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Abstract: In the existing research on prosthetic footplates, rehabilitation insoles, and robot feet, the
cushioning parts are basically based on simple mechanisms and elastic pads. Most of them are
unable to provide adequate impact resistance especially during contact with the ground. This paper
developed a bioinspired heel pad by optimizing the inner structures inspired from human heel
pad which has great cushioning performance. The distinct structures of the human heel pad were
determined through magnetic resonance imaging (MRI) technology and related literatures. Five-layer
pads with and without inner structures by using two materials (soft rubber and resin) were obtained,
resulting in four bionic heel pads. Three finite element simulations (static, impact, and walking)
were conducted to compare the cushioning effects in terms of deformations, ground reactions, and
principal stress. The optimal pad with bionic structures and soft rubber material reduced 28.0%
peak vertical ground reaction force (GRF) during walking compared with the unstructured resin
pad. Human walking tests by a healthy subject wearing the 3D printed bionic pads also showed
similar findings, with an almost 20% decrease in peak vertical GRF at normal speed. The soft rubber
heel pad with bionic structures has the best cushioning performance, while the unstructured resin
pad depicts the poorest. This study proves that with proper design of the inner structures and
materials, the bionic pads will demonstrate distinct cushioning properties, which could be applied to
the engineering fields, including lower limb prosthesis, robotics, and rehabilitations.

Keywords: bionic design; heel pad; cushioning effect; finite element analysis; human walking

1. Introduction

The feet play a significant role in the normal gait of the human body, especially for
shock absorption during contact with the ground [1,2]. The great impact resistance of the heel
pad is an important specification which could be implemented in the fields of prosthetics,
rehabilitation products, and robotics. For patients with amputations, the loss of foot can have
a significant impact on daily life and work, so the design and development of prostheses are
becoming increasingly important. Generally, there are three main methods used to absorb
and dissipate the ground reactions in conventional prosthetics [3-6]. The first is the elastic
element assembled on the bottom of the prosthetic footplates. Nickel et al. [3] designed a
prosthesis that simply adds rubber to the bottom of the footplate to increase the cushioning
effect. The second is the deformation of the carbon fiber plate itself. Song et al. [4] designed
an arched footplate to increase cushioning through deformation. The third is the expansion
and contraction deformation of the rigid spring. Collins et al. [5] designed a prosthesis with
energy storage function, which can achieve good cushioning performance by compressing
the spring.

Heel pain has become a common muscle and bone disease in chronic diseases. [7,8].
When patients walk for a long time or stand in an incorrect position, various foot trauma
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and inflammation can occur, such as plantar fasciitis, heel pad syndrome and calcaneal
stress fracture, which seriously affects the quality of daily life [1,2,9]. Therefore, how to
treat heel pain and reduce secondary injuries is becoming increasingly crucial. Diabetic
foot is one of the severe complications of diabetes and is a series of secondary foot lesions
caused by high blood sugar [10]. By studying the foot tissues of diabetic foot patients and
healthy people of the same age, no significant difference in stiffness was found between the
two, but the impact of the heel pad of diabetic foot patients was higher than that of healthy
people [11]. It can be seen that wearing a suitable cushioning insole can effectively reduce
the pressure on the foot soles and prevent further damage to the feet.

Most existing prosthetic products use simple flexible materials to replace the heel,
but fail to consider the distinct cushioning effect (i.e., impact resistance) of the heel pad.
The above three common methods of increasing cushioning performance are relatively
simple and easy to implement in structure, but they have some intrinsic defects. Soft elastic
elements and carbon fiber footplates will increase the energy stored and returned during the
gait cycle. However, the pre-pressure will affect the natural movement of the ankle joint and
easily increase the initial high loading rate, resulting in instability and inadaptability of the
amputee. Although the energy consumption of the spring heel is relatively small, the excess
energy will return to the human residual limb and cause secondary damages [6,12,13].

On the other hand, biped robots are currently widely used in various complex work-
ing environments due to high terrain adaptability and flexibility. However, there are still
many problems in the field of robotics. One of the key points is how to reduce the impact
faced by the robot when moving and improve the cushioning performance of the robotic
foot [14,15]. In previous studies, Sun et al. [16,17] increased the compatibility of each mech-
anism during motion through the optimization and compensation of the control algorithm,
thereby reducing the impact on the robot foot. Hamill et al. [18] designed a passive buffer-
ing structure composed of linear springs to enhance the cushioning of robot movement.
Zhang et al. [19] proposed a two-degrees-of-freedom unit, which can reduce the impact
through the flexible structure and the deformation of the compression spring. Although
these studies can well reduce the impact force, the design of additional mechanisms will
increase the energy consumption and weight of the robot, further adding extra costs of
manufacturing and use.

As a unique structure, the heel pad is optimized mainly for bearing the weight of the
human body. The heel pad of a healthy person is located on the underside of the rear bone
(calcaneus) and is made up of fat cells and numerous fibrous tissue membranes [20-24].
The fibrous elastic tissue diaphragm of the heel pad is arranged in a honeycomb shape,
which has strong mechanical strength. The compact and firm structural features play a role
in separating fat cells and supporting protection, and it is not easy to produce excessive
movement when subjected to the human body load. In the histological examination, the
fibrous diaphragm in the central part is smaller than that in other parts. This structure is
more convenient to increase the degree of strain in the highest stress area [25-30]. Compared
with other fat structures in the human body, these characteristics of the heel pad endow it
with better cushioning performance [31], allowing it to become an effective shock absorber
for the human body [32]. The human heel pad can absorb the ground reactions when the
heel touches the ground in the early normal gait and protect the bones against secondary
damage caused by vibration [33,34].

Therefore, this study aims to develop a bioinspired heel pad with passive cushioning
characteristics by extracting and simulating the inner structures of the human heel pad.
Four types of bionic pads with/without five-layer inner structures were designed using
two different materials. Three finite element simulations (static, impact, and walking)
were carried out to optimize the design by comparing the cushioning effects in terms of
deformations, ground reactions and principal stress. Finally, human walking experiments
were performed by wearing the bionic pads with five-layer cushioning structures to validate
the simulation results. In the future, the bionic pads can be applied to such fields as lower
limb prosthesis, robotics, and cushioning insole design.
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2. Materials and Methods
2.1. Medical Imaging of Human Heel Pad

In this study, magnetic resonance imaging (MRI) technology was used to deter-
mine the inner structures of the human heel pad (Figure 1a). The MRI images of the
heel pad (Figure 1b) were collected from a healthy man (age: 30 years, weight: 75 kg;
height: 175 cm) with no history of musculoskeletal disease by using a GE Discovery
750 MRI system (General Electric, Boston, MA, USA). The thickness of the scanning layer
is 0.5469 mm and the cross-sectional resolution is 512 pixels x512 pixels. The scanned
data were saved in Dicom format. The subject provided written informed consent before
participating in the MRI scans and plantar stress tests. This study was approved by the
Ethics Committee of the Second Hospital of Jilin University (Log# 2021072), in accordance
with the Declaration of Helsinki (2013) and Biomedical Research Involving Human Subjects
International Code of Ethics for Research (2002).

calcaneus

calcaneus
fat pad

Figure 1. Human heel pad and its magnetic resonance imaging (MRI) images. (a) Indication of
nonstress and stress on the heel pad of the normal foot. The position and the honeycomb structure of
the heel pad were depicted; (b) MRI image of the human heel pad.

2.2. Structure Design of Bionic Heel Pads

The average thickness of a normal human heel pad is approximately 18 mm [20,25]
(Figure 1b). From the top (near the root bone) to the bottom, the human heel pad is
composed of five parts: deep subcutaneous layer, superficial subcutaneous layer, elastin-
rich reticular dermis, collagen-rich dermis, and thick epidermis. Among these parts, the
deep subcutaneous layer has a wide interval, the fibers of the subcutaneous tissue are
only the components that form the “diaphragm”, and the diaphragm forms the “chamber”.
There are some fibers that do not form a septum in the subcutaneous tissue and septa
that do not restrict the chamber [35,36]. The deep subcutaneous layer and the superficial
subcutaneous layer are connected by a collagen diaphragm. The inner diaphragm fiber
structure of the superficial subcutaneous layer is smaller and thinner, including elastic
tissue and a small amount of collagen fibers. Due to the difference in elastic modulus,
the superficial subcutaneous layer is almost incompressible and mainly plays a bearing
role [37], while the protein content of the deep subcutaneous layer is thicker than the
protein content of the superficial subcutaneous layer (Figure 1a).

Combining the literature with the structure, morphology, and characteristics of the
heel pad obtained from the MRI images, the main elements and design regularization of the
bionic pad were extracted and refined. The overall shape of the bionic pad is regularized
into a trapezoid according to the shape of the human heel pad, and the inner structures have
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five layers (Figure 2), which are the deep epidermal top tissue (deepest), deep subcutaneous
tissue, superficial subcutaneous tissue, elastin-rich reticular dermis tissue, and posterior epi-
dermis (most superficial). The human heel pad contains a honeycomb structure, two mesh
structures (one larger diaphragm shape and one smaller chamber shape), and other regular
shapes. For the bionic pad, the honeycomb structure with non-uniform hexagonal units
of different sizes was designed in the deep subcutaneous layer, two quadrilateral struc-
tures of different sizes were implemented in the network of the superficial subcutaneous
tissue and elastin-rich reticular dermis tissue. The deepest and most superficial layer were
unstructured with uniform material properties.

resin

soft rubber

Figure 2. Design of the four bionic heel pads with different inner structures and materials.

To compare the cushioning performance, two types of design, with and without inter-
nal structures, were finalized (Figure 2). It should be noted that the unstructured design
refers to the absence of any internal structure, such as honeycomb barriers and mesh struc-
tures, except for the same material hardness. To enhance the superiority of the structural
design, the thickness of the bionic heel pad was designed to be 20 mm (2 mm thicker than
the human heel pad). The length of the heel pad was 79 mm, the short width and long
width were 32 mm and 58 mm, respectively. It should be noted that the performance of the
bionic pad was mainly determined by its thickness and inner structures. The dimensions
in terms of short width, long width, and length were not the main performance factors, so
they could be adjusted according to different user environments.

2.3. Finite Element (FE) Simulation

To compare the mechanical properties of the four bionic heel pads in terms of different
inner structures and materials, finite element simulations were conducted in ABAQUS
(Dassault Systemes, Waltham, MA, USA). The heel pads were meshed by 4-node tetrahe-
dron (C3D4) elements. After mesh sensitivity analysis, the mesh size is set to 2 for the
following analysis. The overall mesh quantity and material properties of different pads
were listed in Table 1. Tie constraints were applied between the five layers of the pad.
Three different simulations were conducted: static, impact, walking. In the static test, a
concentrated force of 1500 N was uniformly applied on the top of the bionic pad, and the
bottom of the pad was fixed. The principal stress and spatial deformation were obtained.
In the impact test, two rigid plates meshed by 8-node hexahedral element (C3D8I) elements
were put on the top and bottom of the pad, respectively. Tie constrains were applied
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between the plates and the pad surfaces. The lower plate was fixed, and the upper one
was added with five different initial speeds (0.05m/s, 0.1 m/s, 0.2 m/s, 0.3, and 0.4 m/s)
for impact testing. The vertical displacement of the upper plate and the vertical ground
reaction forces (GRFs) on the lower plate were measured. In the walking test, four key time
instants (heel strike, loading response, foot flat, and heel off) during human walking were
selected as the reference, and the angles formed by the human foot with the ground in
three planes (sagittal, coronal and horizontal) as well as the velocity and acceleration of the
foot at each instant were input as the kinematic parameters. Tie constraints were applied
between the pad and the ground. The principal stress and vertical GRFs of the four pads
were then measured.

Table 1. Mesh quantity and material properties of the four bionic heel pads.

Name Soft Rubber-Structured Resin-Structured Soft Rubber-Unstructured Resin-Unstructured
Mesh quantity 92,653 92,653 32,048 32,048
Young’s modulus (MPa) 6 12 6 12
Poisson’s ratio 047 0.3 047 0.3

2.4. Material Selection and Prototype Manufacturing

As the available materials in market cannot perfectly match the characteristics of
human heel pad, we use the proportional method to determine the different materials, that
is to use the ratio of different structural harnesses to select the corresponding proportion
of imitated materials of the designed bionic pad [38]. According to the literature [39,40],
the elastic modulus of the superficial subcutaneous tissue and deep subcutaneous tissue
of the heel pad of a normal person is approximately (61 £ 11) kPa and (26 £ 6) kPa,
respectively. This ratio is approximately 2:1, which is also used in the selection of the
structural harnesses of the different layers in the bionic pads. The Shore A hardness is
used in this study as guideline because the commercial soft materials normally ranges from
10° to 90° in Shore A hardness. The hardness of the superficial subcutaneous tissue and
the deep subcutaneous tissue materials of the bionic heel pad were selected to be 60 HA
and 30 HA (2:1), respectively. The selection of other soft materials is detailed in the list of
specific performance parameters (see Table 2). The thickness of each layer is based on the
literatures and the IMR images observed in this study.

Table 2. The thickness and hardness of the five layers of the bionic heel pad.

Position Name Thickness (mm) Shore Hardness (HA)
Top layer (Deepest) Deep epidermal top cover 2 30
Second layer Deep subcutaneous tissue 5 30
Third layer Superficial subcutaneous tissue 6 60
Fourth layer Reticular dermis 3 50
Bottom layer (Most superficial) Posterior epidermis 4 80

Finally, five layers in terms of different structures were separately 3D printed by a
PolyJet J850 system (Stratasys, Eden Prairie, MN, USA) with two different types of materials
(resin and soft rubber) as shown in Figure 2. Small silicone round beads used to simulate
human fat particles were added to the inside of the bionic pad. The five different layers
were then assembled with each other through positioning posts and empty slots. To provide
integrity of the bionic pad, DP100PLUS (3M, Two Harbors, MN, USA) soft glue was applied
along the whole plane across the interface for bonding.

2.5. Human Walking Tests

Walking tests by the subject wearing customized shoes containing the designed bionic
pads were conducted to investigate the influence of the structure and organization of the
heel pad on the cushioning performance. The FootScan Plate (RSscan, Beringen, Belgium)
was used to measure the ground reactions during walking gait. According to the size of the
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heel pad structure designed in this study, the pad is fixed on the root of the shoe to ensure
smoothness when the foot touches the plate. The subject was briefly updated with the
corresponding training to ensure the smooth progress of the experiment and the collection
of relatively stable data. Before testing, static calibration and debugging of the plate were
performed. The subject was asked to walk on the plate in three self-selected speeds: slow
(1.2 £ 0.2) m/s, normal (1.4 &+ 0.3) m/s, and fast (1.8 & 0.3) m/s. The subject does not
directly walk up or down the plate but leaves a distance of one meter on the front and back
sides of the plate, allowing to walk with a more natural gait when the instruction is started.
Finally, each test was repeated 5 valid times under the same conditions for further analysis
and comparison.

2.6. Statistical Analysis

The results of human walking experiments are shown as mean =+ standard devia-
tion. This research uses IBM SPSS Statistics 25 software (IBM, Armonk, NY, USA) for
data significance analysis. All the p values of the univariate analysis are less than 0.001,
indicating that both the structure and the material have statistically significant effects on
the ground reaction forces. All data are presented at a p < 0.05 significance level unless
otherwise stated.

3. Results
3.1. FE Static Analysis

Figure 3 and Table 3 show the stress and deformation of the four bionic pads under
1500-N compression load. The larger the deformation value is and the smaller the principal
stress is, the better the effects of the shock absorption and buffering are. The results showed
that the stress of the structured soft rubber sample was the smallest (5.41 MPa), and its
deformation was the largest (2.35 x 1072 mm). There is no significant difference between
the stress of the unstructured soft rubber and the unstructured resin samples, but the
deformation value of the former is more conspicuous (increased one order of magnitude
than the latter). Through comparison between the structured and unstructured resin
samples, the stress of the structured one was 35.7% smaller than the unstructured one,
while the deformation was 945.9% larger. This indicates that the inner structures can greatly
increase the cushioning performance of the bionic heel pad.
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Figure 3. Distributions of the maximum principal stress (top) and the spatial displacement (bottom)
of the four bionic heel pads under a 1500-N concentrated load in FE simulations.
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Table 3. Maximum principal stress and deformations of the four bionic pads under a 1500-N
concentrated load in FE simulations.

Name Soft Rubber-Structured Resin-Structured Soft Rubber-Unstructured Resin-Unstructured
Max. stress (MPa) 5.41 7.51 9.45 11.68
Max. deformation (mm) 2.35 x 1072 1.14 x 1072 2.12 x 1072 1.09 x 1073

Vertical GRF (N)

-
N

-
[w]
T

3.2. FE Impact Analysis with Different Speeds

The mechanical properties of the bionic heel pads under external impact was system-
atically studied by finite element analysis. Firstly, the vertical GRF and the deformation
(expressed as the vertical displacement of the upper plate on the heel pad model) for each
bionic pad (Figure 4) at the same velocity (0.4 m/s) were analyzed. When the same soft
rubber material was used, the vertical GRF of the bionic pad was 43% lower than the that of
the unstructured one, and the upper plate displacement was 18% higher. In addition, when
the same resin material was used, the heel pad with the bionic inner structures had 19%
lower vertical GRF and 15% greater upper plate displacement than that without the inner
structures. The heel pad with the bionic structures was found to have superior cushioning
performance due to its smaller vertical GRF, longer reset time, and higher deformation,
while the cushioning effect of the soft rubber was higher than the that of the resin material.

—— soft rubber — structured . 07T
soft rubber — unstructured £ 06
- — resin — structured £
resin — unstructured = 0.5
(0]
€ 04
[0}
8]
& 03
7]
A 0.2
/
. A \ ) ) L \ . N )
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
%107 x107

Time (s) Time (s)
Figure 4. Vertical GRF and displacement (upper plate) of the four bionic heel pads under impact
with an initial speed of 0.4 m/s in FE simulations.

Then, we investigated the cushioning performance of the four heel pad structures at
different impact velocities of 0.05m/s, 0.1 m/s, 0.2 m/s, 0.3, and 0.4 m/s (Figure 5). The
simulation results showed that for all the four heel pads, the maximum displacement of
the structured was greater than that of the unstructured (Figure 5a), the peak vertical GRF
was lower (Figure 5b), and the maximum principal stress (Figure 5c) was smaller. When
the impact speed changes, the rates of variation of the above variables behave different
(approximately linear for the displacement and GREF, nonlinear for the principal stress). For
instance, the slope of the linear line connecting the peaks GRF of the unstructured was
greater than that of the structured by using both soft rubber and resin materials (Figure 5b).
More specifically, the slope of the soft rubber heel pad with the bionic structures was 59%
lower than that of the unstructured, while the slope of the resin heel pad with the bionic
structures was 21% lower than that of the unstructured. With increasing velocity, the value
of the maximum principal stress of the heel pad with the bionic structures was smaller
than that without the bionic structures (Figure 5c). However, the ratio changes of the
stress of the structured to the unstructured samples under various impact speeds depicted
different trends in the two materials. For soft rubber heel pads, the ratio was monotonically
increasing with velocities, but for resin materials, the ratio had a dramatic decrease at the
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speed of 0.2 m/s. Further analysis showed that for both bionic pads with and without
the bionic structures, the cushioning performance of the soft rubber was still found to be
superior to that of the resin material. Generally, the soft rubber pads demonstrated higher
displacement as well as lower vertical GRF and principal stress. The ratios of the maximum
value of the structured to the unstructured in terms of these three parameters for soft
rubber materials were better than those of resin materials, such as 0.56 (soft rubber) versus
0.82 (resin) in peak GRF at speed of 0.1 m/s.
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Figure 5. Maximum vertical displacement (a), peak vertical GRF (b), and maximum principal stress (c)
of the four bionic heel pads under impact of different speeds in FE simulations. Maximum values (top)
with different structures and materials, along with the ratio of the maximum value of the structured
to the unstructured sample using same soft rubber (middle) or resin (bottom) material were depicted.

3.3. FE Walking Gait Analysis

The stress and GRF of each bionic heel pad at four key events (heel strike, loading
response, foot flat, and heel off) during normal walking were analyzed (Figures 6 and 7).
The maximum stress of all the heel pads at heel strike and loading response were much
higher (almost ten times) than the values at foot flat and heel off. The lines connecting the
vertical GRFs at the four time instants showed a type of convex shape, and at each instant,
the values of the pads with the bionic structures were smaller than that without the bionic
structures (Figure 7). The vertical GRF of the pad made of soft rubber was smaller than that
of the resin pad, indicating that the cushioning performance of soft rubber was superior
to that of the resin material. The largest vertical GRF occurred at the instant of loading
response, while the soft rubber-structured, soft rubber-unstructured, resin-structured, and
resin-unstructured pad had the values of 12.41 N/kg, 13.36 N/kg, 15.11 N/kg, 17.23 N/kg,
respectively. The largest vertical GRF for the resin without the bionic structures increased
by 38.9% compared to the minimum value of the soft rubber with the bionic structures. It
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can be concluded that among the four bionic pads, the structured soft rubber one has the
best cushioning effect during human normal walking.

soft rubber — structured
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Heel strike Loading response Foot flat Heel off

Figure 6. Distributions of the maximum principal stress of the bionic heel pads at four key time
instants during normal walking gait in FE simulations.
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Figure 7. Vertical GRF of the four bionic heel pads at four key time instants during normal walking
in FE simulations.

3.4. Physical Tests of Human Walking

Figure 8 shows the peak vertical GRF of all the five trials during human walking at
three different speeds for the four bionic pads, while Figure 9 depicts the time trajectories
of the vertical GRF at each speed. Generally, the bionic pad made of soft rubber was better
than that of resin, i.e., smaller peak vertical GRF in the soft rubber pad when the inner
structure and speed were constant. In the case of the same speed and material, the heel
pad with the bionic structures has better cushioning performance than the unstructured.
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The peak vertical GRFs configured with structured soft rubber pad were 13.13 N/kg,
13.88 N/kg, and 14.77 N/kg at slow, normal, and fast speeds, respectively, which were
lower than those of the unstructured with 15.89 N/kg, 16.31 N/kg, and 17.28 N/kg,
respectively. The decreases in the peak vertical GRFs at three speeds were 17.4%, 14.9%, and
14.5%, respectively. In addition, the walking speed has a certain impact on the cushioning
effect. The slower the speed is, the lower the peak vertical GRF is, representing a better
cushioning performance. In the same gait cycle, the vertical GRF gradually increased with
the increase of speed.
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Figure 8. (a) Vertical GRF of all the five trials (n = 5) during human walking at different speeds;
(b) Setups for human walking tests wearing the bionic pads.
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Figure 9. Time trajectories of the vertical GRF of the four bionic heel pads in one walking gait cycle at
different speeds. Mean =+ standard deviations were depicted, n = 5.
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Figure 10 shows the mean and standard deviations of the peak vertical GRF during
human walking at three speeds configured with the four bionic heel pads. The largest is
in the unstructured resin heel pad, and the smallest occurs in the structured soft rubber
pad for all the three speeds. The peak vertical GRF in the structured soft rubber sample
was 20.7%, 18.7%, and 16.8% smaller than that in the unstructured resin sample at slow,
normal, and fast speed, respectively. This indicates that the cushioning effect of the heel
pad with the bionic structures is better than that of the one without the inner structures,
and the effect of the soft rubber material is greater. These findings are consistent with the
FE simulation results of human walking. In conclusion, by mimicking the inner structures
of the human heel pad, the bioinspired heel pad with five-layer structures is indeed helpful
to enhance the cushioning effect during contact with the ground.

m soft rubber — structured
209  msoft rubber — unstructured
®resin — structured I

resin — unstructured

I

Peak vertical GRF (N/kg)

10-

Slow speed Normal speed Fast speed

Figure 10. Mean and deviations of the peak vertical GRF of the four bionic heel pads during human
walking at different speeds, nn = 5.

4. Discussion

In the normal anatomical structure of the human body, the heel pad has good cushion-
ing performance due to its unique inner structures. However, in the design of the existing
prosthetic footplates, rehabilitation insoles, and robotic feet, the cushioning performance is
not well considered, and the deformation of a single elastic material and the movement of
a simple mechanism are basically used to achieve the impact resistance. Specifically, the
ground reaction force is the reaction force experienced by the human or robotic foot when
the foot touches the ground. Excessive peak vertical GRF during walking will have a greater
impact on the human body which can cause secondary damage to the musculoskeletal
system. Therefore, the peak GREF is selected as a key index in this study to evaluate the
quality of cushioning performance.

Four bioinspired heel pads with certain inner structures were designed in this study
through the morphological analysis of the human heel pad. The inner structure consists
of five parts corresponding to the five tissue layers of the human counterparts. The
cushioning performance of the designed pads was explored by means of three finite
element simulations and a physical test of human walking. In addition, in order to further
understand the impact of different materials on the cushioning performance, two materials
of resin and silicone were selected for comparative analysis. It was found that the soft
rubber heel pad with the bionic structures had the best cushioning performance (smallest
peak vertical GRF and stress, largest deformation), followed by structured soft rubber
and structured resin samples, while the resin heel pad without inner structures showed
the poorest cushioning effect. Comparing the optimal pad containing both the bionic
structures and soft rubber material to the unstructured resin pad, the peak vertical GRF
during normal walking was reduced by 28.0% in simulations and 18.7% in the physical test.
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The results show that the bionic structures proposed in this study can effectively increase
the cushioning performance, and the selection of the appropriate material will also enhance
the cushioning effect.

Other researchers have previously designed different types of bionic pads based on
different biological prototypes. Through the simulation of ostrich feet, Han et al. [38]
developed bionic pads with different elastic modulus and compared their performance.
Based on the foot of the German Shepherd Dog, Miao et al. [41] designed the bionic pad
and discussed its cushioning performance by finite element analysis and physical testing.
By comparing our findings with their results, we can see that the decrease of GRF during
walking is improved by combining the inner structures and proper materials in this study
(see Table 4).

Table 4. Comparison of different bionic pads.

Category Han et al. [38] Miao et al. [41] This Study
Bionic prototype Ostrich German Shepherd Dog Human
Internal structures No Yes Yes
Multiple materials Yes No Yes
Cushioning performance Impact force decreased by 17% GREF decreased by 14% GREF decreased by 20%

Future works are prepared to further optimize the experimental process and continue
to improve the accuracy and standardization of data. For instance, more accurate gait mea-
surement should be conducted by using force plates which could observe the six degrees
of freedom ground reaction forces and moments. Moreover, more physical experiments
will be conducted to validate the simulation results, and the cyclic performance of each
type of the four heel pads will be evaluated. More subjects with different body weight and
foot size will be included to expand the applied range. In addition, more reliable options
will be chosen by comparing other soft materials while processing the remaining Shore
hardness materials of the same proportion to enrich the theoretical basis of this design.

5. Conclusions

This study developed bionic heel pads inspired by the optimized inner structures of the
human heel pad to be used in the future design of prosthetic footplates and rehabilitation
insoles and to provide feasible ideas for the cushioning parts of robotic feet. We first
extracted the key structure, morphology, and characteristics of the five-layer human heel
pad combing the MRI images and the literature. Then, the main elements and design
regularization of the five-layer pad were established and optimized by changing the inner
structures and materials, resulting in four types of bionic heel pads. Finally, we conducted
three finite element simulations and physical human walking tests using a healthy subject.
Simulations results showed that the heel pad with the bionic structures has superior
cushioning effect with higher deformation, as well as smaller vertical GRF and principal
stress. The cushioning performance of the soft rubber is higher than that of the resin
material. Specifically, the peak vertical GRF during normal walking could be reduced
by up to approximately 30% by the proper design of the inner structures and materials.
The physical tests of human walking also depicted similar findings, with an almost 20%
decrease in peak vertical GRF at normal speed. This study demonstrates that the bionic
heel pad designed by combining the internal structures with a proper selection of materials
can achieve expected cushioning performance.

Author Contributions: Conceptualization, KW. and L.R. (Lei Ren); methodology, J.J. and Z.Q.;
software, ].]., X.L. and X.X,; validation, X.L., W.L. and S.Z.; formal analysis, ].J. and K.W,; investigation,
JJ. and D.Z,; resources, L.R. (Luquan Ren); data curation, X.W.; writing—original draft preparation,
J.J.; writing—review and editing, K.W. and L.R. (Lei Ren); visualization, J.J.; supervision, K.W. and
L.R. (Luquan Ren); funding acquisition, KW., L.R. (Lei Ren) and Z.Q. All authors have read and
agreed to the published version of the manuscript.



Bioengineering 2023, 10, 49 13 of 14

Funding: This research was supported in part by the National Key Research and Development
Program of China under Grant 2018 YFC2001300; in part by the National Natural Science Foundation
of China under Grant 52005209, Grant 91948302, Grant 91848204, and Grant 52021003; in part by the
Natural Science Foundation of Jilin Province under Grant 20210101053JC; and in part by the Scientific
and Technological Development Plan of Jilin Province under Grant 20220508130RC.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration of
Helsinki and Biomedical Research Involving Human Subjects International Code of Ethics for Research,
and approved by the Ethics Committee of the Second Hospital of Jilin University (Log# 2021072).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liddle, D.; Rome, K.; Howe, T. Vertical ground reaction forces in patients with unilateral plantar heel pain—A pilot study. Gait
Posture 2000, 11, 62—-66. [CrossRef]

2. Rome, K.; Campbell, R.; Flint, A.; Haslock, I. Heel pad thickness—A contributing factor associated with plantar heel pain in
young adults. Foot Ankle Int. 2002, 23, 142-147. [CrossRef] [PubMed]

3. Nickel, E. Passive prosthetic ankle-foot mechanism for automatic adaptation to sloped surfaces. J. Rehabil. Res. Dev. 2014, 51, 803.
[CrossRef] [PubMed]

4. Song, Y.; Choi, S.; Kim, S.; Roh, J.; Park, J.; Park, S.H.; Park, S.-J.; Yoon, J. Performance test for laminated-type prosthetic foot with
composite plates. Int. ]. Precis. Eng. Manuf. 2019, 20, 1777-1786. [CrossRef]

5. Collins, S.H.; Kuo, A.D. Recycling energy to restore impaired ankle function during human walking. PLoS ONE 2010, 5, €9307.
[CrossRef]

6. Hafner, B.J.; Sanders, J.E.; Czerniecki, ].M.; Fergason, J. Transtibial energy-storage-and-return prosthetic devices: A review of
energy concepts and a proposed nomenclature. J. Rehabil. Res. Dev. 2002, 39, 1-11.

7. Cotchett, M.P,; Whittaker, G.; Erbas, B. Psychological variables associated with foot function and foot pain in patients with plantar
heel pain. Clin. Rheumatol. 2015, 34, 957-964. [CrossRef]

8.  American Physical Therapy, A. Heel pain—-plantar fasciitis: Clinical practice guildelines linked to the international classification of
function, disability, and health from the orthopaedic section of the American Physical Therapy Association. J. Orthop. Sport. Phys.
Ther. 2008, 38, A1-A18.

9. Perry, ]. Anatomy and biomechanics of the hindfoot. Clin. Orthop. Relat. Res. 1983, 177, 9-15. [CrossRef]

10. Rome, K. Mechanical properties of the heel pad: Current theory and review of the literature. Foot 1998, 8, 179-185. [CrossRef]

11. Natali, A.N.; Fontanella, C.G.; Carniel, E.L. Constitutive formulation and analysis of heel pad tissues mechanics. Med. Eng. Phys.
2010, 32, 516-522. [CrossRef] [PubMed]

12.  Jergensen, U. Achillodynia and loss of heel pad shock absorbency. Am. J. Sport. Med. 1985, 13, 128-132. [CrossRef] [PubMed]

13. Jergensen, U.; Larsen, E.; Varmarken, ].E. The HPC-device: A method to quantify the heel pad shock absorbency. Foot Ankle 1989,
10, 93-98. [CrossRef]

14. Billah, M.M.; Ahmed, M.; Farhana, S. Walking hexapod robot in disaster recovery: Developing algorithm for terrain negotiation
and navigation. Int. . Mech. Mechatron. Eng. 2008, 2, 795-800.

15. Zhang, L.; Liu, X.; Guo, X. Development of Hexapod Robot with one passive joint on foot. In Proceedings of the 2017 IEEE
International Conference on Robotics and Biomimetics, Macao, China, 5-8 December 2017; pp. 1082-1087.

16. Sun, W.; Su, S.-F,; Xia, J.; Nguyen, V.-T. Adaptive fuzzy tracking control of flexible-joint robots with full-state constraints. IEEE
Trans. Syst. Man Cybern. Syst. 2018, 49, 2201-2209. [CrossRef]

17. Ling, S.; Wang, H.; Liu, P.X. Adaptive fuzzy tracking control of flexible-joint robots based on command filtering. IEEE Trans. Ind.
Electron. 2019, 67, 4046—4055. [CrossRef]

18. Hamill, S.; Peele, B.; Ferenz, P.; Westwater, M.; Shepherd, R.F,; Kress-Gazit, H. Gait synthesis for modular soft robots. In
International Symposium on Experimental Robotics; Springer: Berlin/Heidelberg, Germany, 2016; pp. 669-678.

19. Zhang, L.; Liu, X;; Ren, P; Gao, Z.; Li, A. Design and Research of a Flexible Foot for a Multi-Foot Bionic Robot. Appl. Sci. 2019,
9, 3451. [CrossRef]

20. Bennett, M.B.; Ker, R.F. The mechanical properties of the human subcalcaneal fat pad in compression. J. Anat. 1990, 171, 131.

21. Dickinson, J.A.; Cook, S.D.; Leinhardt, T.M. The measurement of shock waves following heel strike while running. J. Biomech.
1985, 18, 415-422. [CrossRef]

22.  Ker, R.F; Bennett, M.B.; Alexander, R.M.; Kester, R.C. Foot strike and the properties of the human heel pad. Proc. Inst. Mech. Eng.
Part H ]. Eng. Med. 1989, 203, 191-196. [CrossRef]

23.  Rodgers, M.M. Dynamic foot biomechanics. J. Orthop. Sport. Phys. Ther. 1995, 21, 306-316. [CrossRef] [PubMed]


http://doi.org/10.1016/S0966-6362(99)00053-3
http://doi.org/10.1177/107110070202300211
http://www.ncbi.nlm.nih.gov/pubmed/11858335
http://doi.org/10.1682/JRRD.2013.08.0177
http://www.ncbi.nlm.nih.gov/pubmed/25333672
http://doi.org/10.1007/s12541-019-00156-3
http://doi.org/10.1371/journal.pone.0009307
http://doi.org/10.1007/s10067-014-2565-7
http://doi.org/10.1097/00003086-198307000-00003
http://doi.org/10.1016/S0958-2592(98)90026-8
http://doi.org/10.1016/j.medengphy.2010.02.018
http://www.ncbi.nlm.nih.gov/pubmed/20304698
http://doi.org/10.1177/036354658501300209
http://www.ncbi.nlm.nih.gov/pubmed/3985261
http://doi.org/10.1177/107110078901000208
http://doi.org/10.1109/TSMC.2018.2870642
http://doi.org/10.1109/TIE.2019.2920599
http://doi.org/10.3390/app9173451
http://doi.org/10.1016/0021-9290(85)90276-3
http://doi.org/10.1243/PIME_PROC_1989_203_038_01
http://doi.org/10.2519/jospt.1995.21.6.306
http://www.ncbi.nlm.nih.gov/pubmed/7655474

Bioengineering 2023, 10, 49 14 of 14

24.

25.

26.

27.
28.

29.
30.

31.
32.
33.
34.
35.

36.
37.

38.

39.

40.

41.

Jorgensen, U.; Ekstrand, J. Significance of heel pad confinement for the shock absorption at heel strike. Int. J. Sport. Med. 1988,
9, 468-473. [CrossRef] [PubMed]

Jahss, M.H.; Kummer, E; Michelson, J.D. Investigations into the fat pads of the sole of the foot: Heel pressure studies. Foot Ankle
1992, 13, 227-232. [CrossRef] [PubMed]

Cavanagh, P.R.; Valiant, G.A.; Misevich, K.W. Biological aspects of modeling shoe/foot interaction during running. In Sports
Shoes and Playing Surfaces; Fredericks, E.C., Ed.; Human Kinetics: Champaign, IL, USA, 1984; pp. 24-46.

Cavanagh, PR.; Lafortune, M.A. Ground reaction forces in distance running. J. Biormech. 1980, 13, 397-406. [CrossRef] [PubMed]
Nakamura, S.; Crowninshield, R.D.; Cooper, R.R. An analysis of soft tissue loading in the foot—A preliminary report. Bull.
Prosthet. Res. 1981, 10, 27-34.

Chanda, A.; McClain, S. Mechanical modeling of healthy and diseased calcaneal fat pad surrogates. Biomimetics 2019, 4, 1. [CrossRef]
Jahss, M.H.; Michelson, ].D.; Desai, P.; Kaye, R.; Kummer, F; Buschman, W.; Watkins, F; Reich, S. Investigations into the fat pads
of the sole of the foot: Anatomy and histology. Foot Ankle 1992, 13, 233-242. [CrossRef]

Dalal, S.; Widgerow, A.D.; Evans, G.R.D. The plantar fat pad and the diabetic foot—A review. Int. Wound J. 2015, 12, 636-640. [CrossRef]
Jones, EW.,; Peltier, L.F. Structure and function as seen in the foot. Clin. Orthop. Relat. Res. 2001, 391, 3-6. [CrossRef]

Hsu, T.-C.; Lee, Y.-S.; Shau, Y.-W. Biomechanics of the heel pad for type 2 diabetic patients. Clin. Biomech. 2002, 17, 291-296. [CrossRef]
Negishi, T.; Ito, K.; Kamono, A.; Lee, T.; Ogihara, N. Strain-rate dependence of viscous properties of the plantar soft tissue
identified by a spherical indentation test. J. Mech. Behav. Biomed. Mater. 2020, 102, 103470. [CrossRef] [PubMed]

Buschmann, W.R,; Jahss, M.H.; Kummer, F.; Desai, P.; Gee, R.O.; Ricci, J.L. Histology and histomorphometric analysis of the
normal and atrophic heel fat pad. Foot Ankle Int. 1995, 16, 254-258. [CrossRef] [PubMed]

Blechschmidt, E. The structure of the calcaneal padding. Foot Ankle 1982, 2, 260-283. [CrossRef]

Hsu, C.-C,; Tsai, W.-C.; Wang, C.-L.; Pao, S.-H.; Shau, Y.-W.; Chuan, Y.-S. Microchambers and macrochambers in heel pads: Are
they functionally different? J. Appl. Physiol. 2007, 102, 2227-2231. [CrossRef] [PubMed]

Han, D.; Zhang, R.; Yu, G,; Jiang, L.; Li, D.; Li, J. Study on bio-inspired feet based on the cushioning and shock absorption
characteristics of the ostrich foot. PloS ONE 2020, 15, €0236324. [CrossRef] [PubMed]

Lin, C.-Y; Lin, C.-C; Chou, Y.-C.; Chen, P-Y.; Wang, C.-L. Heel pad stiffness in plantar heel pain by shear wave elastography.
Ultrasound Med. Biol. 2015, 41, 2890-2898. [CrossRef]

Li, L; Yang, L.; Yu, E; Shi, J.; Zhu, L.; Yang, X.; Teng, H.; Wang, X.; Jiang, Q. 3D printing individualized heel cup for improving
the self-reported pain of plantar fasciitis. J. Transl. Med. 2018, 16, 167. [CrossRef]

Miao, H.; Fu, J.; Qian, Z.; Ren, L.; Ren, L. How does the canine paw pad attenuate ground impacts? A multi-layer cushion system.
Biol. Open 2017, 6, 1889-1896. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1055/s-2007-1025053
http://www.ncbi.nlm.nih.gov/pubmed/3253241
http://doi.org/10.1177/107110079201300501
http://www.ncbi.nlm.nih.gov/pubmed/1624185
http://doi.org/10.1016/0021-9290(80)90033-0
http://www.ncbi.nlm.nih.gov/pubmed/7400169
http://doi.org/10.3390/biomimetics4010001
http://doi.org/10.1177/107110079201300502
http://doi.org/10.1111/iwj.12173
http://doi.org/10.1097/00003086-200110000-00002
http://doi.org/10.1016/S0268-0033(02)00018-9
http://doi.org/10.1016/j.jmbbm.2019.103470
http://www.ncbi.nlm.nih.gov/pubmed/31605932
http://doi.org/10.1177/107110079501600502
http://www.ncbi.nlm.nih.gov/pubmed/7633580
http://doi.org/10.1177/107110078200200503
http://doi.org/10.1152/japplphysiol.01137.2006
http://www.ncbi.nlm.nih.gov/pubmed/17272407
http://doi.org/10.1371/journal.pone.0236324
http://www.ncbi.nlm.nih.gov/pubmed/32706841
http://doi.org/10.1016/j.ultrasmedbio.2015.07.004
http://doi.org/10.1186/s12967-018-1547-y
http://doi.org/10.1242/bio.024828

	Introduction 
	Materials and Methods 
	Medical Imaging of Human Heel Pad 
	Structure Design of Bionic Heel Pads 
	Finite Element (FE) Simulation 
	Material Selection and Prototype Manufacturing 
	Human Walking Tests 
	Statistical Analysis 

	Results 
	FE Static Analysis 
	FE Impact Analysis with Different Speeds 
	FE Walking Gait Analysis 
	Physical Tests of Human Walking 

	Discussion 
	Conclusions 
	References

