
Geometric Anti-Spring (GAS) 
座屈限界付近で使用するため、圧縮力の変化に敏感。 
GAS bladeの弾性率の変化よりもbladeを固定している枠の伸縮が問題。 
 
Euler Buckling 
座屈した状態で使用し、圧縮力はload自身なのでGASのような問題がない。 
垂直方向にだけ動くようにするためのガイドが必要。 
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Figure 1. Spring
suspension.

Figure 2. Typical isolator transfer functions. Figure 3. Euler suspension.

is in principle no static energy and the dynamic energy is stored as gravitational potential
energy—not requiring elastic material with mass.) The disadvantage of the large mass
requirement is that it supports low-frequency internal resonant modes of the spring (e.g.
‘surging’ in coil springs). These resonances have a large effective mass which strongly couples
vibration between the support and the isolated mass at these internal resonant frequencies.
After providing text book performance at low frequencies as illustrated by the solid curve in
figure 2, internal resonances appear (about 30 Hz in figure 2) and increase in mode density so
that performance at higher frequencies is strongly degraded.

The same effect also occurs in the pendulum, but because the suspension fibre can be
made so much less massive than the spring, its first internal (violin string mode) resonant
frequency is much higher. In addition, it couples much less energy due to the large ratio of
the suspended mass to the fibre mass (the coupling depends also on its Q-factor).

2. Advanced vertical isolation

There are three main areas to consider in order to alleviate this spring mass problem inherent
in mechanically sprung vertical vibration isolators: (1) ensure that the entire volume or mass
of the spring material is usefully storing energy by being stressed to its limit, (2) redistribute
the mass of the spring to minimize its velocity and thus the kinetic energy of any internal mode
motion, and (3) reduce the static energy and mass of the spring while keeping a low resonant
frequency by producing a non-linear force versus displacement relationship.

(1) The first of these areas only offers a small gain (a maximum of 2 for torsion and 3 for
bending) and is rarely considered. A simple example would be to wind a coil spring
from a tube rather than from solid material. This removes the central mass which is
scarcely stressed and does not store much energy. This is difficult to apply to bending.
However, when a spring is only stressed in one polarity, then in principle it is possible to
preset initial stresses within the material so that the entire volume is stressed to its limit
at some maximum deflection. For material loaded in torsion this is commonly called
‘scragging’ and consists in plastically twisting the material well beyond its initial yield
point in the direction of later loading. After release, the surface layers have negative strain,
and deeper layers retain positive strain which is prevented from relaxing by the surface
layers. This spring can now be elastically twisted in the scragged direction considerably
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Figure 4. Normal spring energy storage. Figure 5. Euler buckling spring energy storage.

further than before the treatment, and since the spring-rate is unaltered, the uni-directional
energy storage capability has been improved significantly. The equivalent approach for
flat springs is similar—start with an appropriate shape to be able to bend it well past yield
in the loaded direction before obtaining the desired operating shape. An example of this
is curved cantilever blades and we believe this technique also results in reduced creep
at high stress levels [2] as any tendency or weakness to creep has been forced to occur
during plastic forming.

(2) Some examples of improved distribution of spring mass are well known. A cantilever
blade [3] with constant stress over its surfaces is in the shape of a triangle with the fixed
attachment being the wide base of the triangle and the suspending tip being the apex. This
puts most of the mass near the fixed attachment where motion is minimum thus achieving
higher internal mode frequencies. Probably the best that can be achieved is the torsion
rod suspension [4]. Here the crank-arm can be made very rigid (to have very high internal
mode resonances) and the spring material is all located very close to the fixed centre of
rotation.

(3) Several examples of reducing the static energy and mass stored in the spring using
non-linear spring techniques have appeared in the literature recently. One method adds
powerful magnets to a conventional linear spring which strongly repel and try to drive
the mass away from the normal operating position [5]. This is an anti-restoring force or
‘anti-spring’ which when added to the springs normal restoring force produces a region
of reduced gradient on the force–displacement curve as is illustrated by the grey curve in
figure 4. The main resonant frequency of an isolation system is determined by the (square
root of the) spring-rate which is the gradient of the force–displacement characteristic. By
operating in the flattened region of the curve, a much lower resonant frequency is obtained
than would normally be the case for the static displacement and energy storage involved.
Alternatively, the geometry of the structure can be arranged to produce a non-linear spring.
The torsion-crank suspension is an example of this technique [6].
Since the mass of the spring material used must be proportional to the total (static +

dynamic) energy stored in the spring, it is clear from figure 4 that for a given resonant
frequency, the spring mass used in these types of non-linear systems can be greatly reduced
from its linear equivalent. It also becomes apparent that the best non-linear spring would be
one where the static energy could be reduced to zero so that only dynamic energy storage need
contribute to the spring mass. Remarkably, this ideal is readily obtained by the very simple
spring arrangement described hereafter.
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