Modeling Negative Stiffness Mechanism of Vestibular Hair Cell by
Applying Gating Spring Hypothesis to Inverted Pendulum Array
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Abstract

Vestibular hair cells, the sensory receptors of vestibular organs, selectively amplify miniscule stimuli to
attain high sensitivity. Such selective amplification results in compressive nonlinear sensitivity, which plays
an important role in expanding dynamic range while ensuring robustness of the system. In this study, negative
stiffness mechanism, a mechanism responsible for the selective amplification by vestibular hair cells, is
applied to a simple mechanical system consisting of an array of inverted pendulums. The structure and
working principle of the system have been inspired by gating spring hypothesis proposing that opening and
closing of transduction channels contributes to the global stiffness of vestibular hair bundle. Parameter study
was carried out to analyze the effect of each parameter on the compressive nonlinearity of suggested model.
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Fig. 1 Structure of the hair bundle and the principle of
gating spring hypothesis. Tip-link elongates due to the
deflection of the hair bundle, eventually pulling the
transduction channel open. Sudden shrinkage of tip-link
results in the decrease in hair bundle’s global stiffness.
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Fig. 2 A negative stiffness mechanism model inspired by
gating spring hypothesis. The system consists of an array
of inverted pendulums interconnected by tip-link springs
of common stiffness k. One end of tip-link is connected
to bistable switch, analogous to transduction channel
having closed (D) and open () states. Each pendulum

has common pivotal stiffness K, .
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Fig. 3 Change in normalized sensitivity with respect
to the change in total stiffness K__ of negative stiffness

total

model. The ratio of contribution of x and Kg on

Kmal is kept 1:1. Solid line with o-marker is the result

with the default parameter taken from the hair bundle.
Dotted line with o-marker, dash-dot with o-marker,
dotted line only, and dash-dot only are the results having
0.1, 0.5, 2, 10 times the default parameter, respectively.
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Fig. 4 Change in normalized sensitivity with respect to
the change in total stiffness K of negative stiffness
model. The effect of change in ratio of K and K,

is observed. Solid line with o-

contributing to K,

marker indicates x : Ke =1:1. Dotted line with o-marker,

dash-dot with o-marker, dotted line only, and dash-dot
only are the results having 0.1:1, 0.5:1, 2:1, and 10:1,
respectively.
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Fig. 5 Change in normalized sensitivity with respect

to the change in h, :d, of the negative stiffness model.

Solid line with o- marker indicates ﬁo :ao =1:1. Dotted

line with o-marker, dash-dot with o-marker, dotted line
only, and dash-dot only are the results having 0.1:1, 0.5:1,
2:1, and 10:1, respectively.
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