example;
Fig. 22 is a graph showing a change of a spring constant and that of a coefficient relative to time in the magnetic
spring structure;
Fig. 23 is a graph showing the dynamic characteristics of a bed-type vibration isolator unit when only pads were
used, when the pads and the magnetic spring were used, and when semi-active control was performed;
Fig. 24 is a front view of a magnetic levitation unit used to measure the dynamic characteristics of the magnetic
spring;
Fig. 25 is a graph showing the dynamic characteristics of the magnetic leviation unit measured by the use of the
magnetic levitation unit of Fig. 24;
Fig. 26 is a graph showing evaluation values of seat comfort measured by the use of various seats including the
magnetic levitation unit;
Fig. 27 is a graph showing evaluation values of seat comfort measured by changing the load and the cushion
material;
Fig. 28 is a graph showing the dynamic characteristics measured by the use of various seats including the magnetic
leviation unit;
Fig. 29 is a schematic diagram of a magnetic spring model in which a stopper and an elastic support member are
incorporated;
Fig. 30 is a graph showing the input/output work characteristics of a sliding-type principle model;
Fig. 31 is a graph showing measured values of input and output of a rotating-type principle model;
Fig. 32 is a graph showing the input/output work characteristics of the rotating-type principle model;
Fig. 33 is a schematic diagram explanatory of the points of an input/output principle model;
Fig. 34 is a graph showing a relationship between the distance between the magnets and the repulsive force or
the magnetic flux density, that was obtained by the use of a charge model;
Fig. 35 is a graph showing a relationship between the deflection and repulsive force of the rotating-type principle
model obtained by an area conversion;
Fig. 36 is a graph showing the input/output work characteristics of a sliding-type metal spring model;
Fig. 37 is a schematic diagram explanatory of the points of the metal spring model;
Fig. 38 is a perspective view of the rotating-type principle model in accordance with the present invention;
Fig. 39 is a perspective view of the sliding-type principle model in accordance with the present invention;
Fig. 40 is a graph showing a relationship between the acceleration and the input or required thrust when the
magnetic spring model of Fig. 11 is provided with a balance weight and when the former is provided with no balance
weight;
Fig. 41 is a graph showing a relationship of the amplitude and acceleration relative to the frequency when the
magnetic spring model of Fig. 11 is provided with a balance weight and when the former is provided with no balance
weight;
Fig. 42 is a schematic diagram of a magnetic field model within a metal conductor, (a) showing the coordinates of
a columnar magnet and the metal conductor, (b) showing the circular cylindrical coordinates of the columnar mag-
net, and (c) showing the current density within the metal conductor;
Fig. 43 are views of a vibration isolator device for suspension seats

in which a magnetic spring is incorporated, (a) being a front view of the entire vibration isolator device, (b) a side thereof,
and (c) a perspective view of a horizontal vibration isolator unit swingably mounted on an upper portion of the vibration
isolator device (a);

Fig. 44 is a graph showing the vibration characteristics in the presence or absence of the horizontal damping effect
caused by electromagnetic induction;
Fig. 45 are schematic views of magnet arrangements of magnetic springs different in the number of poles, (a)
being a front view of a single-pole magnetic spring, (b) a front view of a two-pole magnetic spring, (c) a front view
of a three-pole magnetic spring, (d) a front view of a four-pole magnetic spring, and (e) a top plan view as viewed
from the direction of an arrow in (d);
Fig. 46 is a graph showing a relationship between the repulsive force and the distance between the magnets by
the number of poles;
Fig. 47 is a graph showing the vibration characteristics of a vibration isolator device for suspension seats in which
a two-pole or four-pole magnetic spring is incorporated;
Fig. 48 are graphs showing the vibration characteristics of various springs, (a) showing the vibration characteristics
of a metal spring, (b) the vibration characteristics of an air spring, and (c) the vibration characteristics of a magnetic
spring;
Fig. 49 is a graph showing the static characteristics of a suspension unit employing the magnetic spring;
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Fig. 50 is a graph showing the vibration characteristics of conventional suspension units and those of the suspen-
sion unit employing the magnetic spring; and
Fig. 51 is a graph showing the vibration characteristics of conventional ordinary suspension seats.

Detailed Description of the Preferred Embodiments

[0017] Referring now to the drawings, preferred embodiments of the present invention is discussed hereinafter.
[0018] When a magnetic spring structure is made up of at least two spaced permanent magnets with the same
magnetic poles opposed to each other, the two spaced permanent magnets are held in non-contact with each other.
Accordingly, if the friction loss in the structure itself is small enough to be ignored, the static characteristics thereof are
reversible, i.e., the output (return) is on the same line as the input (go) and is nonlinear. Furthermore, negative damping
can be easily produced by changing the static magnetic field (the arrangement of the magnets) with a small amount
of input utilizing the degree of freedom peculiar to the non-contact pair and the instability of the float control system.
[0019] The present invention has been developed taking note of this fact. At the time of input (go) and at the time of
output (return), the geometric dimensions between the two permanent magnets are changed by a mechanism inside
a kinetic system in which the permanent magnets are placed or by an external force. The change in geometric dimen-
sions is converted into a repulsive force in the kinetic system to make the repulsive force from the balanced position
of the two permanent magnets greater at the time of output than at the time of input.
[0020] The fundamental principle is explained hereinafter.
[0021] Fig. 1 schematically depicts balanced positions of two permanent magnets 2 and 4 on the input side and on
the output side, while Fig. 2 depicts the fundamental characteristics of the magnetic spring structure indicating a rela-
tionship between the load applied to one of the two permanent magnets and the deflection thereof from the balanced
position.
[0022] As shown in Fig. 1, when the balanced position of the permanent magnet 4 on the input side relative to the
permanent magnet 2 and the spring constant of the magnetic spring are x0 and k1, respectively, and the balanced
position thereof on the output side and the spring constant are x1 and k2, respectively, an area conversion is performed
between x0 and x1, and the following relations hold at respective balanced positions.

[0023] Accordingly, the static characteristics indicate negative damping characteristics, as shown in Fig. 2, and if is
conceivable that the potential difference between the position x1 and the position x0 corresponds to the potential energy
for oscillation.
[0024] A model of Fig. 1 was made and a relationship between the load and the deflection was measured by changing
the time during which the load was applied. As a result, a graph shown in Fig. 3 was obtained and can be interpreted
as meaning that when the two permanent magnets 2 and 4 approaches their closest position, a great repulsive force
is produced, and that when the amount of deflection from the balanced position changes slightly, a friction loss is
produced by a damper effect of the magnetic spring, thus creating a damping term.
[0025] In Fig. 3, (a) is a curve obtained when a constant load was applied, and the time during which the load was
being applied becomes shorter in the order of (a), (b) and (c). In other words, the static characteristics vary according
to the manner in which the load is applied, and the longer is the time during which the load is applied, the greater the
impulse is.
[0026] As for rare-earth magnets, the strength of magnetization does not depend upon the magnetic field. More
specifically, because the internal magnetic moment is not easily influenced by the magnetic field, the strength of mag-
netization on a demagnetization curve hardly changes, and the value is kept almost as same as that of saturation
magnetization. Accordingly, in the case of rare-earth magnets, the force can be calculated using a charge model as-
suming that the magnetic load is uniformly distributed on its surfaces.
[0027] Fig. 4 depicts the way of thinking in which a magnet is defined as a set of smallest unit magnets. The rela-
tionship of forces acting among the unit magnets was calculated by classifying it into three.

(a) Attraction (because the unit magnets are identical in both r and m, two types are defined by one)

-k1/x0+mg = 0

-k2/x1+mg = 0

k2 > k1
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(b) Repulsion

(c) Repulsion

[0028] Accordingly,

[0029] Hereupon, the Coulomb's law is expressed by:

[0030] The forces can be obtained by integrating the above (-fx) and (-fz) with respect to the range of the magnet size.
[0031] As shown in Fig. 5, calculation was carried out for each magnetic gap by moving one of two opposing magnets
relative to the other from the condition in which they are completely lapped (the length of movement x=0mm) to the
condition in which one of them is completely slipped (the length of movement x=50mm). The results of calculation is
shown in Fig. 6. Although the internal magnetic moment is defined as being constant, it is somewhat corrected because
disorder is caused around the magnets when the magnetic gap is small.
[0032] The above results of calculation are generally in agreement with the results of actual measurement. The force
required for moving the point (a) to the point (b) in Fig. 2 is the x-axis load, while the output is represented by the z-
axis load. The relationship of input < output caused by instability is statically clarified.
[0033] Fig. 7 is a graph indicating the relationship between the x-axis load and the z-axis load when the distance
between the magnets is kept as 3mm, and the condition of the magnets is changed from the completely slipped condition
to the completely lapped one, and again to the completely slipped one. This graph is a characteristic curve indicating
that the absolute value of the x-axis load is the same but the direction of output is reversed. When one of the magnets

f(1)=(m2/r2)dx1dy1dx2dy2

fx
(1)=f(1)cos θ

fz
(1)=f(1)sin θ

fx
(2)=f(2)cos θ

fz
(2)=f(2)sin θ

fx
(3)=f(3)cos θ

fz
(3)=f(3)sin θ

-fx=2fx
(1)-fx

(2)-fx
(3)

-fz=2fz
(1)-fz

(2)-fz
(3)

F=k(q1q2/r2) r: distance

q=MS q1, q2: magnetic charge

M(m): strength of magnetization

S: area
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is moved relative to the other to approach the completely lapped condition, the former receives a resistance, resulting
in damping. On the other hand, when one of the magnets are moved relative to the other from the completely lapped
condition to the completely slipped condition, the former is accelerated. These characteristics can be used in a non-
contact damper to reduce the vibration energy or to improve the transmissibility in the low, middle and high frequency
region (0-50 Hz) which human beings can sense, though conventional dampers could not achieve this.
[0034] When the rotational angle of the opposing magnets is changed as shown in Fig. 8, a graph shown in Fig. 9
was obtained. As a matter of course, the maximum load decreases as the opposing area decreases. This graph indi-
cates that the output can be changed through an area conversion which can be performed by applying a predetermined
input.
[0035] Fig. 10 is a graph indicating a relationship between the load and the distance between the magnets when
neodymium-based magnets are employed. The repulsive force increase in mass. The repulsive force F is given by:

Br: strength of magnetization
The geometric dimensions mean the size determined by the distance between the opposing magnets, the opposing
area, the magnetic flux density, the strength of the magnetic field or the like. If the magnet material is the same, the
strangth of magnetization (Br) is constant and, hence, the repulsive force of the magnets can be changed by changing
the geometric dimension.
[0036] Fig. 11 depicts a specific magnetic spring model according to the present invention wherein the geometric
dimensions are changed by changing the opposing area of magnets 2 and 4. In Fig. 11, a base 6 and a top plate 8
extending parallel to each other are connected by two X-links 10 each having two links 10a and 10b. One end of the
link 10a and that of the link 10b are pivotally mounted on the base 6 and the top plate 8, respectively, while the other
end of the link 10a and that of the link 10b are pivotally mounted on an upper slider 12 slidably mounted on the top
plate 8 and a lower slider 14 slidably mounted on the base 6, respectively.
[0037] The base 6 has a linear way 16 fixedly mounted thereon on which a magnet platform 18 having the permanent
magnet 2 placed thereon is slidably mounted, while the permanent magnet 4 is fixedly mounted on the top plate 8.
The base 6 also has a support 20 secured thereto on which a generally central portion of an L-shaped lever 22 com-
prised of a first arm 22a and a second arm 22b is pivotally mounted. The first arm 22a has one end pivotally mounted
on the magnet platform 18, while the second arm 22b has a balance weight 24 mounted thereon.
[0038] In the above-described construction, when a certain input is applied to the base 6 to move the base 6 towards
the top plate 8, the magnet platform 18 is moved rightwards along the linear way 16 by means of the inertia force of
the balance weight 24. As a result, the opposing area of the two permanent magnets 2 and 4 gradually increases, and
the maximum repulsive force is produced at the closest position of the permanent magnets 2 and 4 or the position
having passed such a position. The base 6 is then moved downwards by the repulsive force. While the base 6 is being
moved towards and then away from the top plate 8, the magnetic spring of Fig. 11 exhibits negative damping charac-
teristics as shown in Fig. 3. Because the balance weight 24 is slightly delayed in phase relative to the base 6, the
position where the maximum repulsive force is produced can be regulated by moving the balance weight 24 along the
second arm 22b according to the input. Moreover, the timing or the opposing area can be regulated by interlocking the
permanent magnet 4 with the upper slider 12.
[0039] Fig. 12 depicts another model having two permanent magnets 2 and 4 fixedly mounted on the base 6 and
the top plate 8, respectively, and also having two additional permanent magnets 26 and 28 utilized to change the
geometric dimensions by changing the gap (distance) between them.
[0040] In Fig. 12, the permanent magnet 28 is fixed to the top plate 8 with the S-pole thereof directed downwards in
contrast with the permanent magnet 4, while the permanent magnet 26 is fixed to one end of a rocking arm 30 with
the S-pole thereof directed upwards in contrast with the permanent magnet 2. A central portion of the rocking arm 30
is pivotally mounted on the support 20, and a balance weight 24 is mounted on the rocking arm 30 on the side opposite
to the permanent magnet 26.
[0041] In the above-described construction, because the two permanent magnets 2 and 26 are mounted on the base
6 with opposite magnetic poles thereof opposed to each other, the magnetic attraction acts therebetween as a balancing
spring. When a certain input is applied to the base 6 to move the base 6 towards the top plate 8, the permanent magnet
26 is moved upwards by the inertia force of the balance weight 24 against the magnetic attraction of the permanent
magnet 2. As a result, the gap or distance between the permanent magnets 26 and 28 gradually changes, and the
maximum repulsive force is produced at the closest position thereof or the position having passed such a position. The
base 6 is then moved downwards by the repulsive force. While the base 6 is being moved towards and then away from
the top plate 8, the magnetic spring of Fig. 12 exhibits negative damping characteristics as shown in Fig. 3. As is the
case with the model of Fig. 11, the position where the maximum repulsive force is produced can be regulated by moving

F = Br2 x (geometric dimensions)
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the balance weight 24 along the rocking arm 30 according to the input.
[0042] Fig. 13 depicts a further model wherein the geometric dimensions of the two opposing permanent magnets
2 and 4 are changed by utilizing a rotary lever.
[0043] In Fig. 13, the permanent magnet 2 is fixed to the base 6, while the permanent magnet 4 opposing the per-
manent magnet 2 is fixed to a mount 34 which is slidably mounted on a frame 32 extending upwards from the base 6.
A link 36 is pivotally connected at one end thereof to the mount 34 and at the other end thereof to a first support 38
fixed to one side of the lower slider 14. A second support 40 is fixed to the other side of the lower slider 14, and a lever
42 is pivotally connected at one end thereof to the second support 40 and has a pin 44 mounted on the other end
thereof. The pin 44 is loosely inserted into an elongated opening 36a defined in an intermediate portion of the link 36
and is also mounted on a lower end of an arm 46 pivotally mounted on the top plate 8.
[0044] In the above-described construction, when a certain input is applied to the base 6 to move the base 6 towards
the top plate 8, the lever 42 is rotated in a direction shown by an arrow, thereby causing the two permanent magnets
2 and 4 to come near. Because the same magnetic poles of the permanent magnets 2 and 4 are opposed to each
other, rotation of the lever 42 gradually increases the repulsive force. After the permanent magnets 2 and 4 have
passed the closest position thereof, the permanent magnets 2 and 4 are moved away from each other by the repulsive
force. While the base 6 is being moved towards and then away from the top plate 8, the lever ratio gradually changes
and the magnetic spring of Fig. 13 exhibits negative damping characteristics as shown in Fig. 3.
[0045] Fig. 14 depicts a magnetic spring wherein the geometric dimensions are changed by utilizing a pole conversion
of the permanent magnets.
[0046] In Fig. 14, the permanent magnet 2 is rotatably mounted on the base 6 and has a small-diameter pulley 48
fixed thereto. This pulley 48 is connected via a belt 52 to a large-diameter pulley 50 rotatably mounted on the base 6.
The pulley 50 is connected at the center thereof to one end of a link 54, the other end of which is connected to a lever
56 on which a balance weight 24 is mounted. The position of a lower end of the balance weight 24 is restrained by a
spring member 60 mounted on the top plate 8 via a bracket 58.
[0047] In the above-described construction, when a certain input is applied to the base 6 to move the base 6 towards
the top plate 8, the large-diameter pulley 50 is rotated in a direction of an arrow by the inertia force of the balance
weight 24 and, hence, the permanent magnet 2 together with the belt 52 is rotated in the same direction. As a result,
the S-pole of the permanent magnet 2 is attracted by the N-pole of the permanent magnet 4 fixed to the top plate 8.
However, when the balance weight 24 follows with a certain delay in phase, the permanent magnet 2 is rotated in a
direction opposite to the arrow and the N-pole thereof is opposed to that of the permanent magnet 4. The opposition
of the same magnetic poles produces a repulsive force which in turn moves the base 6 downwards away from the top
plate 8. While the base 6 is being moved up and down, the magnetic spring of Fig. 14 exhibits negative damping
characteristics as shown in Fig. 3.
[0048] Fig. 15 depicts a magnetic spring wherein the geometric dimensions are changed by changing the magnetic
flux density of the permanent magnets.
[0049] In Fig. 15, a plurality of shielding plates 66 are pivotally connected at both ends thereof to a first support plate
62 fixed to the base 6 and to a second support plate 64 spaced a predetermined distance from the first support plate
62 and extending parallel thereto. An L-shaped lever 70 is pivotally connected at an intermediate portion thereof to
one end of the second support plate 64 via an arm 68. The L-shaped lever 70 has one end pivotally connected to a
support 72 fixed to the base 6 and the other end on which the balance weight 24 is mounted.
[0050] In the above-described construction, when a certain input is applied to the base 6 to move the base 6 towards
the top plate 8, the second support plate 64 is moved in a direction of an arrow by the inertia force of the balance
weight 24, thereby causing the shielding plates 66 to shield the permanent magnet 2 from above to some extent. As
a result, the magnetic flux density of the permanent magnet 2 mounted on the base 6 is reduced and, hence, the
repulsive force thereof against the permanent magnet 4 mounted on the top plate 8 is reduced.
[0051] When the balance weight 24 follows with a certain delay in phase, the second support plate 64 is moved in
a direction opposite to the arrow to open the upper space of the permanent magnet 2. Accordingly, the repulsive force
of the permanent magnets 2 and 4 is increased, and the base 6 is moved downwards away from the top plate 8. While
the base 6 is being moved up and down, the magnetic spring of Fig. 15 exhibits negative damping characteristics as
shown in Fig. 3.
[0052] The dynamic characteristics of the magnetic springs referred to above are explained hereinafter using a char-
acteristic equation of a simplified fundamental model shown in Fig. 16.
[0053] In Fig. 16, an input F is the force produced by a change in geometric dimensions such as, for example, the
area conversion of the permanent magnets.
[0054] Fig. 17 indicates a relationship between the distance (x) of the opposing magnet surfaces and the repulsive
force (f) when two permanent magnets (Nd-Fe-B system) having an opposing area of 50325mm2 and a thickness of
10mm are opposed so as to repulse each other. A solid line indicates the result of regression analysis obtained by the
use of the Levenberg-Marquardt algorithm and is consistent well with a relationship of f=66/x. In other words, the
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repulsive force acting between the magnets is given by k/x.
[0055] Taking this into account, the characteristics of the magnetic spring were made into a function, and an equation
of motion was formulated. Because the repulsive force acting between the magnets is given by k/x, as described above,
the characteristic equation is given by:

In Fig, 16, the total mass including the mass of the upper permanent magnet 4 and a load applied to the magnet 4,
the spring constant, the damping coefficient, and a harmonic excitation inputted to the mass m are represented by m,
k, r, and F(t), respectively.
[0056] When the balanced position is expressed as x0 and the deflection from the balanced position is expressed as y,

If k/x0
2=k',

If the harmonic excitation F(t)=Feiωt and y=xeiωt,

- k
x0
-----+mg=0, x0= k

mg
--------

x=x0+y

x
.
=y

.

mÿ+ry
.
+k'y=F(t)

y
.
=iωxeiωt
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where φ represent the phase angle.

Accordingly, the natural frequency (resonant frequency) ω0 is given by:

[0057] The relationship between the natural frequency and the spring constant is the reverse of the metal spring. In
other words, because of the nonlinearity, if the curvature of the optimum load-deflection characteristics can be calcu-
lated by adjusting the setting position of the operation point and the magnetic circuit, it may be possible to keep the
resonant point constant.
[0058] The equation (2) can be expresses as follows.

ÿ=i2ω2xeiωt

-mω2xeiωt+riωxeiωt+k'xeiωt=Feiωt

(-mω2x+riωx+k'x)eiωt=Feiωt

x(k'-mω2+riω
.
) =F

x= F

k'-mω2+riω
-------------------------------

= F(k'-mω2-riω)

(k'-mω2+riω)(k'-mω2-riω)
----------------------------------------------------------------------

= F

(k'-mω2)2+(rω)2
------------------------------------------------[ k'-mω2

(k'-mω2)2+(rω)2
--------------------------------------------------ir ω

(k'-mω2)2+(rω)2
------------------------------------------------]

= F

(k'-mω2)2+(rω)2
------------------------------------------------(cosφ-isinφ)

= F

(k'-mω2)2+(rω2)
------------------------------------------------e-iφ

y=xeiωt= F

(k'-mω2)2+(rω)2
-------------------------------------------------ei(ωt-φ)

= F

k'2 [1-( ω
ω0
------)2]2+(2ρ ω

ω0
------)2

-----------------------------------------------------------------ei(ω t-φ)

ρ = r/2 mk'

ωo
2 = k'

m
------ = k

mx0
2

---------- = k
m
----- (mg

k
----------)2 = m

k
-----g2

ωo ∝ m
k

-------
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[0059] Let y be x and when the equation having up to a term of the third degree is considered,

[0060] The equation (3) has a damping term of -bx2 in the term of the second degree. When the equation (3) is further
simplified,

When x=x0 cos ωt,

k
x
---= k

x0+y
-------------= k

x0(1+ y
x0
-----

---------------------)= k
x0
----- ( 1

1+ y
x0
-----

-------------)

= k
x0
-----{1- y

x0
-----+( y

x0
-----)2-( y

x0
-----)3+... (-1)n( y

x0
-----)n+ ...}

a = k

x0
2

----- = (mg
k

--------)2k = (mg)2

k
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x0
3
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k

----------)3k = (mg)3
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----------------- (5)
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x0
4
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k
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[0061] In a vibration region with a small amplitude, a constant repulsive force ((b/2)x0
2) is continuously applied to a

periodic external force to attenuate it. That means that, by adjusting the locus of motion of the permanent magnets,
damping effect is available without equipping with a damper mechanism.
[0062] In view of the above, when the dynamic characteristics of only the magnets were investigated using an ap-
paratus of Fig. 18, the results as shown in Figs. 19 and 20 were obtained.
[0063] The apparatus of Fig. 18 has two opposing permanent magnets 2 and 4, the distance of which is changed
via X-links 10 without any area conversion.
[0064] In Figs. 19 and 20, the axis of abscissa indicates the frequency (Hz), while the axis of ordinate indicates the
vibration transmissibility (G/G). In Fig. 19, (a), (b), (c), (d), (e), and (f) are graphs obtained when the same load of 30kg
was applied with the use of magnets of 50350310mm, 50350315mm, 50350320mm, 75375315mm,
75375320mm, and 75375325mm, respectively. On the other hand, in Fig. 20, different loads of 53kg and 80kg were
applied with the use of the same magnet of 50350320mm.
[0065] Figs. 19 and 20 indicate the nonlinear characteristics of the magnetic spring and have revealed that when
the load is the same, as the opposing area of the magnets increases, the distance between the magnets increases,
the resonant point is shifted to a lower frequency region, and the vibration transmissibility becomes smaller. In other
words, the magnetic spring behaves in the way opposite to the metal spring or the air spring. On the other hand, when
the magnet size is the same, even if the load is changed, the resonant point does not change. When the load is
increased, the vibration transmissibility is reduced. In short, the vibration transmissibility at the resonant point depends
on the magnitude of the load.
[0066] From the above, by utilizing the optimum curvature of the load-deflection curve, it is possible to keep the
resonant frequency constant and the low vibration transmissibility small, even if the loaded mass changes, though it
is available only in the low frequency region. These are damping effects by the loaded mass m and the spring constant
k included in the equations (4), (5), and (6).
[0067] Fig. 21 is a graph employed as a comparative example indicating the dynamic characteristics of a conventional
automotive seat and reveals that the vibration transmissibility is high as a whole, and both the resonant point and the
vibration transmissibility vary with a change of load.
[0068] In the equation (1), when the geometric dimensions between the opposing permanent magnets are changed
by an internal kinetic mechanism (mechanism for moving the permanent magnets within a repulsion system) or by an
external force, the spring constant k is a square wave k(t) changing with time, as shown in Fig. 22, and takes a value
of +k' or -k' alternately in one half of a period of T=2π/ω. Accordingly, the equation (1) can be expressed as follows.

(i) When 0<t<π/ω,

(ii) When π/ω≤t<2π/ω,
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[0069] When 0<t<π/ω and when the balanced position is represented by x0 and the deflection from the balanced
position is represented by y1,

[0070] When (n-k')/x0
2=k1',

[0071] When the harmonic excitation F(t)=Feiωt and y1=xeiωt,

-n-k'
x0

---------+mg=0, x0=n-k'
mg
---------

x=x0+y1

x
.
=y

.
1

mÿ1 + ry
.
1 + k1 'y1 = F(t)

y
.
1=iωxeiωt

ÿ1=i2ω2xeiωt

-mω2xeiωt+riωxeiωt+k1
' xeiωt=Feiωt
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[0072] Here, φ indicates the phase angle.

[0073] ccordingly, the resonant frequency is given by:

[0074] Similarly, when π/ω≤t<2π/ω,

[0075] Hence, when y1> y2, it diverges.
[0076] In general, a self-excited vibration system can be replaced with a spring-mass system having negative damp-
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ing characteristics, and energy of vibration is introduced thereinto from outside during vibration. The actual vibration,
however, loses energy because air resistance or various resistances act on the mass point.
[0077] However, if the energy of vibration is introduced as an external force into the magnetic spring having negative
damping characteristics, it diverges in the case of y1>y2, as described above. If it continues diverging, the amplitude
is gradually increased to thereby destroy the system. Otherwise, positive damping is caused to act on the system by
adding a damping term, which increases with deflection, to the above characteristic equation. In this case, when the
positive damping is balanced with the negative damping, steady-state vibration occurs in the system. In other words,
as is the case with the spring constant k(t), the damping coefficient is variable and, hence, the equation (1) can be
rewritten as follows.

[0078] The vibration system having the magnetic spring of the present invention includes an energy conversion
system inducing continuous oscillation or diverging vibration. Adding a positive damping term to the above characteristic
equation results in the following equation.

[0079] In this characteristic equation, when r2≠0, three terms on the left side become greater with x, and the term of
spring acts as a positive damping term. Accordingly, in the internal exciting characteristics by the permanent magnets,
a small deflection causes negative damping, while an increase in deflection results in positive damping, and the vibration
become steady at an amplitude where the positive damping and the negative damping are balanced.
[0080] In the case where the magnitude of at least one of the mass, damping coefficient, and spring constant in a
vibration system changes with time, the vibration caused thereby is referred to as coefficient exciting vibration. Each
of the equations (7), (8), and (9) indicates the coefficient exciting vibration in which an exciting source itself vibrates
and generates vibration by converting non-vibrating energy within the system to vibratory excitation.
[0081] Because supply energy is generally converted from part of dynamic energy, when the dynamic energy has
an upper limit, the supply energy is limited, and the amplitude is restrained when this energy becomes equal to energy
to be consumed. The potential energy by the permanent magnets is independent of the dynamic energy within the
system, and the difference between it and the energy to be consumed can be enlarged. If the maximum energy product
per unit mass of the permanent magnets increases, the aforementioned difference can be considerably enlarged.
Because of this, vibration energy can be increased by making, in one cycle, the supply energy produced by negative
damping greater than the energy consumed by the damping.
[0082] As described above, it is possible to freely control the damping coefficient r and the spring constant (coefficient)
k in the equation (1). In the schematic diagram of Fig. 1, for example, the amplitude can be attenuated by maximizing
the opposing area of the permanent magnets 2 and 4 when the permanent magnet 4 is positioned at its lower end.
This feature is applicable to a magnetic brake, dynamic damper or the like. On the other hand, the repulsive force can
be increased by maximizing the opposing area when the permanent magnet 4 is moved from its lower end towards it
upper end. This feature is applicable to a generator, amplifier or the like.
[0083] Furthermore, as can be seen from a solution of the above characteristic equation, the coefficient exciting
vibration system according to the present invention can reduce variations in amplitude by moving the exciting frequency
even if the natural frequency varies according to variations in load. In other words, the resonant frequency can be
reduced by making the exciting frequency variable and causing the resonant frequency to manually or automatically
follow it. By applying this feature to a vibration isolator device for an automotive seat, it is possible to enhance the
vibration isolating properties and improve the individual performance thereof. For example, it is possible to lower the
resonant point to a frequency below 4Hz. Moreover, the vibration at a low frequency region can be improved by making
use of negative damping, while the difference in weight can be absorbed by specializing the nonlinear characteristics
of the permanent magnets.
[0084] Several experiments of vibration were conducted using pads having urethane and fibers combined with each
other and a bed-type vibration isolator unit employing the magnetic spring structure of the present invention. Fig. 23
depicts the results of the experiments.
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[0085] As can be seen from the graph shown in Fig. 23, the vibration isolator device employing the magnetic spring
structure of the present invention together with the pads was recognized as an extremely effective one because of the
fact that it could lower the resonant frequency to 3Hz which is less than half the resonant frequency of the vibration
isolator device employing only the pads. Furthermore, the vibration transmissibility at the resonant point could be
reduced to about 1/3 by active-controlling the vibration isolator device.
[0086] Fig. 24 depicts a magnetic levitation unit. Upon investigation of the dynamic characteristics thereof, the results
shown in Fig. 25 could be obtained.
[0087] The magnetic levitation unit of Fig. 24 comprises a base 74, a seat 78 swingably mounted on the base 74 via
a plurality of swingable levers 76, two permanent magnet 80 and 82 spaced a predetermined distance from each other
and fixedly mounted on the upper surface of the base 74, and a permanent magnet 84 fixedly mounted on the lower
surface of the seat 78 so that the same magnetic poles may be opposed to each other with respect to the permanent
magnet 80 and 82. Each of the permanent magnets has a size of 75375325mm
[0088] Fig. 25 is a graph obtained when different loads of 53kg, 75kg, and 80kg were applied to this magnetic levitation
unit. As shown therein, not only could the difference in vibration transmissibility caused by variations of the load be
limited to be small, but also the resonant point could be made substantially constant.
[0089] Furthermore, the seat comfort was investigated using automotive seats, suspension seats A, suspension
seats B, and the magnetic levitation unit of the present invention. The results were as shown in Fig. 26. The load
applied to the magnetic levitation unit was 53kg and permanent magnets of 75375325mm were used. In the figure,
"fixed" indicates the condition in which the seat was merely fixed on a suspension, and urethane, gel, or styrene is the
material of cushion placed on the unit.
[0090] The Ride Number R defined in "SAE paper 820309" and given by the following formula was used to evaluate
the seat comfort.

where variables A, B, and fn can be obtained from the transfer function (T.F.) of the seat and indicate the following
values, respectively.

A: the maximum value of T.F.
B: the value of T.F. at 10 Hz
fn: the resonant frequency or frequency at which A has appeared
K: the coefficient of seat comfort indicative of completely different seats (K-value was set to "1" because various

seats were used)

[0091] While the ISO comfort evaluation indicates that the smaller numbers are better, the Ride Number R does that
the larger numbers are better.
[0092] As can be seen from Fig. 26, of the seats of which the seat comfort was evaluated, the values obtained in
the automotive seats are 0.2-0.3 (all-urethane seats) and 0.3-0.5 (metal spring seats), and those obtained in the sus-
pension seats to which weight adjustments were conducted are 0.5-0.7. On the other hand, the seat comfort of the
magnetic levitation unit of the present invention is better than that of other seats, and the evaluation values of seat
comfort thereof are 0.75-1.60 with respect to a load of 53kg.
[0093] Fig. 27 indicates evaluation values of seat comfort of the magnetic levitation unit when the load applied thereto
was changed. As can be seen from this figure, evaluations values of seat comfort more than 0.7 could be obtained
with respect to any load, and this fact means that the magnetic levitation unit of the present invention is superior in
seat comfort.
[0094] Fig. 28 depicts the dynamic characteristics of an automotive seat, suspension seat A, suspension seat B, and
the magnetic levitation unit of the present invention. In this figure, (a) indicates the automotive seat, (b) and (c) the
suspension seats A to which loads of 53kg and 75kg were applied, respectively, (d) and (e) the suspension seats B to
which loads of 45kg and 75kg were applied, respectively, (f) and (g) the magnetic levitation unit of the present invention
having different cushion materials, and (h) the magnetic levitation unit of the present invention that was active-control-
led.
[0095] As can be seen from Fig. 28, the resonant point of the magnetic levitation unit exists between 2-3Hz and the
vibration transmissibility in low and high frequency regions is small. It was also confirmed that semi-active control
thereof could not only further lower the resonant point but also reduce the vibration transmissibility in a wide frequency
region.
[0096] Collisional vibration can be utilized in the nonlinear vibration system or coefficient exciting vibration system
of the present invention.

R = K/(A·B·fn)
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[0097] Collision, as well as friction, is a typical nonlinear phenomenon in mechanical systems and causes something
suddenly impeding motion such as, for example, deformation resistance of an object. Accordingly, the object having
caused the collision is rapidly decelerated, resulting in generation of a very large acceleration. The magnetic spring
also causes the same (quasi-) phenomenon as the collision.
[0098] When an object having certain kinetic energy collides against something, the contact area is deformed so
that the kinetic energy may be released as plastic deformation work, friction work by the contact surface, a wave motion
into the inside of the object, or acoustic energy to the outside. The remainder of the kinetic energy is converted into
elastic energy which is in turn converted into kinetic energy. As described above, because the magnetic spring is
featured by non-contact, no large loss is caused. In the static characteristics, the output is on the same line as the
input and is nonlinear, and negative damping is likely caused.
[0099] By way of example, if the magnetic levitation unit causes no end-stop impact, it is accelerated and self-excited
by a repulsive force of +α, and exhibits vibration characteristics having no bad influence on human beings, though the
vibration is low-damping one because of non-contact. If metal springs are incorporated into the magnetic levitation unit
and if the acceleration exceeds damping, it induces a complete elastic collision by the action of hard springs and causes
self-excitation to prevent the second resonance. The amount of energy lost can be compensated for by a conversion
of potential energy in the magnetic field.
[0100] As the fundamental principle for general vibration isolation, it is necessary to take mass effects, vibration
isolation, vibration damping, vibration interference, and directivity of propagation into consideration. Because elastic
support causes pitching or rolling, the vibration proof foundation should be made heavy and big, and the supporting
span should be made long. When damping is caused by the use of both a viscous damper and a frictional damper,
such dampers can attenuate deflection by rapidly dispersing energy produced by an impact before the next impact is
encountered.
[0101] Furthermore, in order to restrain the frictional damping, elastic support of a stopper which causes an end-
stop impact can be utilized for vibration isolation and energy conversion, thereby compensating for shortage of the
repulsive force of the magnetic spring.
[0102] Fig. 29 is a model having an elastically supported stopper wherein the spring constant k of an elastic support
member can absorb a predetermined acceleration or amplitude and is made variable. The resonant point can be ad-
justed by appropriately adjusting the spring constant k.
[0103] In this construction, when an acceleration or amplitude below a predetermined value is applied to the stopper,
an elastic deformation of the elastic support member can restrain the frictional damping and an end-stop impact against
the stopper can compensate for shortage of the repulsive force of the magnetic spring and can enhance the vibration
isolation ability.
[0104] Fig. 30 shows experimental values of input and output of a sliding-type principle model provided with magnets
having an opposing area of 50325mm2 and a thickness of 10mm, wherein the friction loss was reduced as small as
possible. The loaded mass was 3.135kg.
[0105] In the same manner, the case where the sliding type having an area conversion rate of 80% (opposing area:
250→1250mm2) is changed to the rotating type having an area conversion rate of 50% (625→1250mm2), in which the
area conversion is nonlinearly achieved, is described.
[0106] Fig. 31 shows experimental values of input and output of a rotating-type principle model provided with magnets
having an opposing area of 50325mm2 and a thickness of 10mm, wherein the area conversion is achieved with the
center of gravity of one magnet as the center of rotation. Fig. 32 shows experimental values of input and output of the
same rotating-type principle model in terms of work.
[0107] In the energy extraction with the use of permanent magnets, energy is apparently produced by increasing the
difference of (apparent output/input). Fig. 33 shows the points of a principle model of input and output. Because it is
a non-contact system, it is possible to utilize acceleration and produce the greater energy apparently.
[0108] The principle of virtual work is applied to the repulsive force acting between magnets, and the amount of
variation of accumulated magnetic energy caused by shifting of the magnets is equal to the amount of job caused by
shifting of the magnets. The manner in which the magnetic energy is extracted will be the point of a power-redoubling
actuator.
[0109] The above means that, in order to set permanent magnets, which are in the point at infinity, to the limited
position, the work comes to be necessary. Once the magnet were set, it is possible to release the work used for setting
the magnets, i.e., the stored magnetic energy, utilize it as output, and amplify the force like an amplifier, by means of,
for example, using the conversion of the opposing area of the permanent magnets in the repulsive system as a trigger.
[0110] This amplifier can give the same effects as an amplifying transistor by input of electrical energy, and is char-
acterized in that it effectively converts the stored magnetic energy to mechanical energy for subsequent utilization
thereof. That is, it produces apparently the greater output (i.e. work) with a small input.
[0111] Work W is given by:
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Accordingly, the amount of variation of energy is given by:

[0112] ∆Wm(h) indicates the amount of reduction of the accumulated magnetic energy.
[0113] In the case of the rotating-type model,

[0114] Assuming that the distance between the magnets is short and the magnetic flux density is constant, the ac-
cumulated magnetic energy can be expressed as:

where

B: magnetic flux density of air gap,
H: magnetic field of air gap,
V: volume of air gap,
h: distance of air gap, and
S: cross-sectional area of magnet.

[0115] The amount of variation of the accumulated magnetic energy when the magnet shifts by Ah can be expressed
as:

[0116] When the repulsive force of the magnets is represented by F, the amount of work caused by shifting can be
expressed as FAh, and

[0117] Then, the repulsive force F can be expressed as:

[0118] From the calculation using a charge model of Br=1.0T, an opposing area of 1003100mm2, and a thickness
of 10mm, Fig. 34 could be obtained.
[0119] Fig. 35 indicates a change in repulsive force wherein magnets having an opposing area of 50325mm2 and
a thickness of 10mm were used.

W = Wg(h) + Wm(h) = mgh + Wm(h)

∆W = mg·∆h + ∆Wm(h)

mg·∆h»∆W

mg·∆h-∆W= -∆Wm(h) > 0

-∆Wm(h)6∆W

mg·∆h62∆W

Wm(h) = 1/2BHV = B2Sh/(2µ0)

∆Wm(h) = B2S∆h/(2µ0)

∆Wm(h) = F∆h

F = B2S/(2µ0) [N]
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[0120] Similarly, a metal spring model is described.
[0121] Fig. 36 shows calculated values in the ideal state with the friction of 0 and no mechanical deflection when
setting that mg=10N, k=1N/mm, and L=200mm.
[0122] Statically, metal springs, air springs, and magnetic springs show the same tendencies. However, the mag-
netically floating pair is to be a pair of lower level than the current mechanical pair. Moreover, considering the nonlinearity
and the profitability of acceleration, the great differences, including the efficiency, will arise. Fig. 38 illustrates a rotating-
type principle model, while Fig. 39 does a sliding-type principle model.
[0123] In the rotating-type principle model of Fig. 38, a lower permanent magnet 2 is rotatably mounted on a base
90, while an upper permanent magnet 4 is vertically slidably mounted on a slider 92. Accordingly, the two opposing
permanent magnets 2 and 4 exhibit load-deflection characteristics as shown in Fig. 35 by changing the distance ther-
ebetween or the opposing area thereof.
[0124] On the other hand, in the sliding-type principle model of Fig. 39, a lower permanent magnet 2 is horizontally
slidably mounted on a base 90, while an upper permanent magnet 4 is vertically slidably mounted on a slider 92.
Accordingly, the two opposing permanent magnets 2 and 4 exhibit input-output work characteristics as shown in Fig.
36 by changing the distance therebetween or the opposing area thereof.
[0125] Upon investigation of the characteristics of the magnetic spring model of Fig. 11 as an exciter or driver, the
results as shown in Figs. 40 and 41 could be obtained.
[0126] More specifically, in the magnetic spring model of Fig. 11, a thrust indicated by a dotted line was required to
obtain an acceleration shown in Fig. 40 under the condition in which the magnet platform 18, L-shaped lever 22, and
balance weight 24 were removed. On the other hand, in the magnetic spring model of Fig. 11 in which the magnet
platform 18, L-shaped lever 22, and balance weight 24 were incorporated with the position of the balance weight 24
adjusted, the above acceleration could be obtained by an input shown by a solid line, and a large acceleration (0.9-1.0G)
could be produced by a minimum input at a frequency of 5.5Hz. Also, the amplitude could be considerably amplified,
as shown in Fig. 41.
[0127] In other words, large acceleration and amplitude can be obtained with a small driving force (input) by changing
the geometric dimensions such as the opposing area or the like of the permanent magnets in the repulsion system to
utilize the resonant frequency of the magnetic spring. In the magnetic spring model of Fig. 11, the amount of gap and
the opposing area are variables. For example, if a change in the amount of gap is followed by an appropriate change
in the opposing area of the two permanent magnets 2 and 4 caused by the balance weight 24, the magnetic spring
can have an appropriate spring constant at an arbitrary resonant point.
[0128] In order to give the damping characteristics, the application of the magnetic force produced by electromagnetic
induction is considered. The magnetic field within a metal conductor is first described with reference to Fig. 42. In Fig.
42, (a) indicates the coordinates of a columnar magnet and the metal conductor, (b) the circular cylindrical coordinates
of the columnar magnet, and (c) the current density within the metal conductor.
[0129] As shown in Fig. 42(a), the magnetic field dHL made at an arbitrary point (ξ, 0, z) within the conductor by an
arbitrary point (x, y) on the lower surface of the columnar magnet having a radius of (a) and a magnetization of M can
be expressed as:

where ds is an extremely small area including the point (x, y).
[0130] The z component is expressed as:

[0131] When the circular cylindrical coordinates as shown in Fig. 42(b) are sed, x=r·cos(ϕ)·y=r·sin(ϕ)ds=rdϕdr and,
hence,

dHL = 1
4πµ0
-------------· Mds

(ξ-x)2+y2+z2
------------------------------------

cosθ = z

(ξ-x)2+y2+z2
----------------------------------------

dHz
L = 1

4πµ0
------------- · Mzds

{(ξ-x)2+y2+z2}

3
2
---

-------------------------------------------



EP 0 833 074 B1

5

10

15

20

25

30

35

40

45

50

55

20

[0132] When the thickness of the magnets is represented by h, the magnetic field Hz
u made by the upper surface is

given by:

[0133] Then, the vertical component Hz(ξ, 0, z) of the magnetic field at (ξ, 0, z) within the conductor can be given by:

[0134] Secondly, the induced current within the conductor is described. When the magnets approach each other, the
downward (i.e. the direction to Z) agnetic flux increases, and the electromotive force (e) arises to prevent it.

where Φ(R, z) represents the magnetic flux within the area surrounded by the radius R of the conductor. If the velocity
of approaching is represented by v,

[0135] From the equation (10), the voltage V along the circumference R is given by:

[0136] The magnetic flux Φ(R, z) is determined as follows.
[0137] As shown in Fig. 42(c), the magnetic flux in the portion surrounded by the circumference of a radius of ξ and
the circumference of a radius of ξ+dξ is given by Hz(ξ, 0, z) and the area thereof is 2πξ·dξ. Accordingly,

Hz(ξ, 0, z)=Hz
L(ξ, 0, z)+Hz

u(ξ, 0, z)

v = -dz/dt = -∆z/∆t ∴ ∆t=∆z/ |v|

V = |e| = v·∆Φ(R, z)/∆z = v·dΦ(R, z)/dz (11)

∆Φ(ξ, z)=µ0Hz(ξ, 0, z)·2πξ·dξ
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[0138] When the electrical resistance coefficient is represented by ρ, the voltage V, the electric current I, the cross-
sectional area of circuit S, and the length of circuit d=2πR, the current density J is given by:

[0139] When the equation (11) is substituted for the equation (12), the following equation can be obtained:

[0140] Thirdly, the interaction energy of the magnet and the conductor is described. By a change of the magnetic
flux, the current energy increased within the conductor, i.e., the magnetic energy density um is given by:

[0141] The force exerted on the current density J is given by:

[0142] Therefore, Fz(R) exerted on the whole current I(R) of a radius of R is given by:

where z1 and z2 represent the distance from the lower surface of the magnet to the upper surface of the conductor
and that to the lower surface of the conductor, respectively.
[0143] From the equations (13), (14) and (15),

[0144] The force exerted on the whole is given by:

where Φ(R, z) represents the magnetic flux within the area surrounded by a radius of R within the conductor, z1 and

∴ Φ(ξ, z) = ∫0
Rµ0Hz(ξ, 0, z)·2πξ·dξ

J(R, z)=1/s=V/(ρd)=V/(2πR·ρ) (12)

J(R, z) = v/(2πR·ρ)·dΦ(R, z)/dz (13)

fz(R, z) = ∂um(R, z)/∂z

Fz(R) = v
4πρ
----------· 1

R
---- {Φ(R, z2)

dΦ(R, z2)

dz2
---------------------------- - Φ(R, z1)

dΦ(R, z1)

dz1
----------------------------}
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z2 represent the coordinates at the upper and lower surfaces of the conductor, respectively, and Fz depends on the
thickness T=z2-z1 of the conductor.
[0145] Fig. 43 depicts an embodiment applied to a vibration isolator device for suspension seats, wherein (a) shows
the entire vibration isolator device, (b) is a side view of the vibration isolator device of (a), particularly showing a vertical
damping structure, and (c) shows a horizontal vibration isolator unit swingably mounted on an upper portion of the
vibration isolator device of (a). In the figure, 2, 4, 94, and 96 denote permanent magnets, while 98 denotes a copper
plate employed as a conductor.
[0146] In this vibration isolator device, the vertical spring properties are obtained by a repulsive system comprised
of the permanent magnets 2 and 4 and supported by parallel links 100 and 100. The vertical and horizontal damping
structures in which damping is caused by electromagnetic induction are removable from each other. The damping force
by electromagnetic induction can be changed by changing the thickness of the copper plate 98.
[0147] Fig. 44 is a graph showing the comparison of vibration characteristics in the presence or absence of horizontal
damping effect. The vibration transmissibility in a low frequency region is restrained to some extent by electromagnetic
induction.
[0148] According to the magnetic spring structure of the present invention, because repulsive magnetic poles are
opposed to each other, the magnets can be regarded as being positioned within a demagnetic field and, hence, there
may be a worry about causing the demagnetization during use. As a countermeasure against demagnetization, a
dummy-magnetic-leakage structure in which different poles are alternately arranged can reduce the demagnetic field.
[0149] In this construction, a leakage magnetic field is created between the magnetic poles equivalent to magnetic
walls. When the opposing magnets approach each other, the greater repulsive force can be obtained. Accordingly, the
repulsive force, as a function of the distance between the opposing magnets, depends on the number of alternately
arranged magnets. This phenomenon is illustrated in Fig. 45.
[0150] In Fig. 45, (a) depicts a magnet arrangement of single pole, (b) that of two poles, (c) that of three poles, and
(d) that of four poles. (e) is a figure as viewed from the direction of an arrow in the magnet arrangement (d) of four
poles. Although the opposing area (75375mm2), volume 75375325mm3) and Br-value (11.7KG) are the same, the
Permeance coefficient differs as follows.
[0151] Permeance Coefficient

(a) 0.10
(b) 0.37
(c) 0.54
(d) 0.49

[0152] Fig. 46 is a graph showing a relationship between the distance of the magnets and the repulsive force in the
magnet arrangements of (a) to (d). As can be seen from this graph, when the opposing magnets approach each other,
the repulsive force increases with the number of magnetic poles because a leakage magnetic field is created between
the magnetic poles equivalent to magnetic walls, as described above.
[0153] When the vibration characteristics of four poles and two poles were compared, using a vibration isolator device
for suspension seats, the results as shown in Fig. 47 were obtained. As can be seen from this graph, the magnet
arrangement of four poles has a damping effect caused by the attractive force and can reduce the vibration transmis-
sibility at the band of the resonant frequency of internal organs and vertebral column. As the,exciting condition, a
LOG-SWEEP sinusoidal wave with a constant acceleration of 0.3G was used, and the loaded mass was set to 53kg.
[0154] Conventionally, k around the balanced point, usually used for automotive seats, is between 10-30N/mm.
Therefore, when the loaded mass increases, the conventional automotive seats are apt to cause end-stop. In contrast,
when the loaded mass decreases, the resonant frequency shifts to resonate internal organs or vertebral column, or
the vibration transmissibility increases. For this reason, urethane foam having a damping function is used in a pad
layer, while a soft spring-rich structure is obtained by the use of metal springs. Furthermore, a shock absorber is used
to increase the damping function. In the automotive seats, the vibration isolating characteristics, the damping charac-
teristics, the body pressure, and the posture stability are balanced using such various functional elements.
[0155] It is, however, said to be difficult not only to reduce the vibration transmissibility to less than 1.0G/G at a low
frequency region of 2-3.5Hz, but also to remove the second resonance and the extremely soft feeling at a high frequency
region.
[0156] As shown in Fig. 48, the load-deflection characteristics providing a smooth change in natural frequency can
be designed using the magnetic spring characteristics exhibiting the behavior opposite to metal springs or air springs.
Moreover, in a suspension unit having characteristics as shown in Fig. 49, the vibration transmissibility was found ideal,
because it was kept lower than 1.0 G/G at 2-3.5 Hz and lower than 0.4 G/G at 3.5-50 Hz, as shown in Fig. 50.
[0157] From the foregoing, the following advantages can be obtained by incorporating the magnetic spring of the
present invention into a suspension seat.
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(1) Any functions for adjusting both the occupant's weight and the stiffness of a damper are unnecessary, when
the conditions for a vibration transmissibility lower than 2.0 G/G in a low frequency region of 2-3.5 Hz are needed.
(2) The function for adjusting the occupant's weight is needed for obtaining a vibration transmissibility lower than
1.0 G/G in a low frequency region of 2-3.5 Hz.
(3) By the combination with metal springs having the function for reducing an end-stop impact, superior vibration
isolation can be obtained in a high frequency region of 5-50 Hz for a LOG-SWEEP sinusoidal wave with a constant
acceleration of 0.3 G.

[0158] On the other hand, an amplifier capable of producing a great output with a small input can be realized by
incorporating the relationship of input and output of the negative damping characteristics into a power-doubling mech-
anism. In addition, active controllers employing this amplifier have the following good characteristics.

(1) Driving and moving parts are non-contact, allowing power transmission to the places divided by partitioned walls.
(2) The driving and moving parts can be placed in separate spaces, enlarging the freedom of layout.
(3) The amplifier can have a power-doubling function and both the driving and moving parts cause almost no loss,
resulting in low noise and energy-saving.
(4) Even if an actuator function is turned off, the vibration isolating properties are still maintained. In other words,
an actuator of a soft structure having the spring properties and the damping properties can be obtained.

[0159] Because the present invention is of the construction referred to above, it has the following effects.
[0160] The geometric dimensions between at least two opposing permanent magnets are changed by an external
force on the input side and on the output side, and converted into a repulsive force within a kinetic system in which the
permanent magnets are placed so that the repulsive force from a balanced position of the permanent magnets on the
output side may be made greater than the repulsive force on the input side. By so doing, passive control, semi-active
control, and active control can be achieved based on the same conception.
[0161] Because the maximum repulsive force is generated at the closest position of the permanent magnets or the
position having passed the closest position, the magnetic field as the field of potential can be effectively utilized, making
it possible to realize an inexpensive magnetic brake, dynamic damper, dynamo, amplifier or the like.
[0162] Moreover, the nonlinear vibration system or coefficient exciting vibration system according to the present
invention is of the structure for converting energy into damping; continuous or diverging vibration by making use of a
magnetic spring having positive, 0-, or negative damping characteristics. Accordingly, by incorporating it into a vibration
isolator device for automotive seats or beds for ambulance cars, it is possible to reduce the vibration transmissibility
in a high frequency region, absorb the weight difference, or reduce vibration energy in a low frequency region for the
reduction of the resonant point or the like.

Claims

1. A magnetic spring comprising:

first and second permanent magnets (2, 4) spaced from each other with like magnetic poles opposed to each
other, characterised by
a mechanism, driven by vibrational forces acting on the spring and to be damped, operatively coupling the
first and second permanent magnets (2,4) to each other for reciprocatingly moving one of them relative to the
other between a closest position thereof and a farthest position thereof, the mechanism comprising means for
changing the common opposing area of the first and second permanent magnets (2,4) by rotating or sliding
movement of one of them relative to the other, wherein the one of the first and second permanent magnets
(2,4) is rotated or caused to slide by the mechanism such that the said opposing area is made larger when
the one of the first and second permanent magnets (24) moves relative to the other from the closest position
to the farthest position than when the one of the first and second permanent magnets (2,4 ) moves relative to
the other from the farthest position to the closest position.

2. The magnetic spring according to claim 1, wherein a maximum repulsive force is generated by maximizing the
opposing area at the closest position of the first and second permanent magnets or a position having passed the
closest position.
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Patentansprüche

1. Magnetfeder, umfassend:

einen ersten und einen zweiten Dauermagneten (2, 4), die voneinander beabstandet sind, wobei gleiche ma-
gnetische Pole einander gegenüberliegen, gekennzeichnet durch

einen Mechanismus, der durch auf die Feder wirkende und zu dämpfende Vibrationskräfte angetrieben ist,
welcher den ersten und den zweiten Dauermagneten (2, 4) betrieblich miteinander koppelt, um einen von
diesen in Bezug zu dem anderen zwischen einer nahesten Position davon und einer entferntesten Position
davon hin und her zu bewegen, wobei der Mechanismus eine Einrichtung zum Verändern der einander ge-
genüberliegenden Fläche des ersten und des zweiten Dauermagneten (2, 4) durch eine Dreh- oder Verschie-
bungsbewegung eines von diesen in Bezug auf den anderen aufweist, wobei der eine des ersten und zweiten
Dauermagneten (2, 4) durch den Mechanismus derart gedreht wird oder veranlasst wird, sich zu verschieben,
dass die gegenüberliegende Fläche großer gemacht wird, wenn der eine des ersten und des zweiten Dauer-
magneten (2, 4) sich in Bezug auf den anderen von der nahesten Position zu der entferntesten Position bewegt,
als wenn der eine des ersten und des zweiten Dauermagneten (2, 4) sich in Bezug auf den anderen von der
entferntesten zu der nahesten Position bewegt.

2. Magnetfeder nach Anspruch 1, wobei eine maximale Abstoßungskraft durch Maximieren der gegenüberliegenden
Fläche in der nahesten Position des ersten und des zweiten Dauermagneten oder einer Position, welche die na-
heste Position überschritten hat, erzeugt wird.

Revendications

1. Ressort magnétique comprenant :

un premier et un deuxième aimants permanents (2, 4) espacés l'un de l'autre avec les pôles magnétiques de
même nature opposés l'un à l'autre, caractérisé par
un mécanisme, commandé par des forces vibratoires agissant sur le ressort et à amortir, couplant en fonc-
tionnement le premier et le deuxième aimants permanents (2, 4) l'un à l'autre afin de déplacer alternativement
l'un d'entre eux par rapport à l'autre entre une position la plus rapprochée de ceux-ci et une position la plus
éloignée de ceux-ci, le mécanisme comprenant un moyen destiné à modifier la zone d'opposition commune
du premier et du deuxième aimants permanents (2, 4) par un mouvement de rotation ou de glissement de l'un
d'entre eux par rapport à l'autre, dans lequel le mécanisme fait tourner ou glisser l'un des premier et deuxième
aimants permanents (2, 4) de manière ladite zone d'opposition commune soit plus grande quand l'un des
premier et deuxième aimants permanents (2, 4) se déplace par rapport à l'autre de la position la plus rappro-
chée à la position la plus éloignée que quand l'un des premier et deuxième aimants permanents (2, 4) se
déplace par rapport à l'autre de la position la plus éloignée à la position la plus rapprochée.

2. Ressort magnétique selon la revendication 1, dans lequel on génère une force répulsive maximale en maximisant
la zone d'opposition à la position la plus rapprochée des premier et deuxième aimants permanents ou à une
position ayant dépassé la position la plus rapprochée.
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