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ABSTRACT

Fish scale-like features on substrates arranged periodically
produce peculiar mechanical behavior. These include nonlin-
ear stiffness, anisotropy in deformation, and finally jamming be-
havior. These smart structures can be fabricated by partially
embedding stiffer plate-like segments on softer substrates to cre-
ate a bi-material system, with overlapping scales. The dynamic
response shows remarkable geometrical-material interplay and
anisotropies in damping. Especially interesting is the damp-
ing behavior that is distinct from typical damping found in me-
chanical structures which are often approximated as Rayleigh-
Damping. Here we discuss some of these dynamic behaviors
that include material-geometry distinction in damping, multiple
damping scenarios and interplay of dissipation possibilities. We
performed experimental analysis and compared the results with
simple mathematical laws that govern architecture-dissipation
relationships that can help understand the vibrating response of
pillar/scale-covered membranes/thin plates. We conclude by not-
ing the applicability these metastructure in structural damping
with other forms currently in use in practice.

Keywords: Metamaterial; fish scale; structural dynamics,
biomimetics.

1 INTRODUCTION

Aerospace structures for novel applications such as eVTOL
(as shown in Fig. 1), and micro UAVs require smart materials
to maintain flexibility and favorable aerostructural characteris-

tics [1,2,3]. These smart structures can also be protected from
low-velocity impacts and various other loading conditions incor-
porating different type symmetric and assymetic metamaterial
structure based on the requirement. They demonstrate dynamic
responses to changes in acceleration, temperature, humidity, etc
and Inspired by biological systems, they efficiently distribute
loads and offer effective impact resistance. Membranes or thin
plates, characterized by their flexibility, lightweight nature, and
structural versatility, have a wide range of applications in vari-
ous fields, including aerospace, civil engineering, and advanced
materials, etc [2,4]. Thus, the exploration of membrane and thin
plate applications in the context of impact loading becomes in-
creasingly relevant.

The vibration of membranes and thin-plate structures has
consistently fascinated researchers over the years and many re-
searchers have focused on analyzing membrane vibrations and
analytically studying the free vibration of thin rectangular mem-
branes [8] [9, 10, 11]. Several studies were done to analyze
the dynamic response of different types of membrane struc-
tures [12, 13, 14]. Abdulkerim et al. (2019) experimentally ana-
lyzed the nonlinear vibration of thin rectangular aluminum alloy
plate [15] and Lu et al. (2023) analyzed free vibration analysis
of Bio-Inspired carbon fiber reinforced polymer composite lami-
nated plates [16]. Several additional studies have underscored the
promising applications of high-speed cameras and digital image
correlation (DIC) in the realm of vibration analysis and damp-
ing measurements. These investigations collectively contribute
to the growing body of research exploring the potential of these
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FIGURE 1. a)eVTOL aircraft [5], where scales covered membrane has potential use, b) illustration of crucian carp fish (right) [6], cycloid fish scale
(left) [7], and pillar structure (bottom), c) and d) details of experimental setup for impact damping and free damping respectively.

advanced technologies in enhancing our understanding of struc-
tural dynamics [17,18].

Substrates adorned with scales, drawing inspiration from
biological structures, are consistently examined as a structural
foundation exhibiting distinctive property amalgamations remi-
niscent of metamaterials. These systems consist physically of a
substrate, incorporating protruding rigid plates that function as
scales. The unique properties arise from the interplay of geome-
try and kinematics as scales slide across the substrate [19, 20].
We introduce a novel metamaterial characterized by a pillar
structure inspired by the scales of fish. Recent investigations
have explored the dynamic properties of thin plates and mem-
branes inspired by fish scales [21]. In these studies, damping
primarily arises from the sliding motion of the scales.

In this study, through a comprehensive analysis, we aim to
unravel the damping characteristics of a membrane surface cov-
ered by pillars/scales, exploring two distinct scenarios of loading.
The first scenario involves analyzing the impact response of the
metasurface under a low-velocity impact load. In the second sce-
nario, the membrane’s mid-point undergoes an initial displace-
ment via a string mechanism; subsequently, upon releasing the
string, the free vibration response of the membrane is observed.

2 MATERIALS AND METHOD

To prepare the experimental sample, we used a widely avail-
able 3D printing mechanism. The vibration response is captured
using high-speed cameras. A tungsten ball and a string are also
used for vibrating the sample in two different scenarios. Finally,
data are collected using Tracker software.

FIGURE 2. Experimental samples of scaled membrane structure in-
cluding silicone membrane, rigid pillars, and clamps to the imposition
of boundary conditions for concave and convex sides of the sample

2.1 SAMPLE PREPARATION

For fabricating scale-covered thin plates, using a 3D printer
(Ultimaker US5) we created the mold for the membrane. Later
we used dragon skin 10 material with a 1:1 ratio of curing agent
to cast the membrane into the mold. Later, based on the different
sample requirements we 3D print the pillars (to fabricate simi-
lar to scale-covered material). Pillars were made of Ultimaker
Tough PLA (~ 3GPa) material. Finally, the pillar was glued into
the membrane with a uniform distribution similar to the tetrag-
onal lattice system of a square lattice. The samples are shown
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FIGURE 3. Details regarding the equipment needed for the experi-
ment

TABLE 1. Details of the samples used in this study.

Sample R (mm) H(mm) S (mm) Weight(gm)

A 12 3 1 152.1
B 8 6.75 5 149.7
C 5.75 3.25 1 153.3

in Fig. 2, here we consider the side in which button is places as
concave and the reverse side as convex while the loading are ap-
plied. We have chosen the dimension of the pillar so that the total
volume (Vp = wR?H) of the sample and the total weight of the
sample remain the same. We measure the weight of the pillar us-
ing a scale to ensure that pillars have similar weights it is needed.
Only the number of contact points of the pillar is different.

Table 1 outlines the distinctive properties of the different
samples. The radius (R) of the pillar for samples A, B, and C
is 12 mm, 8 mm, and 5.75 mm respectively. Additionally, the
height (H) of samples A, B, and C is 3 mm, 6.75 mm, and 3.25
mm respectively, while the gap or spacing (S) between the pillars
measures 1 mm, 5 mm, and 1 mm respectively.

2.2 EXPERIMENTAL ANALYSIS

We used two methods to investigate the vibration and damp-
ing of the samples. The first method involves using the diameter
of 17.2 mm tungsten ball and allowing it to fall from 320 mm
height toward the center of the scaled membrane structure with
initial velocity (V; = 0), as observable in Fig. 1 (c). This creates
the impact on the membrane as 1/2mv?, where the ball weight is
m = 13.4 gm. The second method involves using a string, cre-

.

Vp=mR?H R~ 1 H

’ ’ i

FIGURE 4. Details related to the dimensions of the sample, the place-
ment of pillars in each of the samples A, B (hollow circle), and C (solid
circle), as well as the target point (cross mark) to measure displacement
and investigation of damping for impact loading and displacement from
the center of the sample for initial displacement loading. [Dimensions

are in mm)]

ating 20 mm displacement at the center of the sample, and then
abruptly cutting it, as clearly indicated in Fig. 1 (d).

All the samples were clamped in between the 3D printed
clamping bar and metal bar with the use of screws in the four cor-
ners (Fig. 4). Finally, we mounted the clamping system into an
optical table. The lighting system and high-speed camera were
set up properly to capture the video from the top view and side
view of the samples. The video capturing was recorded for all
different samples in the concave and convex sides of the sample
using Photron FASTCAM Mini AX100. We capture the video
with 1000f ps focusing on the sample and having proper light.
(Fig. 3)

We used open-source tracker software to collect data from
each sample. As shown in Fig. 4, to specify the specific
point during data acquisition we divided the samples into seven
columns and seven rows. In the sample, each point is in 25 mm
distance incrementally from the center of the point. The data
collection procedure comprised the initial step of importing the
video into the software, followed by the configuration of the cal-
ibration stick and axis within the samples. Subsequently, we se-
lected the desired points and established a template within the
software designed for optimal auto-tracking of these points. Fi-
nally, we visually checked the software to identify and rectify any
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FIGURE 5. Graphs depicting the relationship between time and dis-
placement are presented for both the concave and convex sides of the
sample in response to impact loading.

errors during the auto-tracking of the point. In the impact test,
data was recorded from C4RS since tracking the middle point
was challenging due to it being obscured by the ball during im-
pact. Conversely, for the displacement test, data was obtained
from the middle point (C4R4) as there were no obstacles hin-
dering data collection from this location. The data was collected
from both the middle point and the nearest possible alternative
middle point to ensure the acquisition of optimal data for subse-
quent damping analysis. To compute the damping ratio, we first
evaluate the logarithmic decrement (0) using the formula, where
A, is the amplitude of one peak and A, is the amplitude of the

next peak:
A
6= ln< “ >
An+k
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FIGURE 6. Graphs illustrating the relationship between time and dis-
placement are presented for both the concave and convex sides of the
sample, originating from a given initial displacement.

Subsequently, the damping ratio () is determined as:

1)
Van? + 62

We conducted the damping analysis for various peaks until 3000
ms, ultimately obtaining the average damping within this time
frame for each test.

3 RESULTS AND DISCUSSION

In investigating the damping behavior through impact tests,
it becomes evident that the initial displacement remains consis-
tent for the concave loading condition. Examining Fig. 5 re-
veals varying amplitude reductions for each configuration, with
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FIGURE 7. The behavior of point C4R5 on the pillar/scaly viscoelastic plate varies with different pillar contact orientations under impact loads.
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Panels a) to c) illustrate the response to concave impact, while panels d) to f) depict the behavior of convex samples.
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FIGURE 8. The behavior of the middle point (C4R4) on the viscoelastic plate with pillar/scaly structure varies under displacement loads for different
pillar contact orientations. Panels a) to c) depict the response for concave samples, while panels d) to f) illustrate the behavior for convex samples.
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notably minimal differences between samples in the convex load-
ing scenario.

Fig. 7 illustrates a pronounced damping effect for pillars
with a lower radius, showcasing a higher pillar density compared
to the other two samples. This observation strongly suggests that
the damping capability of the plate covered with scales or pillars
is contingent upon the number of collisions among the pillars.
On the other hand, in convex loading during impact, the degree
of contact has a lower impact on damping.

The study on pillar-covered plates reveals notable damping
properties, particularly during ball impact. The damping charac-
teristics exhibit persistence until the point when the ball returns
to the membrane, initiating a subsequent impact, which changes
the characteristics of damping in a different way. Our focus is on
gathering data up to the moment just before the subsequent ball
impact. To mitigate the influence of this phenomenon, we con-
duct an additional analysis of the damping behavior exhibited by
pillar-covered structures. In this case, an initial displacement is
induced into the membrane as described earlier in the previous
section. Examining Fig. 6, we observe that immediately after
loading, the amplitude of sample-C is at its lowest in the con-
cave sample, while the reverse holds true for the convex sample.
Figure 8 further illustrates that irrespective of loading type (con-
cave or convex), the pillar-covered sample with higher density
exhibits greater damping than the other two samples. Notably,
in both loading scenarios, sample B, where no contact exists be-
tween the pillars, demonstrates the lowest damping.

We conducted a Fast Fourier Transform (FFT) to delve
deeper into the analysis of time versus displacement. As shown
in Fig. 9, the frequency of the sample varies depending on the
loading side (concave and convex), except for sample-B. The ab-
sence of interaction among pillars in sample B maintains a con-
stant frequency. Among all the samples we found that FFT am-
plitude is higher for concave loading conditions. We also found
that sample C shows lowest amplitude among all the samples for
both loading conditions. Noteworthy is sample C, which demon-
strates significant damping during convex loading, leading to the
lowest amplitude for this sample. Besides, the FFT also demon-
strates that for concave loading sample A and sample B having
almost similar amplitude but during convex loading sample A
(which has more damping) show lower FFT amplitude than sam-
ple B. This analysis underscores the significant influence of the
number of pillar contacts during loading on the damping char-
acteristics, providing insights into the diverse structures of the
membranes studied.

For analyzing scale/pillar-covered membrane further using
a mathematical model, we used the viscous damping model to
compare the damping of the structure for various structures for
the initial displacement loading in the convex region [22].
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FIGURE 9. Frequency vs amplitude (mm) distribution of samples de-
picting the concave and convex regions under displacement loading.

d’x(t) 5 dx(t) )
a2 NA @, 7dl‘ + w,x

(1) =0

The equation as a whole describes the balance between the
acceleration, damping force, and spring force. In a damped har-

monic oscillator, the damping term 14 w,%dZ—Y) is responsible for
modeling the dissipation of energy from the system, leading to a
gradual decrease in amplitude over time, here 14 is damping con-
stant. The larger the damping constant 14, the faster the energy
dissipates, and the quicker the oscillations decay. The solution
to this differential equation provides the displacement x(¢) as a

function of time, and it characterizes the damped oscillatory be-
d%x(1)
dr?

havior of the system. Where, : This term represents the
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dx(1)

acceleration of the system, @, is the natural frequency, and =

is the velocity of the system.

In our investigation, comparing with the mathematical
model, we used the frequency (f) that we achieved using FFT
to calculate the natural frequency using, w, = 27 f. Later using,
@y, initial displacement (xp) of the first positive peak for different
signals, and unique damping constant for each signal we found
an excellent match with our experimental result, which is illus-
trated in Figure 10. Notably, we observed the highest damping
constant (14 = 0.00047) at the point of contact for sample C.
Conversely, sample B, where there is no contact between the pil-
lars, exhibited the lowest damping constant (14 = 0.0003). This
reaffirms that the contact pillar significantly influences the damp-
ing properties of the substrate covered by the scale.

4 CONCLUSION

In this investigation, an exhaustive examination of a
pillar/scale-covered membrane was conducted. The study com-
menced with the fabrication of distinct samples, followed by a
series of experimental tests encompassing impact and displace-
ment assessments. The outcomes of these experiments revealed
diverse damping properties exhibited by the samples. The in-
vestigation specifically delved into damping asymmetries be-
tween concave and convex loading curvatures, maintaining con-
sistent overall sample mass. The study scrutinized the differen-

tial damping responses under impact loading conditions for each
case. In the analytical process for the initial displacement load-
ing conditions, aside from contrasting damping characteristics, a
detailed signal analysis was employed to investigate frequency
variations, elucidating differences through the employment of
the FFT method. Furthermore, the damping profiles resulting
from initial displacement loading conditions were fitted with an
existing model to establish connections between the metasurface
architecture and its damping behavior. Based on the investiga-
tion, it was observed that among the three distinct samples, Sam-
ple C exhibited superior damping properties in comparison to
the other two specimens for both impact and initial displacement
loading. In contrast, Samples A and B demonstrated minimal
damping, likely attributed to the reduced contact effects between
buttons due to differences in dimensions and the quantity of but-
tons in place.

Further investigations into the scale-covered metastructure
can advance the development of a comprehensive mathematical
model by exploring additional damping and vibration properties.
This involves a detailed examination and potential refinement of
the mathematical framework to encompass a broader range of
parameters and conditions. Such research efforts promise to pro-
vide valuable insights to enhanced understanding and potential
applications in engineering and materials science.
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