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ABSTRACT
In this study, the frequency selectivity phenomenon in the

mammalian cochlea is replicated in a simulated environment.
Frequency selectivity is found to be of crucial importance in the
accurate perception of environmental noise. Previous studies
have found that mammalian cochlea consists of basilar mem-
brane which varies in width and stiffness along its length. This
results in a gradient in mechanical properties and in turn re-
sults in a place-coding mechanism, where different frequencies
of sound cause maximum displacement of the basilar membrane
at specific locations along its length. The basilar membrane con-
sists of multiple hair cells located along its length. The displace-
ment of the basilar membrane due to sound waves causes hair
cells to bend. This bending of hair cells activates ion channels,
leading to the generation of electrical signals. Leveraging the
principles of cochlear processing, a Kalimba-key-based broad-
band vibroacoustic device is developed in this study having po-
tential implications for sensory technology and human percep-
tion enhancement. Dynamic vibration resonators (DVRs) are
employed in this research to emulate the frequency-selective be-
havior of the mammalian cochlea where the DVRs act as hair
cells. A beam structure, acting as a platform for 136 strategically
placed DVRs, each corresponding to a Kalimba instrument key
is considered. Upon stimulation, these Kalimba keys replicate
the vibrations of the cochlear basilar membrane, enabling the
recreation of frequency selectivity across a broad spectrum. To
simulate the system, a Timoshenko beam is considered to consist
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of spatially attached Kalimba keys modeled as a Single-Degree
Of Freedom (SDOF) systems. A Finite Element (FE) model of
this system is developed to calculate the response of the system.
Frequency selectivity for different combinations of Kalimba keys
is explored in this study. This study shows promising results hav-
ing potential implications extending beyond healthcare, encom-
passing fields such as robotics where the integration of biologi-
cal cochlear principles could enhance robots’ sensory perception
and interaction capabilities in diverse environments

1 INTRODUCTION
The study and modeling of the behavior of cochlea have

been of great interest to researchers as this organ is of crucial
importance in auditory processing. This research has enabled
the development of cochlear implants, providing hearing restora-
tion. The cochlea plays an important role in auditory process-
ing through frequency selectivity, allowing the discrimination of
different frequencies within the auditory environment [1]. This
frequency selectivity is primarily achieved through the cochlear
organ corti which lies on top of the basilar membrane (BM) [2].
This BM consists of auditory sensor cells along its length, also
called ‘hair cells ’ [3]. The cochlea’s tonotopic organization,
where different frequencies are mapped along its length, is main-
tained by the arrangement and sensitivity of hair cells. These hair
cells convert mechanical vibrations caused by incoming sound
waves into electrical signals which are interpreted by the brain.
Different hair cells are tuned to respond preferentially to specific
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frequencies, allowing for the discrimination of different pitches
or tones and analyzing complex auditory signals.

Several factors including exposure to loud noise, aging, and
genetic disorders can cause irreversible damage to hair cells [4].
To overcome the hearing loss caused by this damage, cochlear
implants are a widely accepted solution that bypass the dam-
aged hair cells and directly stimulate the auditory nerve fibers
with electrical signals. Considerable work has been done in de-
veloping cochlear implants for several listening situations. A
review of this can be found in [5, 6]. Although cochlear im-
plants are effective, they are prone to certain limitations such as
high cost, error-prone electrode placement, limited compatibility
with different types of hearing loss, and requirement of surgi-
cal procedure for installation [7]. Artificial Basilar Membranes
(ABM) are effective alternatives that overcome the limitations of
cochlear implants by providing improved frequency selectivity,
and the potential for better integration with cochlear tissues [8].
ABMs mimic the frequency selectivity function of the natural
basilar membrane in the cochlea by utilizing techniques such
as microelectromechanical systems (MEMS) [9]. The design
of ABMs involves two considerations, mechanical frequency se-
lectivity and acoustic-to-electrical energy conversion [10]. The
acoustical to electrical energy conversion is achieved by utilizing
piezoelectric/piezoresistive effects [11, 12, 13, 14], optical mea-
surements [15, 16], and triboelectric effects [16]. Considerable
work has been done in this domain and summarized in [10].

ABMs have mechanical components whose structural pa-
rameters can be altered to ensure frequency selectivity. Von
Békésy proposed a model for ABM for the first time that con-
sisted of two cylinders with a pre-stretched membrane clamped
between them [17, 18]. Following this, multiple studies were
done to manufacture cochlear models by Chadwick et al [19],
and several others [20, 21]. White and Grosh [22] devel-
oped a fluid-filled variable impedance wave-guide using micro-
machining. However, the longitudinal stiffness of the basilar
membrane is entirely neglected in this work resulting in a com-
promise in filtering quality. A widespread approach to devel-
oping ABM has been to use an array of beams having different
natural frequencies. This variation of natural frequencies results
in frequency selectivity. Tanaka et al [23] proposed for the first
time a ‘fishbone’ type mechanical cochlea replicating the res-
onator array structure of a fishbone. Following this, multiple
groups have developed ABMs based on beam array structure.
Shintaku et al [24] fabricated a micro-beam array having a vary-
ing thickness and analyzed the effect of altering the thickness on
the frequency selectivity of the ABM. However, accurate con-
trol of thickness can be difficult to achieve from a manufacturing
perspective. As against this, multiple studies have been done
in developing ABM wherein the natural frequency variation in
beam arrays is achieved by altering the lengths of the beams.
Kim et al [25] developed an ABM which consisted of 10 beams
having lengths in the range 1140–3300 µm. The frequency selec-

tivity of the ABM was analyzed using piezoelectric output. [12]
have mimicked the frequency selectivity using micromechanical
cantilever arrays. Jeon et al [26] characterized the behavior of
Piezoelectric Aluminum-Nitride Beam Array in air and fluid. A
detailed review of developments in beam array type ABMs can
be found in [10].

As the traditional approach to using beam-type arrays for
ABMs involves complex fabrication and assembly, it has lim-
ited tunability and versatility. To overcome these limitations, a
novel design based on a locally resonant metastructure is pro-
posed in this study. Metastructures are periodic structures that
inhibit wave propagation within specific frequency ranges known
as ‘bandgaps’. A locally resonant metastructure consists of a host
structure consisting of periodically repeating resonances [27].
Considerable work has been done in studying the characteristics
of a locally resonant metastructure consisting of a beam as a host
structure to which local resonances are attached. The local reso-
nances can be designed and manufactured in several ways. [28]
utilized 3D printed oscillators as local resonances while double
cantilever beam resonators were used in [29]. Chavan et al [30]
utilized dynamic vibrational resonators (DVRs) as local reso-
nances. The DVRs consisted of beams having a tip mass at-
tached. Other works related to locally resonant beams can be
found in [31]. Inspiring from the beam array ABMs and lo-
cally resonant metastructures, a design for ABM is proposed in
this study which consists of a host beam to which keys from the
well-known Kalimba instrument are attached as resonators. This
locally resonant metastructure results in bandgaps, thus exhibit-
ing frequency selectivity by inhibiting wave propagation in the
bandgap frequency region. The bandgap region is identified by
calculating the Frequency Response Function (FRF) and locat-
ing the frequency range characterized by a significant drop in the
amplitude and is void of natural frequencies. Since the Kalimba
keys are tuned to a particular frequency (of a musical note), the
keys attached to the beam act as hair cells attached to BM, repli-
cating the cochlear behavior. In this simulation study, multiple
keys are attached spatially through the length of the host beam.
A set of keys tuned to a musical note is considered. Multiple
such sets each tuned to a different musical note are attached to
the beam and frequency selectivity is studied. Each key is ap-
proximated as a Single-Degree-of-Freedom (SDOF) system and
multiple SDOF systems are attached to the beam.

The paper is structured as follows. The Finite Element (FE)
formulation of the host beam is discussed in the following sec-
tion. Subsequently, the SDOF formulation of keys is discussed.
Following this, the bandgap frequency range and frequency se-
lectivity based on different types of keys are studied. Lastly, the
paper concludes by discussing the results and scope of the future
work.
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2 HOST BEAM FE FORMULATION
To develop a macro-scaled model, a beam of aluminum

6061-T6 material having a cross-section of the length of 12 ft
having a thickness of 0.25 inches and width of 1 inch is consid-
ered in this study. A Timoshenko beam formulation is consid-
ered. The Timoshenko beam equation is given as [32],

GAκ

(
∂ψ(x, t)

∂x
− ∂ 2y(x, t)

∂x2

)
+ρA

∂ 2y(x, t)
∂ t2 = q(x, t), (1)

GAκ

(
∂y(x, t)

∂x
−ψ(x, t)

)
+EI

∂ 2ψ(x, t)
∂x2 = ρI

∂ 2ψ(x, t)
∂ t2 , (2)

where G is the shear modulus (N/m2), A is the area of cross-
section (m2), y(x, t) and ψ(x, t) are the transverse displace-
ment (m) and the angle of rotation (rad) at location x (m) and
time t (s), q is the load (N), E is the Young’s Modulus (N/m2),
ρ is the density (kg/m3), and I (kgm2) is the moment of inertia.
From Eqs. (1) and (2) finite element model is developed by dis-
cretizing the beam into second-order shape functions and formu-
lating the mass and stiffness matrices of the beam. The frequency
range interest of 0-700 Hz was chosen (based on the frequency
of the highest note in the considered keys) and a convergence test
was performed wherein the change in the natural frequencies of
the beam was observed by increasing the number of elements.
This change was quantified in terms of the L2 norm. Figure 1
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FIGURE 1. FE model of the host beam was found to converge at 223
finite elements

shows the change of natural frequencies with respect to the in-

crease in the number of elements. From Figure 1 it can be said
the FE model converged for 223 elements. Using 223 elements,
the mass M ∈ R(894×894) and the stiffness K ∈ R(894×894) matri-
ces were formulated. Readers are referred to [30] for a detailed
derivation of mass and stiffness matrices from Eqs. (1) and (2).

The governing equation of motion of the beam can be given
as,

Mẍ+Cẋ+Kx = f(t), (3)

where C is the damping matrix, x the vector of co-ordinates of
the nodes and f(t) is the harmonic input force. Assuming a pro-
portional damping model, the damping matrix is given as,

C = αM+βK. (4)

The coefficients α and β were assumed to be α = 1×10−5 and
α = 1× 10−6. The FE model of the beam was formulated in
MATLAB. The FE formulation of the beam given by Eq. (3) will
be considered as the basis of the addition of Kalimba key res-
onators in the subsequent sections. The FE formulation given by
Eq. (3) is used for the FRF of the beam and later of the metas-
tructure. To calculate the FRF, consider the Laplace transform of
Eq. (3)

L (Mẍ+Cẋ+Kx) = L (f(t)). (5)

Which becomes,

(Ms2 +Cs+K)X(s) = F(s). (6)

Putting s = jω , where ω is the frequency in rad/s,

(−ω
2M+ jωC+K)X(ω) = F(ω). (7)

The FRF is then given as,

X(ω) = (−ω
2M+ jωC+K)−1F(ω). (8)

FRF of the host beam and the metastructure is calculated using
Eq. (8) and the bandgap frequency range is studied in the subse-
quent sections. The next section discusses the SDOF formulation
of the Kalimba key resonators which will be attached to the host
beam to study frequency selectivity.
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Host Beam

17 C1 keys 17 D2 keys 17 E3 keys

1 2

FIGURE 2. 17 keys each of C1, D2 and E3 keys arranged sequentially
to the host beam.

3 SDOF FORMULATION OF KALIMBA KEY RES-
ONATORS
To demonstrate the frequency selectivity in the Kalimba-

inspired metastructure, three sets each of 17 C1, 17 D2, and
17 E3 Kalimba keys are studied. The key notation is followed
from that of standard Kalimba notation. Each of these sets is
placed at a different spatial location on the host beam. Figure 2
shows a schematic of the metastructure and the spatial locations
of the keys are given in Table 1. The key sets are arranged in
the increasing order of natural frequencies. This ensured that the
waves of lower frequencies were attenuated first and waves of
higher frequencies were attenuated later. This ensures frequency
selectivity and replication of BM behavior. Based on the changes
in bandgap frequency ranges for each set of keys, the frequencies
of the elastic waves attenuated will be analyzed. The Kalimba

Key
Set

Natural
Frequency

(Hz)

Mass
(g)

Spatial location
(mm)

C1 261.6 2.9 101.6-511.0

D2 293.6 2.1 536.6-946.0

E3 329.6 2 971.6-138.10

TABLE 1. Natural frequencies, mass, and spatial locations of key sets.

keys are formulated as SDOF spring-mass systems attached to
the host beam as shown in Figure 3. From the Kalimba instru-
ment documentation, the frequencies at which each of the C1,
D2, and E3 keys are tuned are known and are given in Table 1.
The spring stiffness and the mass of the key need to be deter-
mined from the known natural frequency. The mass of the key
was measured physically and was noted. The stiffness of the key

m

k

Key
SDOF 
System

FIGURE 3. Each key is modelled as SDOF system whose mass and
stiffness are determined using optimization.

can be calculated from the well-known formula of natural fre-
quency,

ωn =

√
k
m
, (9)

where ωn is the natural frequency in rad/s, k is the spring stiff-
ness in N/m and m is mass of the key in kg. However, Eq. (9)
will result in the correct stiffness value only when there is no
uncertainty in tuning the Kalimba keys. Any uncertainty in the
tuning of the keys will result in incorrect stiffness values. As
there are 17 keys of a single type in one set, tuning each key ex-
actly to the frequency given in Table 1 is unlikely in experiments
and, therefore, will involve uncertainty. This uncertainty must
be considered before formulating a model close to the real-world
dynamics. To factor in this uncertainty, a vector of 17 differ-
ent natural frequencies was considered for one particular set, one
natural frequency each for one key. For a particular set of keys,
the natural frequencies were close to those given in Table 1 for
the corresponding set. To generate this vector, the ‘randn’ com-
mand in MATLAB with a mean value of the natural frequency
given in Table 1 for a particular key set and a standard deviation
of 1 was used. Once the vector for natural frequency is gener-
ated, the mass and stiffness of each key are determined from the
natural frequency iteratively. The optimization problem for the
same can be given as

minimize
m,k

|ωn −ωc|

subject to 0.5m1 ≤ m ≤ 1.5m1,

ω
2
n ×0.5m1 ≤ k ≤ ω

2
n ×1.5m1,

(10)

where ωn is a natural frequency from the vector of natural fre-
quencies, m1 is the mass of one of the keys measured physically,
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and ωc is the natural frequency calculated for every iteration.
The optimization given by Eq. (10) is performed using ‘fmin-
con’ command in MATLAB. Once the mass and stiffness are
determined for each key, they are incorporated into the mass and
stiffness matrices of Eq. (3), and the FE model for the metastruc-
ture is formulated. The next section discusses the formation of
band gaps and frequency selectivity for different key sets.

4 BANDGAP FORMATION AND FREQUENCY SELEC-
TIVITY
The response of the metastructure, and hence the frequency

selectivity, is calculated for the case when each of the sets C1,
D2, and E3 is attached to the beam separately and when all three
sets are attached together. Figure 4 shows the transfer point FRF
(displacement response measured at location ‘2’ in Figure 2 with
force at location ‘1’) for the case when the C1 key set is attached
to the beam. Figure 4 also shows the FRF transfer point for a
beam without any attached keys. From Figure 4, an amplitude
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FIGURE 4. FRF for C1 key set shows a bandgap between 258.56-
337.74 Hz and an amplitude drop of 88.03 dB.

drop of 88.03 dB can be seen in the frequency range 258.56-
337.74 Hz signifying a bandgap region. This implies that any
wave of a frequency in the bandgap frequency range will be at-
tenuated. The transfer point FRF for the case when D2 keys
are attached is shown in the Figure 5 and that for the case when
E3 keys are attached are shown in the Figure 6. Bandgap re-
gions can be identified from each case and the bandgap frequency
ranges are summarized in the Table 2. From Table 2 it can be
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FIGURE 5. FRF for D2 key set shows a bandgap between 285.89-
359.46 Hz with an amplitude loss of 80.35 dB
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FIGURE 6. FRF for E3 key set shows a bandgap between 317.42-
405 Hz with an amplitude loss of 112.93 dB

seen that the bandgap ranges shift towards higher values as keys
of higher notes are used. This change in bandgap region by at-
taching different sets of keys indicates frequency selectivity.

An interesting phenomenon is observed when different sets
of keys are attached sequentially to the beam and FRF is cal-
culated for combined sets of keys. Figure 7 shows the transfer
point FRF for the cases when only C1 keys are attached, when
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Key Set Bandgap Frequency
Range (Hz)

C1 258.56-337.74

D2 285.89-359.46

E3 317.42-405

C1, D2 258.56-359.46

C1, D2, & E3 258.56-405

TABLE 2. Natural frequencies, mass, and spatial locations of key sets.
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FIGURE 7. FRFs for the case when three key sets are attached to
the beam sequentially shows combined bandgap effect of individual key
sets.

C1 and D2 keys are attached and when C1,D2 and E3 keys are
attached. It can be observed that as key sets are added, the com-
bined bandgap effect of each key set occurs and the width of the
bandgap region increases, thus providing more attenuation. The
bandgap ranges of each of these cases have been summarized in
Table 2. This finding is in line with the findings for locally reso-
nant beams in [33]. Following the sequential addition of C1, D2,
and E3 key sets, 5 more key sets of the higher notes were attached
to the beam and the transfer point FRF for the case of 8 total key
sets i.e. 136 keys was calculated. This FRF is shown in Figure 8.
From Figure 8, it can be observed that the bandgap region now
has increased to 258.56-613.11 Hz thus attenuating waves of a
wider frequency range than before. These results demonstrate
the efficacy of a Kalimba-inspired locally resonant ABM beam
in enhancing frequency selectivity and thus in hearing restora-
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FIGURE 8. FRF for 8 key sets shows a bandgap between 258.56-
613.11 Hz

tion. The bandgap and hence the frequency selectivity can thus
be controlled by attaching different key sets on the host beam.

5 CONCLUSION
In this study, a novel design for an Artificial Basilar Mem-

brane based on a locally resonant metastructure was proposed.
In a simulated environment, Kalimba keys, acting as hair cells,
were attached as resonators to a host beam and the response of
the system was calculated. The FRF of the system exhibited a
bandgap frequency region indicating attenuation of waves in a
specific frequency region. The bandgap frequency region was
found to change based on the type of the key set (C1, D2, and
E3) attached to the beam. This demonstrated the attenuation of
waves in different frequency regions, thus establishing frequency
selectivity. Following this, the key sets were attached to the beam
sequentially and the response of the system was calculated. It
was found that as key sets were added, the bandgap width in-
creased thus exhibiting wave attenuation in a wider frequency
range. Lastly, eight key sets were attached to the beam sequen-
tially, and the calculated response of the system demonstrated a
bandgap region considerably wider than that for the prior cases
of three key sets.

The design proposed in this study thus leverages the
bandgap properties of the metastructures to replicate the fre-
quency selectivity behavior of a Basilar Membrane. The results
show a strong potential of the Kalimba-inspired metastructure
for effective hearing restoration treatments. In addition, as fre-
quency selectivity is found to change with a change in attached
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Kalimba keys, the proposed design can be easier to tune to the
needs of an individual as compared to the conventional ABM.
The future work of this study includes the study of frequency
selectivity through experimentation and scaling down of the pro-
posed design to fit human ear.
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