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Abstract

The foot is subjected to different amplitudes of loads in day-to-day activities, and the acting
loads apply pressure to the bottom surface of the foot. The bottom surface of the foot is called
the plantar surface, and pressure acting on it is called the plantar pressure. The high plantar
pressure is a primary factor contributing to conditions such as heel pain, foot ulcers, talalgia,
and painful forefoot syndrome. In addition, people with high body mass frequently suffer from
pain due to excessive walking or standing for a longer duration, which may also lead to health
problems in the leg, knee and back. Apart from that high plantar pressure can contribute to
further pain for elderly people. Naturally, the human foot contains fat paddings that provide
cushioning and rebounding characteristics, but the foot alone cannot effectively overcome
many of the loads and their effects encountered during regular activities. Functional
customization of footwear midsoles can effectively reduce the diseases caused by high plantar
pressure and provide more relaxation and comfort to patients. Functional customization in
footwear can be reflected in the design of the midsole through the intervention of high energy
absorbing materials that can effectively reduce the pressure acting on the foot. Traditionally,
midsoles are manufactured using die casting and molding methods. The absorption properties
of midsoles are controlled by varying structural parameters of pores such as pore size, pore
shape, pore distribution etc. However, in traditional manufacturing methods, it is challenging
to control the porosity parameters of midsoles. Therefore, the traditional manufacturing
methods are not capable of manufacturing midsoles with high performance attributes. The need
for such midsoles can be catered by intervention of light weight structures having high

absorption properties such as lattice structures into midsole design.

The traditional lattice structures and their structural modifications were thoroughly
explored by the researchers. It is important to develop new, innovative lattice structures, such
as those inspired by biological materials, that could enhance performance attributes. In nature,
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myriad patterns are available in plants and animals, out of which very few natural geometries
are attended and still many biological structures are unattended. In order to fill this research
gap, the novel lattice structures were designed by imitating the geometrical features of
biological objects such as Helleborus petticoat flower and fish scale pattern into lattice strut
configuration. The topological arrangement of struts and their connections in the cuboid were
done by using elliptical curves to resemble geometrical features of biological systems into
lattice strut configuration. Two variants of flower-based structures (namely FL4 and FLS8) and
one fish scale-based structure (namely FS) were designed. The bio-inspired lattice structures
were fabricated from thermoplastic polyurethane material by using fused deposition modeling

Process.

It is important to determine energy absorption performance of developed bio-inspired
structures. For that the static compression tests were conducted to study stress-strain behavior
of the proposed structures in two different orientations, viz. orientation:1 (loading along z-axis)
and orientation:2 (loading along x-axis). Furthermore, the mechanical responses, energy
absorption characteristics, deformation behavior, and energy absorption diagrams are
comprehensively examined for the proposed structures in both orientations. Finally, specific
energy absorption (SEA) of proposed structures is compared with the SEA of other structures
from the existing literature. The developed bio-inspired structures showed SEA in the range of
0.21-0.97 kJ/kg. In orientation:1, the SEA up to densification is 29.8% higher in FS, 298.5%
higher in FL4, and 115.2% higher in FL8 structures compared to orientation:2. FL4 structure
in orientation: 1 exhibit higher SEA than honeycomb, origami honeycomb and gyroid structure
of similar density, and FL8 structure in orientation:1 exhibit higher SEA than honeycomb and

sea sponge inspired structures of similar density.

Cyclic compression test was performed on the developed bio-inspired structures. The
stiffness, specific energy dissipation (SED), and specific damping capacity (SDC) were
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determined for two orientations viz., orientation:1 and orientation:2. The developed structures
exhibited higher stiffness, SED, and SDC in orientation:1 than in orientation:2. The stiffness,
SED, and SDC decrease with deformation, i.e., these properties are lower for the 21% cycle
compared to the 1% cycle. The decrease in properties is higher for the first six cycles, and
properties become stable after the 15" cycle for all structures. Most of the published work
incorporated lattice structures into the insoles. Very few attempts have been made to develop
midsoles with 3D printed lattice structures. in order to fill this gap, the heel pads were
developed by using bio-inspired lattice structures and the plantar pressure measurement was
done for standing and walking conditions. The experimental findings of plantar pressure
measurement and energy absorption diagrams form the basis for selecting the best structure for
heel pad applications. The selection of lattice structures for midsole applications not only
depends on energy absorption capacity but it also depends on the stress at which energy
absorption takes place. From the plantar pressure measurement and energy absorption
diagrams, it was found that the FS structure in orientation:2 is the most suitable structure for

midsole applications.

The FS structure in orientation:2 was selected for further analysis. To the best of
author’s knowledge, no work has been reported on the development of statistical models to
predict responses for bio-inspired structures. In order to fill this gap, statistical modelling was
done to predict stiffness, SEA, and plantar pressure for bio-inspired lattice structure. The effect
of unit cell structural parameters such as length of unit cell, strut height, and strut diameter on
the responses namely stiffness, SEA, and plantar pressure were investigated. The experiments
were performed as per response surface methodology (RSM), and response data were analysed
using Analyses of Variance (ANOVA). Further, the optimized unit cell structural parameters
were obtained for minimization of plantar pressure using MATLAB. The properties such as

stiffness, SEA, and plantar pressure were found to be decreasing as the length of unit cell and
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strut height were increased. Whereas these properties were found to be increasing with an
increase in strut diameter. Finally, the case study was performed to compare performance of
optimized heel pad with commercial footwear and other 3D printed structures used in midsole
applications from the existing literature. The 3D printed bio-inspired heel pad at optimum
conditions showed 19.46% reduction in plantar pressure compared to commercial footwear.
The weight of the optimized heel pad was found to be 26.08% lower than the commercial
footwear sole. The 3D printed bio-inspired heel pad at optimized conditions provided the
highest percentage reduction in plantar pressure compared to other structures used in midsole

application from existing literature.
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