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Abstract: The study of the phenomena occurring in the plantar region is remarkably intriguing,
especially when performing a normal gait cycle where the foot is under loading conditions. The
effects presented in the foot while walking provide relevant indicators regarding clinical means
for enhancing regular performance or rehabilitation therapies. Nevertheless, more than traditional
methods are needed to biomechanically evaluate foot structural conditions, leading to an incom-
plete database for determining the patient’s needs so that advanced methodologies provide detailed
medical assessment. Therefore, it is necessary to employ technological engineering tools to optimize
biomechanical plantar pressure evaluations to reach suitable personalized treatments. This research
initially evaluated numerically the pressure points in the foot sole region in each one of the five stance
phases in a normal gait cycle. Medical imaging techniques were utilized to construct an anatomically
accurate biomodel of the soft tissues of the right foot. The Finite Element Method was employed to
predict peak plantar pressure in barefoot conditions for all stance phases; results from this case study
presented a close alignment with gait experimental testing implemented to analyze the feasibility
and validation of all mechanical considerations for the numerical analyses. Hence, having a solid
foundation in the biomechanical behavior from the first case study close estimates, a 3D-printable
patient-specific insole was designed and numerically analyzed to observe the mechanical response in
the plantar critical zones utilizing a personalized orthotic device. Results from the second case study
notably demonstrated a crucial decrement in excessive pressure values. Employing morphological
customization orthopedics modeling combined with 3D-printable materials is revolutionizing assis-
tive device design and fabrication techniques. The fundamental contribution of this research relies on
deepening the knowledge of foot biomechanics from an interdisciplinary approach by numerically an-
alyzing pressure distribution in critical regions for all five stances phases; thus, based on the methods
employed, the results obtained contribute to the advances of patient-specific foot orthopedics.

Keywords: stance phases; finite element method; patient-specific foot orthopedics; plantar pressure;
3D-printable materials; gait cycle
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1. Introduction

Accurately identifying plantar contact and pressure distribution is of great interest
to clinicians and researchers in evaluating foot functions, human movement, and posture,
which is considered indispensable to understanding its effects on the gait of the human
body [1–4]. Human gait is considered an essential physiological activity for every indi-
vidual, to the point of being compared to breathing or sleeping [5]. Briefly explained,
the gait cycle is divided into two phases: the stance and swing phases, representing 60%
and 40% of the total human gait, respectively. The stance phase is subdivided into five
different stages. When the foot initially has contact with the ground, it is known as the
heel strike phase. Once it has made contact, the foot progressively descends towards the
ground to have a foot flat, which is the loading response stage. Next is the mid-stance
position, where the body tilts forward, with the ankle joint as the pivot and the hip joint
on top. Heel rise occurs when the forefoot area comes into contact directly to propel the
body. Finally, when part of the toes is the only area in contact with the ground, the end of
the stance phase is commonly referred to as toe-off or pre-swing [6–9]. The analysis of the
distribution of pressure points in the foot under this activity facilitates the understanding
of its functionality and the ability of the foot to adapt to different surfaces and conditions.
The comprehension of how a foot distributes pressure and adjusts to each step provides
valuable insights into a primary data source in gait and posture analysis; foot pressure
reveals the otherwise challenging to analyze biomechanical effects occurring at the inter-
face between the foot and the supporting surface, enabling the evaluation of underlying
musculoskeletal behavior [10–12].

From a biomechanical approach, stresses and strains generated in each position and
movement during normal walking set the standard for predicting a possible tendency to
develop foot pathologies [13–17]. The employment of numerical simulations marks a turning
point in analyzing human anatomy behavior in various scenarios and the prosthetic and
orthotic design [18–21]. Regarding foot healthcare and footwear production, this shift promises
a future where efficiency and cost-optimization reign supreme over conventional experimental
testing to meet truly personalized insole construction demands [22,23]. In addition, an
increasing technological trend is guiding the path toward a more sustainable and innovative
production of foot orthotics by implementing additive manufacturing [24–26].

Foot orthoses have always been a mainstay in podiatric treatment and have con-
ventionally been manufactured using a cast-and-mold approach. However, recent ad-
vancements in 3D printing technology offer the potential for patient-specific, customizable
insoles. The study and research of foot insole construction through additive manufacturing
materials are of great interest to the scientific community to replicate and enhance the
mechanical behavior of standard orthoses [27–29]. Throughout the literature, different
3D-printable material testing has been conducted to compare the mechanical behavior to
reproduce shock-absorbing effects, polymers such as polylactic acid (PLA), acrylonitrile bu-
tadiene styrene (ABS), polyamide filaments (NYLON), polyamide (PA), and thermoplastic
polyurethane (TPU) are the printing materials most studied and employed for footwear
purposes [30–32]. An optimized mechanical response along with the highest standard for
comfort are the main aims of current 3D-printing technologies for foot insole design; a
combination of novel approaches in infill percentages, infill matrix patterns, combined
material structures, and numerical analyses [33–38] have improved traditional hand-made
workflows in orthopedic devices. Another crucial aspect of the recent advancements in
3D-printed patient-specific insoles is 3D scanning technology, which allows the acquisition
of more precise anthropometric data, resulting in advantages in time and accuracy to obtain
a detailed three-dimensional copy that meets the actual morphology of such a complex
geometry of the human body [39–41] over traditional foot plaster models and conventional
measurement techniques that lack data consistency due to utilizing diverse procedures and
different measurement instruments for foot dimension evaluation [42–44]. These increas-
ingly technological methods have revolutionized the ergonomics and footwear industry
and have significantly impacted clinical applications since they provide cutting-edge ad-
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vancements in tangible solutions to musculoskeletal disorders [45–48]. The capability of 3D
modeling and printing of foot orthoses have provided promising prospects for improving
patient care of all ages, conditions, and activities. Clinical studies investigating 3D-printed
insoles in specific applications are being developed more frequently, with promising results
emerging in sports performance enhancement, elderly populations, children’s feet, and
pathological feet. These studies have promoted the understanding, diagnosis, and treat-
ment of specific musculoskeletal conditions by applying engineering principles, such as
reverse engineering [49–54].

Therefore, a comprehensive study that accurately quantifies peak plantar pressure
during a normal gait cycle performing all stance phases is crucial to deepening into weight
bearing and pressure distribution foot functions, revolutionizing a worldwide approach to
foot health management and enabling further precise interventions to individual needs.
Consequently, this leads to personalized foot health care flourishment and fully customized
foot orthotic devices based on the accurate morphology of the individual [55–57]. Through
the Finite Element Method, it is possible to obtain and analyze plantar distribution nu-
merically in detail during the different stance phases of the gait cycle. This multifaceted
approach promises to significantly advance the understanding of foot pressure points while
performing all stance phases during a normal gait, aiming to develop more effective and
personalized plantar orthoses.

This study seeks to delve deeper into the interactions among foot soft tissues, pres-
sure points, and orthosis-relieving properties. To employ Finite Element analyses, a 3D
anatomical model with high-fidelity detail is generated through established medical imag-
ing techniques [19]. Such models offer the distinct advantage of capturing the complex
geometrical features of human biological systems, enabling detailed analysis and insights
not readily achievable through traditional 2D representations. This current research is fo-
cused on numerically analyzing stance phases for barefoot plantar pressure validated with
experimental testing to design a fully customized foot orthosis for numerically evaluating
the biomechanical effects in the sole region utilizing the orthopedic device, where the level
of complexity to understanding foot-insole plantar effects challenges experimental testing,
which commonly yields to insufficient and poorly explained data for accurate foot function
diagnosis. Likewise, this manuscript can provide a different innovative approach to gait
patterns, optimize foot health, and enhance the quality of life for individuals requiring
plantar support.

2. Materials and Methods
2.1. Biomodel Construction

The 3D foot model was developed on a 30-year-old male Mexican adult exhibiting ap-
parent health status through a computed tomography (CT) scan. Additionally, the patient
presented a standard body mass index and foot morphology (Figure 1a). Subsequently,
image acquisition, visualization, and segmentation of the DICOM data for 3D model con-
struction were conducted. The biomodel reconstruction process corresponds to a previous
study conducted [58]. The segmentation process mainly focused on reconstructing two
critical soft tissue structures, the intrinsic foot muscles and the skin, and profoundly com-
prehending the biomechanical analysis of pressure points on the plantar surface. Intrinsic
foot musculature contributes to postural maintenance and shock absorption functions by
employing its stabilizing actions [59]. Due to the high concentration of multiple tissue lay-
ers and the anatomical variance within the intrinsic muscle group, the modeling approach
was represented as a unified encapsulated body.

The segmentation process was initially performed utilizing the medical software Sim-
pleware ScanIP® (version 3.2 Build 1) (Figure 1b). Once this process has been appropriately
conducted, solidification and smoothing of elements created were applied to the biological
model to optimize its complex geometry, hence acquiring a more realistic morphology. A
re-meshing was also generated in the biomodel, resulting in a computationally efficient
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mesh structure better suited for further discretization. All computational procedures were
conducted within the Materialise 3-Matic® software (version 21.0) (Figure 1c).

Figure 1. 3D foot biomodel reconstruction and analysis methods. (a) Medical imaging study. (b) Seg-
mentation process. (c) Model optimization process. (d) Model optimization process. (e) Numerical
analyses. (f) Analysis and interpretation of results.

The complex biomodel was finally exported to Finite Element Analysis software
ANSYS Workbench® (version 2021 R1 student) (Figure 1d), where the type of mechanical
analysis to be developed was defined, the mechanical properties of the biological elements
were applied, the geometries were discretized, and boundary conditions and the application
of external agents were established (Figure 1e).

As mentioned above, the steps explained correspond to the Finite Element software
preprocessing stage, which, once completed, generates a convergence of the partial differ-
ential equations towards a result to obtain the solution of the biomodel and finally visualize
the mechanical behavior obtained (Figure 1f).

2.2. Gait Experimental Baropodometric Testing

The present study employed the FreeSTEP® software (version v.1.4.01) and the Profes-
sional 180 cm × 50 cm Platform baropodometer for quantifying pressure points during a
gait cycle analysis. This pressure-measuring device utilizes a matrix of resistive sensors
equipped with 24 K gold conductors and an insulating coating capable of registering data
at a frequency of up to 500 Hz. Notably, the system captures three pressure traces per
complete step, enhancing the resolution and depth of information regarding the impact of
ground reaction forces in the plantar region. This high data acquisition rate enabled the
capture of approximately 400 frames per second, dynamically adapting to the patient’s
walking rhythm or speed throughout the study. The patient walked barefoot several times
at a comfortable and average pace to obtain a representative regular gait pattern. The pro-
gram automatically divided the pressure zone on the soles of the feet. Feet were sectioned
into eight anatomical regions, mainly separating the rearfoot, midfoot, and forefoot. Auto-



Prosthesis 2024, 6 433

matic sectioning allowed the adequate limit of each stance phase to define the boundary
conditions for the numerical analysis. A baropodometric platform system was selected to
perform experimental testing over in-shoe systems since they provide accurate fundamen-
tal data to evaluate barefoot pressure distribution conditions, guiding to adequate insole
design. In addition, in-shoe systems may lead to discomfort, alter gait patterns due to the
sensors, and change foot pressure profile effects. Also, sensor size limitations can affect
spatial resolution [17,60–63].

2.3. Finite Element Analyses Simulating the Stance Phases of the Gait Cycle
2.3.1. First Case Study

The assignment of mechanical properties to the model corresponds to valuable insights
found in biomechanical literature by Luboz for the muscle-encapsulated tissue and skin
mechanical properties [64]. Moreover, ground reaction forces in the plantar region were
produced by employing a rigid plate [65]. The mechanical properties values can be seen
in Table 1. To achieve high fidelity in results, the Finite Element model discretization was
employed with high-order 3D solid elements with 20 nodes per element. The analysis
encompasses three distinct regions: skin, encapsulated muscle mass, and plate. Through a
combination of fine and semi-controlled meshing techniques, a total of 371,120 elements
and 196,576 nodes were generated.

Table 1. Mechanical properties of the elements [64,65].

Material Young’s Modulus (MPa) Poisson’s Ratio

Foot skin 0.2 0.485
Foot muscles 0.06 0.495
Plate support 210,000 0.3

To numerically study the gait using the biological model of the patient utilizing the
Finite Element Method, five different numerical studies corresponding to the five stance
phases that the foot undergoes during a normal gait are considered.

Once the angles and orientation of the foot were determined for each stance phase
according to the experimental analysis, the boundary conditions for foot position were
assigned according to the position the foot took for each one of the phases. Furthermore,
the model incorporates embedded regions in the upper and medial-lateral zones to ensure
realistic biomechanical behavior. These embedded regions are surrounded by constraint
regions, simulated by 2-mm-wide tapes relative to the foot dimensions. This approach
prevents unrealistic lateral displacement during load application. Similarly, constraints
in the instep and toe area restrict excessive vertical loading transfer. These boundary
embedding conditions were considered since no bony tissues were re-constructed to focus
more on soft tissue mechanical behavior. Likewise, these constraint considerations pro-
vide structural integrity in the model, replicating osseous tissue function, thus avoiding
unrealistic deformations in the model. Applying this mechanical approach has successfully
evaluated plantar pressure distribution in a previous study [58].

As an external agent, the rigid plate was set to apply a vertical displacement that
simulates the effects of ground reaction forces on the plantar surface. According to the
medical-experimental literature, it is recorded that between 1–2 mm of additional displace-
ment is generated in the skin of the foot sole according to the degree of dorsiflexion and
plantar flexion [66]. On the other hand, another study showed a similar displacement of
1–3 mm in the forefoot in the dorsiflexion of the toes during the pre-swing phase [67]. Even
in different investigations, ranges between 6 and 10 mm were used as indentation elements
on the forefoot side to evaluate the heel response [68]; a range between 10 and 14 mm [69]
was also tested. Using ultrasound and ultrasound scans, stretching on the skin of the sole
up to 10 mm was appreciated in the areas of contact of the foot with the ground during
walking [70]. Therefore, according to these considerations from experimental literature,
vertical displacements between 5.5 and 8.5 mm were applied for the respective stance
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phases. Once the parameters necessary to determine the application of the external agent
for each stance phase were analyzed, a vertical displacement of 6 mm was used to simulate
the effects of the ground reaction forces. Likewise, the position and orientation of the foot
in that phase obtained from the experimental analysis were used. Figure 2a represents the
loading and boundary conditions for which the numerical solution was developed for the
heel strike stance phase. The same constraints were used to assign boundary conditions for
the loading response stage; a vertical displacement of 7 mm was implemented to analyze
this stance phase (Figure 2b). A vertical displacement of 5.5 mm was employed as an exter-
nal agent for the mid-stance position (Figure 2c). The assignment for the external agent
corresponds to a vertical displacement of 8 mm to analyze the heel rise phase. Likewise, the
constraints previously used were also considered (Figure 2d). To simulate the pre-swing
phase, which is where most plantar pressure is generated, a vertical displacement of 8.5 mm
was applied (Figure 2e). Furthermore, a coefficient of friction of 0.6 between the foot and
ground was included, complementing loading and boundary conditions parameters [71].

Figure 2. Loading and boundary condition free body diagrams for all stance phases. (a) Heel strike.
(b) Loading response. (c) Mid-stance. (d) Heel rise. (e) Pre-swing.

2.3.2. Second Case Study

A personalized 3D-designed full-length total contact insole assigned with thermoplas-
tic polyurethane (TPU) properties was employed to analyze the biomechanical behavior
and attenuation effects of peak plantar pressure contact points within patient-specific
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orthopedic footwear under identical anatomical positioning and mechanical principles,
simulating all five stance phases of the gait cycle. This inclusion reflects the common
practice of orthotic devices, where the insole’s cushioning properties absorb a significant
portion of ground reaction forces [72]. The medical foundation on the plantar region studies
shows that parametrically modeled insoles demonstrably influence optimal biomechani-
cal behavior [73,74].

Therefore, the selection of TPU as the insole material was considered after analyzing
various research highlighting its advantageous characteristics. Notably, its printability
through fused deposition modeling (FDM) aligns with the principles of additive manu-
facturing [75,76], offering cost-effective and customizable 3D-printed solutions [77]. Fur-
thermore, TPU boasts ideal mechanical strength conducive to outstanding cushioning
effects and excessive pressure relief. An extensive review of existing methodologies was
conducted to create the 3D-designed orthotic insole; the methodology was mainly focused
on the patient’s specific right foot geometry. The employment of accurate foot morphology
from the re-constructed biomodel provided unique data to meet absolute customization in
the design process; SpaceClaim® CAD software (version 2021 R1 student) was utilized for
the custom foot orthotic design.

The acquisition of foot morphology as the establishment for the design of personalized
footwear principals has been used and stated in various research as a crucial parameter
to optimize insole design [58,78–80]. Personalized insole design process workflow is
represented in Figure 3.

Figure 3. Workflow of the design process of a patient-specific 3D-printable foot orthosis. (a) Foot
morphology’s mold. (b) Insole base. (c) Personalized 3D-printable insole.



Prosthesis 2024, 6 436

Likewise, the right foot biomodel, a re-meshing of elements, was performed on the
customized insole, computationally optimizing the discretization process for numerical
analysis needs with uniform elements. Discretization was employed in a semi-controlled
manner utilizing high-order elements. This process generated a total of 62,065 nodes and
34,816 elements. It is noteworthy to mention that for both study cases, the convergence
of Finite Element Analyses was computationally efficient due to uniform discretization,
accurate assignment of loading and boundary conditions, and appropriate hardware
and software utilized (Intel Core i9-12900H, 16 GB RAM, and GeForce RTX 3070 TI);
this allowed us to obtain results within a short period of 10 min. The personalized foot
insole based on patient morphology was defined with TPU material properties from the
literature (Table 2) [81–83]. Moreover, a coefficient of friction of 0.5 was implemented for
the interaction between the foot and the orthotic insole [84].

Table 2. Mechanical properties of TPU insole [81–83].

Material Young’s Modulus (MPa) Poisson’s Ratio

Thermoplastic Polyurethane (TPU) 11 0.45

3. Results
3.1. Results Gait Experimental Baropodometric Testing

The results and general clinical assessments of the experimental analysis are shown in
Figure 4. This result provided a general idea of the behavior and distribution of plantar
pressure under typical conditions in the transition of stance phases during the gait cycle.
Despite tending to relapse and stance mainly on the left foot, the behavior of the right
foot is completely normal. Significant support in the forefoot area over the rearfoot (about
72 and 28%, respectively) was exhibited, which physiologically is considered minimally
abnormal; however, this is not detrimental to its performance. Thus, it was obtained that
a higher percentage of the total load is concentrated in the forefoot area, mainly in the
central part over the second and third metatarsal heads, about 27.12%. This percentage was
followed by a concentration of 17.12% on the fourth and fifth metatarsal heads, and finally,
10.65% on the first head.

To numerically study the gait using the biological model of the patient utilizing
the Finite Element Method, five different numerical studies corresponding to the five
stance phases that the foot undergoes during a normal gait are considered. During the
experimental analysis of the gait cycle, the evolution of the contact zones of the foot with
the ground was obtained visually; these zones correspond to an average of the number of
frames per millisecond taken in 831 ms (milliseconds). Twenty-nine frames of the path of
the right foot were recorded over a surface of 118 cm2 (Figures 5 and 6).

Based on the contact phases recorded in the baropodometric study, a graph was made
between the information collected by the software and the contact area of the plantar zone
concerning the frame recorded to determine the precise contact angle between the foot
and the ground (Figure 7). The relationship between the contact between the rearfoot and
the ground was taken with a positive angle as it was the beginning of the registration
during gait. Therefore, the first stance phase (heel strike) was recorded in the second frame
(frame 1) with an angle of 14◦, and the loading response phase had an angle of 8◦ and was
recorded in frame number 5. The mid-stance phase was recorded in frame 10, where the
angle was 0◦, and the foot was fully supported on the ground. As soon as the forefoot area
connected with the ground, the angle was assumed to have a minus value since it passed
through a 0 and acquired values with the opposite sign. Heel rise had an angle with the
ground of −18◦ and was recorded in frame 17. Finally, the pre-swing phase was presented
in the 25th frame with an angle of −30◦. Negative-valued angles are only for reference,
considering that the recording of the contacts began in the rearfoot area and ended with
the forefoot at the tip of the hallux.
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Figure 4. General clinical assessment of dynamic analysis.

Figure 5. Initial gait cycle frame evolution.
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Figure 6. Final gait cycle frame evolution.

Figure 7. Graph between the angle of foot contact with the ground and the recording of frames per
milliseconds during the experimental analysis.



Prosthesis 2024, 6 439

Furthermore, not only was the accurate definition of the contact angle between the foot
and the ground known, but also the direction and orientation of the foot were given through
the experimental analysis by recording a Fick angle at the foot of 18◦, which records an
entirely normal angle of external rotation of the midline of the body [85]. Considering this
parameter, it is understood that the right foot tends to perform a slight normal adduction
in the forefoot part during gait.

The gait experimental testing results were graphed according to the total number of
frames taken and the maximum plantar pressure values exerted for each one of the stance
phases. Figure 8 shows the results and specific behavior of the three crucial plantar regions:
forefoot, midfoot, and rearfoot. The maximum pressure measurement was initiated by
analyzing the rearfoot region from the heel strike phase to the pre-swing phase in the
forefoot and toes region.

Figure 8. Results of the maximum foot pressure registered and the recording of frames per millisecond
during the experimental analysis.

3.2. Results of the First Case Study of Finite Element Analyses Simulating the Stance Phases of the
Gait Cycle

The convergence of the numerical analysis equations allowed the acquisition of accu-
rate predictive pressure results; von Mises stress failure theory was priorly employed due
to its ability to provide valuable estimation data in the biomechanical behavior of the foot
sole, employing the result of different types of stresses in all axis and planes. Therefore, it
is ideal to evaluate the biomodel (tensile) ductile properties and the complex conditions
of the plantar region under the gait cycle. Figures 9–13 represent the predicted pressure
for each one of the stance phases. For Figures 9–13, stance phases were shortened to H.S.
for heel strike, L.R. for loading response, M.S. for mid-stance, H.R. for heel rise, and P.S.
for pre-swing. Detailed numerical data, including maximum and minimum values, are
provided in Appendix A and Tables A1 and A2.
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Figure 9. von Mises stress (H.S.). (a) Left side view. (b) Plantar region. (c) Right side view.

Figure 10. von Mises stress (L.R.). (a) Left side view. (b) Plantar region. (c) Right side view.
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Figure 11. von Mises stress (M.S.). (a) Left side view. (b) Plantar region. (c) Right side view.

Figure 12. von Mises stress (H.R.). (a) Left side view. (b) Plantar region. (c) Right side view.
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Figure 13. von Mises stress (P.S.). (a) Left side view. (b) Plantar region. (c) Right side view.

3.3. Validation and Comparison to First Case Study Results with Experimental Gait Cycle
Testing Results

For the validation process, the considerations taken to obtain the results numerically and
the maximum plantar pressure values in each of the five stance phases were compared with
those acquired in the baropodometric gait study. The von Mises stress distribution was used
since it is ideal for evaluating soft tissues and musculoskeletal conditions in biomechanical
applications. Based on the graph in Figure 8, a comparison was made between the exper-
imental and numerical results of maximum plantar pressure (Figures 14–16). In the heel
strike phase corresponding to frame 1, a 596 gr/cm2 pressure was recorded, equating to
0.05844 MPa. The plantar pressure prediction using the Finite Element Method provided a
value of around 0.0444–0.0593 MPa according to the color scale presented (Figure 14). For
the loading response phase, a 1297 g/cm2 pressure value corresponding to 0.12719 MPa
was experimentally acquired (frame 5). Numerically, in this stance phase, the values oscil-
lated from 0.0719–0.1619 MPa. However, in some zones, a value closer to the experimental
one of 0.1259 MPa was obtained (Figure 14).

Through the Finite Element Method, values of 0.0572–0.0716 MPa were obtained,
where in some points, there were stress concentrators that increased foot sole pressure to
0.1289 MPa due to the contact between the plate and the plantar zone (Figure 15). The
mid-stance phase had a plantar pressure of 797 g/cm2, equal to 0.07815 MPa, according to
the baropodometric study (photogram 10).
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Figure 14. Comparison of experimental and numerical results. (a) Heel strike phase. (b) Loading
response phase.

Figure 15. Comparison of experimental and numerical results of the mid-stance phase.
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Figure 16. Comparison of experimental and numerical results. (a) Heel rise. (b) Pre-swing phase.

In the heel rise phase, the plantar pressure rose to 2158 gr/cm2, corresponding to
0.21162 MPa (frame 17). For the numerical analysis corresponding to this phase, a con-
tinuous section under the first metatarsal head was predicted and came closest to the
experimental result with a value of 0.2005 MPa (Figure 16). Finally, the baropodomet-
ric result generated a plantar pressure of 2908 gr/cm2 for the pre-swing phase, equal to
0.28517 MPa (frame 25). The numerical simulation obtained values of 0.2729 MPa in the
hallux areas, where, anatomically, there was a higher pressure concentration for this gait
stance phase (Figure 16).

3.4. Results of the Second Case Study of Finite Element Analyses Simulating the Stance Phases of
the Gait Cycle

Plantar pressure results utilizing the patient-specific insole simulating all five stance
phases are shown in Figures 17–21. These Finite Element results allow us to visualize
the pressure redistribution on the foot sole, highlighting the insole’s shock-absorbing and
relieving capabilities. Detailed numerical data, including maximum and minimum values,
are provided in Appendix A and Tables A3 and A4. In Figure 22, the von Mises stress
distribution fields for all stance phases in the plantar region of the customized insole
are depicted.
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Figure 17. von Mises stress with patient-specific foot orthosis (H.S.). (a) Left side view. (b) Plantar
region. (c) Right side view.

Figure 18. von Mises stress with patient-specific foot orthosis (L.R.). (a) Left side view. (b) Plantar
region. (c) Right side view.
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Figure 19. von Mises stress with patient-specific foot orthosis (M.S.). (a) Left side view. (b) Plantar
region. (c) Right side view.

Figure 20. von Mises stress with patient-specific foot orthosis (H.R.). (a) Left side view. (b) Plantar
region. (c) Right side view.
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Figure 21. von Mises stress with patient-specific foot orthosis (P.S.). (a) Left side view. (b) Plantar
region. (c) Right side view.

Figure 22. von Mises stress in the plantar region of the patient-specific insole for all stance phases.
(a) Heel strike. (b) Loading response. (c) Mid-stance. (d) Heel rise. (e) Pre-swing.
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4. Discussion

The current research employed a high-complexity biological model of the right foot
focused on segmenting soft tissues, intrinsic muscles, and skin. In contrast to most foot
Finite Element Analyses that employ bony tissues, this research presents a novel and
different approach to analyzing the plantar surface with a yet-defined 3D detailed model
development. Both numerical and experimental testing were conducted to biomechanically
evaluate the behavior of pressure distribution on the foot sole region during all five stance
phases in a normal gait cycle to design a 3D-printable personalized foot insole based
on the patient’s unique morphology for evaluating the complex behavior of foot-insole
effects presented in the plantar zone. The assignment of loading and boundary conditions
presented in the Finite Element Analysis showed an innovative and unconventional method
to employ new mechanical considerations to analyze soft tissues; utilizing a displacement
as an external agent allowed the development of accurate effects.

Numerical results indicated that the highest concentrations of von Mises stress fields
are found in the pre-swing phase in the forefoot, specifically at the hallux, as well as in the
values of the experimental analysis. These Finite Element Method results, particularly the
stress distribution (ring-shaped), should be interpreted within the context of the model’s
construction and considerations, specifically using only soft tissue. The contact between
the ground tends to displace the tissue due to its high ductility, resulting in a higher
stress concentration in the contour and not in the center. Despite this limitation, the
agreement with experimental data regarding pressure spectrum, peak plantar pressure,
and average pressure suggests that the model offers valuable insights into soft tissue
pressure distribution biomechanical behavior during foot–ground contact. Furthermore,
previous research reported this ring-shaped or gap stress distribution field, stating that
the mentioned effect occurs only by analyzing soft tissue [86]. Thus, the plantar pressure
distribution showed agreement with the two types of analysis, which validates numerical
analyses as both had similar behavior and patterns, having an average error range in
the five stance phases of less than 5% in the maximum pressure points of the numerical
simulation compared to the experimental one.

On the other hand, most of the analyses showed a uniform stress distribution, com-
monly green shades in the isochromatic scale, with values between 0.055 and 0.08 MPa,
corresponding to the general average pressure. The baropodometric test registered a result
of 787 gr/cm2, equal to 0.0771 MPa. This study evaluated the effects caused on the foot sole
for each one of the stance phases from a statically mechanical study, representing the exact
moment when the foot is in contact with the ground, disregarding dynamic considerations,
which enables this method to optimize and simplify dynamic analysis. The high fidelity
of the results obtained in the experimental testing and the first case study indicate that
despite any modeling and dynamic simplifications previously mentioned, the principles
and parameters utilized in the Finite Element Analysis were accurate and appropriate to
simulate the stance phases of a normal gait cycle. Furthermore, the findings of this study
are consistent with observations previously reported in the literature of Finite Element
Analyses focused on the gait cycle. Despite methodological differences, numerical results
align closely with the observations reported by the cited research [87] for the mid-stance,
heel rise, and pre-swing values along the plantar zone; the loading response also shows
good agreement in the heel lateral region. Similar stress distribution and values presented
in this research for the heel rise phase replicate the findings from different investigation
groups [88,89]. Results obtained in the hallux when evaluating the pre-swing phase are in
solid concordance with results reported in a numerical study in the first ray [90]. The total
elastic strain values in Appendix A tables show consistent behavior with an analysis of the
strain effects in the plantar region skin [91].

The comprehension of the biomechanical behavior of the model under gait cycle
stance phases provided essential insights to design a 3D-printable patient-specific insole.
Numerical results for the second case study supported the insole’s material selection and
the accurate parametric design to considerably attenuate peak plantar pressure, specifically
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in critical stance phases, such as heel strike and pre-swing. The prediction of pressure
points during the performance of daily activities through Finite Element analyses facilitates
novel approaches that seek high-biofidelity methods to analyze and understand dynamics
in real-life biomechanics, aiming to enhance current customization principles for orthotic
and prosthetic devices, contributing innovative scientific solutions to the medical field.

The presented research is categorized as a presentation of a method for presenting a
distinctive approach with innovative mechanical considerations to analyze pressure points
in a healthy patient, which also brings certain limitations for the methods implemented.
The need to employ the proposed methods in various healthy patients before testing
them in pathological foot cases is worth mentioning. Methods employed have a relevant
impact in providing proper knowledge and general guidelines in the study of pressure
points and their re-distribution towards designing fully customized foot orthopedic devices.
Further approaches in pathological and specific-condition cases can potentially be achieved
using the described methods; for example, future research focused on the elderly, children,
or athletes.

5. Limitations

The interpretation of the findings presented in the current study and their applicability
requires careful consideration due to the simplifications employed, the modeling approach
conducted, and the need for specific patient data to conduct numerical simulations with a
significant degree of fidelity. A clear example of these limitations is the non-consideration of
bony tissue (neglecting cortical and trabecular structures) that simplified the construction
of biological elements in the model; since the 3D model was only focused on foot soft
tissues, the model is not adequate to evaluate whole foot structural conditions; along with
the utilized boundary conditions where they were based on specific situations, moments, or
instants during stance phases of a normal gait, simulating a quasi-static analysis disregard-
ing dynamic considerations; results estimations cannot be directly and precisely compared
to experimental data for the simplified assumptions previously stated. Even though similar
behavior patterns are provided, clinical assessment by a professional is necessary for any
decision-making procedure. Likewise, constant advancements in medical imaging facilitate
the development of increasingly sophisticated three-dimensional biological models. This
progress allows the incorporation of detailed representations of the complex foot muscula-
ture (intrinsic and extrinsic muscles); furthermore, assigning material properties that more
accurately reflect biological tissues is required, as only linear elastic, homogeneous, and
isotropic properties were assumed for this research work. In addition, the Finite Element
model was constructed based on a specific patient approach and not targeted to a vast
population; thus, further investigation is needed to be developed in different population
groups. In recognition of the manuscript’s limitations, the results were primarily intended
to provide a qualitative analysis of the biomechanical pressure distribution effects on the
plantar region from a mechanical-computational perspective. This approach acknowledges
that the results presented may not represent the exact whole-foot behavior but estimate a
suitable prediction of the effects generated in the plantar zone.

6. Conclusions

The current research has provided feasible results predicting plantar pressure points
during the different stance phases, even under quasi-static considerations disregarding
dynamic conditions, which demonstrates the impact of the Finite Element Method as a
powerful tool for analyzing the human body. Applying an innovative and unconventional
way to evaluate the foot sole when performing a gait cycle provided a valuable medical-
validated database for clinicians to deepen their understanding regarding foot structural
behavior. The reconstruction of biological three-dimensional models combined with nu-
merical simulations is remarkably successful in being the short-term assistive methodology
for medical procedures, such as surgical planning, prescription of orthopedic devices,
rehabilitation therapies, and more knowledgeable biomechanical principles for education.
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The emerging techniques to design and develop high-performance customized orthope-
dics focus on 3D-printable materials that are often numerically evaluated before being
printed and further used. Likewise, the use of 3D-printing technologies has increasingly
been recognized as a standard for orthopedics design and reconstruction due to their high
performance, which are advantageous techniques for being time-efficient and affordable
compared to traditional procedures. Precisely, the unique patient-specific needs for plantar
supports are successfully being achieved by the methods presented in the manuscript, from
the 3D patient morphology modeling to numerical simulations that analyze the accuracy
of the insole design and cushioning properties assigned to suitably re-distribute excessive
pressure points. Thus, all methods described in the current research align with recent
advances in foot biomechanics, which aim to revolutionize the footwear and prosthetic
lower limb industry, contributing to enhancing rehabilitation treatments and people’s
life quality through optimized foot orthotics with the primary goal of achieving specific
individual needs.
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Appendix A

Table A1. First case study summary of numerical evaluation results for the heel strike, loading
response, and mid-stance phases.

Type of Analysis
Heel Strike Phase Loading Response Phase Mid-Stance Phase

Maximum Minimum Maximum Minimum Maximum Minimum

Total deformation (mm) 6.3416 0 7.1337 0 6.1659 0
Deformation X axis (mm) 0.9612 −0.9616 1.749 −1.2735 3.0399 −1.7385
Deformation Y axis (mm) 6.3411 −0.0761 7.1337 −0.1915 6.1624 −0.9437
Deformation Z axis (mm) 1.0297 −0.8593 1.4182 −1.5603 2.1061 −1.7235

Total elastic strain (mm/mm) 0.6967 8.299 × 10−16 0.5902 4.39 × 10−16 0.9464 5.95 × 10−16

Elastic strain X axis (mm/mm) 0.3455 −0.2559 0.2692 −0.2004 0.4559 −0.2695
Elastic strain Y axis (mm/mm) 0.39 −0.6420 0.1909 −0.4240 0.5435 −0.6249
Elastic strain Z axis (mm/mm) 0.2724 −0.2734 0.3155 −0.1925 0.3726 −0.3106

Nominal stress X axis (MPa) 0.0617 −0.1174 0.0891 −0.1704 0.1152 −0.1162
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Table A1. Cont.

Type of Analysis
Heel Strike Phase Loading Response Phase Mid-Stance Phase

Maximum Minimum Maximum Minimum Maximum Minimum

Nominal stress Y axis (MPa) 0.0643 −0.1495 0.0659 −0.2107 0.1247 −0.1511
Nominal stress Z axis (MPa) 0.0663 −0.1102 0.0593 −0.1604 0.1442 −0.1217
Shear stress XY plane (MPa) 0.0373 −0.0281 0.0488 −0.0540 0.0466 −0.0634
Shear stress YZ plane (MPa) 0.0343 −0.0258 0.0537 −0.0449 0.0470 −0.0383
Shear stress XZ plane (MPa) 0.0220 −0.0188 0.0331 −0.0208 0.0226 −0.0252

von Mises stress (MPa) 0.1334 0 0.1619 0 0.1289 0
Maximum principal stress (MPa) 0.0730 −0.0830 0.0905 −0.1536 0.1825 −0.1088
Minimum principal stress (MPa) 0.0511 −0.1672 0.0238 −0.2174 0.0713 −0.1653

Table A2. First case study summary of numerical evaluation results for the heel rise and pre-swing
phases.

Type of Analysis
Heel Rise Pre-Swing

Maximum Minimum Maximum Minimum

Total deformation (mm) 8.1699 0 9.1625 0
Deformation X axis (mm) 1.6727 −2.177 2.2721 −2.7693
Deformation Y axis (mm) 8.1698 −1.2569 9.1615 −0.7243
Deformation Z axis (mm) 2.0717 −2.6718 1.5841 −2.4929

Total elastic strain (mm/mm) 1.0893 4.26 × 10−16 1.4249 4.029 × 10−16

Elastic strain X axis (mm/mm) 0.4747 −0.2871 0.7611 −0.3579
Elastic strain Y axis (mm/mm) 0.2355 −0.7421 0.4636 −1.1273
Elastic strain Z axis (mm/mm) 0.4177 −0.2561 0.5801 −0.5227

Nominal stress X axis (MPa) 0.0952 −0.1973 0.1034 −0.2758
Nominal stress Y axis (MPa) 0.0752 −0.3486 0.1452 −0.4176
Nominal stress Z axis (MPa) 0.1148 −0.2508 0.1210 −0.3123
Shear stress XY plane (MPa) 0.0655 −0.1053 0.0704 −0.1368
Shear stress YZ plane (MPa) 0.0693 −0.0728 0.0896 −0.0909
Shear stress XZ plane (MPa) 0.0366 −0.0488 0.0453 −0.0437

von Mises stress (MPa) 0.2005 0 0.2729 0
Maximum principal stress (MPa) 0.1454 −0.1783 0.1531 −0.2691
Minimum principal stress (MPa) 0.0374 −0.3855 0.1013 −0.4533

Table A3. Second case study summary of numerical evaluation results for the heel strike, loading
response, and mid-stance phases.

Type of Analysis
Heel Strike Phase Loading Response Phase Mid-Stance Phase

Maximum Minimum Maximum Minimum Maximum Minimum

Total deformation (mm) 5.0269 0 6.1577 0 4.9285 0
Deformation X axis (mm) 1.4225 −0.5925 1.8206 −0.8742 1.8526 −1.3961
Deformation Y axis (mm) 5.0266 −0.0705 6.1576 −0.1074 4.9284 −0.5991
Deformation Z axis (mm) 0.6477 −0.5966 0.9268 −0.7788 1.2221 −1.3223

Total elastic strain (mm/mm) 0.3596 5.6254 × 10−14 0.3574 7.1839 × 10−14 0.7251 9.997 × 10−14

Elastic strain X axis (mm/mm) 0.1172 −0.1137 0.1698 −0.133 0.3588 −0.2016
Elastic strain Y axis (mm/mm) 0.2019 −0.2402 0.2964 −0.2767 0.3121 −0.5439
Elastic strain Z axis (mm/mm) 0.1603 −0.1478 0.1329 −0.1842 0.2458 −0.3044

Nominal stress X axis (MPa) 0.0257 −0.0571 0.0464 −0.0929 0.0995 −0.3104
Nominal stress Y axis (MPa) 0.019 −0.0591 0.0415 −0.099 0.0888 −0.413
Nominal stress Z axis (MPa) 0.027 −0.0605 0.0439 −0.0983 0.0773 −0.3432
Shear stress XY plane (MPa) 0.0143 −0.0153 0.0187 −0.0188 0.061 −0.0422
Shear stress YZ plane (MPa) 0.0158 −0.0196 0.0146 −0.0141 0.0564 −0.0531
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Table A3. Cont.

Type of Analysis
Heel Strike Phase Loading Response Phase Mid-Stance Phase

Maximum Minimum Maximum Minimum Maximum Minimum

Shear stress XZ plane (MPa) 0.0083 −0.0112 0.0102 −0.0116 0.0265 −0.0276
von Mises stress (MPa) 0.0529 0 0.0707 0 0.1333 0

Maximum principal stress (MPa) 0.0424 −0.0536 0.0578 −0.0901 0.1196 −0.3092
Minimum principal stress (MPa) 0.0157 −0.0682 0.0299 −0.1024 0.0632 −0.4185

Table A4. Second case study summary of numerical evaluation results for the heel rise and pre-swing
phases.

Type of Analysis
Heel Rise Pre-Swing

Maximum Minimum Maximum Minimum

Total deformation (mm) 7.5367 0 8.4016 0
Deformation X axis (mm) 1.2509 −1.8733 3.0257 −1.8019
Deformation Y axis (mm) 7.5367 −0.9327 8.3979 −0.4156
Deformation Z axis (mm) 1.7482 −2.1883 2.1923 −1.6503

Total elastic strain (mm/mm) 1.0011 4.7186 × 10−16 1.0424 1.5761 × 10−15

Elastic strain X axis (mm/mm) 0.4901 −0.2881 0.5395 −0.2877
Elastic strain Y axis (mm/mm) 0.2103 −0.7489 0.4538 −0.9172
Elastic strain Z axis (mm/mm) 0.4304 −0.2245 0.4146 −0.3263

Nominal stress X axis (MPa) 0.0912 −0.1922 0.1105 −0.3156
Nominal stress Y axis (MPa) 0.0757 −0.3103 0.0724 −0.3358
Nominal stress Z axis (MPa) 0.0813 −0.2218 0.0874 −0.3223
Shear stress XY plane (MPa) 0.0732 −0.0897 0.0611 −0.0702
Shear stress YZ plane (MPa) 0.0543 −0.0698 0.0636 −0.1045
Shear stress XZ plane (MPa) 0.0303 −0.0369 0.0417 −0.028

von Mises stress (MPa) 0.168 0 0.1874 0
Maximum principal stress (MPa) 0.14 −0.1638 0.1187 −0.3047
Minimum principal stress (MPa) 0.0642 −0.3242 0.0384 −0.3572
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