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Abstract: Background: In clinical practice, specific customization is needed to address foot pathology,
which must be disease and patient-specific. To date, the traditional methods for manufacturing
custom functional Foot Orthoses (FO) are based on plaster casting and manual manufacturing, hence
orthotic therapy depends entirely on the skills and expertise of individual practitioners. This makes
the procedures difficult to standardize and replicate, as well as expensive, time-consuming and
material-wasting, as well as difficult to standardize and replicate. 3D printing offers new perspectives
in the development of patient-specific orthoses, as it permits addressing all the limitations of currently
available technologies, but has been so far scarcely explored for the podiatric field, so many aspects
remain unmet, especially for what regards customization, which requires the definition of a protocol
that entails all stages from patient scanning to manufacturing. Methods: A feasibility study was
carried out involving interdisciplinary cooperation between industrial engineers and podiatrists. To
that end: (i) For patient-specific data acquisition, 3D scanning of the foot is compared to traditional
casting. (ii) a modelling GD workflow is first created to design a process permitting easy creations
of customized shapes, enabling the end user (the podiatrist) to interactively customize the orthoses.
Then, (iii) a comparison is made between different printing materials, in order to reproduce the
same mechanical behavior shown by standard orthoses. To do this, the mechanical properties of
standard materials (Polycarbonate sheets), cut and hand-shaped, are compared with four groups
of 3D printed samples: poly(ethylene glycol) (PETG), poly(acrylonitrile-butadiene.styrene) (ABS),
polycarbonate (PC) and poly(lactic acid) (PLA) obtained by Fused Filament Fabrication (FFF). Results:
Differences found between the foot plaster model obtained with the plaster slipper cast in a neutral
position and the model of the real foot obtained with 3D scanning in the same position can be
ascribed to the non-stationarity of the patient during the acquisition process, and were limited by
a locking system with which no substantial differences in the almost entire sole of the foot scan
were observed. Conclusions: Using the designed GD workflow, podiatrists with limited CAD skills
can easily design and interactively customize foot orthoses to adapt them to the patients’ clinical
needs. 3D printing enables the complex shape of the orthoses to be reproduced easily and quickly.
Compared to Polycarbonate sheets (gold standard), all the printed materials were less deformable
and reached lower yield stress for comparable deformation. No modifications in any of the materials
as a result of printing process were observed.
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1. Introduction

Recent technological development gives health-care professionals including podia-
trists a number of advantages and solutions to automate the manufacture of conventional
orthoses. FFF 3D printing for the manufacture of anatomical orthosis leads to new produc-
tion opportunities, which would otherwise not be feasible using traditional methods: the
ability of 3D printing to use a unique material to achieve different densities by designing
multi-scale hierarchical structures in the same thickness provides further manufacturing
detail. For this reason, 3D-printing of custom-made orthoses has been largely pursued,
and has recently been proposed for application in the podiatric field [1]. However, to date,
only a few reports are devoted to this field, so the available solutions lack customization
for the clinical need. Customization of the orthoses is particularly important for diabetic
patients, for whom it would be possible to print customized insoles, optimizing the plantar
pressure distribution by applying functional gradient structural properties to the insole
with a different regional gradient modulus [1-3].

A recent study involving runners and patients with symptomatic flatfoot reported no
significant differences in biomechanical or comfort parameters between customized 3D
printed insoles and traditional plaster-molded foot orthoses [4]. In addition, 3D printer
insoles were more effective than prefabricated insoles [5]. Substantial progress has been
made in terms of manufacturing speed, the range of materials that can be used, the final
product quality and reduced equipment cost, as a result of technological development com-
pared to subtractive manufacturing [6-13]. The objective of the present study was therefore
to assess the feasibility of a user-friendly and cost-effective solution to produce customized
functional foot orthoses and sensorized house slippers, combining the use of low-cost
devices for 3D scanning and 3D printing with an automatic modelling approach [14-21].
This is a step forward in creating a systematic and cost-effective protocol that will permit
their customization to any patient and clinical need and boost their efficacy.

A growing number of papers are also reporting on the use of 3D scanning technol-
ogy [22-33]. The promising role of 3D scanning and 3D printing technologies has been
reported in several areas, including the manufacture of customized prosthetics and or-
thotics by scanning body parts, without any physical contact with the patient or interference
in the measurement [34-37]. Compared to available literature, here, we combine all stages
of the orthoses design, from custom-made scanning to manufacturing of the orthosis.

In the design processes, tools and methods are quickly evolving from Computer Aided
Design (CAD) into Generative Design (GD), enabling the user to obtain complex design
tasks by a semi-automatic modelling process, and to customize the resulting models.

To that end:

e  For patient-specific data acquisition, 3D scanning of the foot was compared to tradi-
tional casting (plaster slipper cast in neutral position).

o A Generative Design (GD) workflow was developed to enable podiatrists to easily
design and interactively customize foot orthoses and a sensorized house slipper.

e  The most 3D printing materials commonly used for manufacturing customized foot
orthoses were compared.

2. Materials and Methods

While the potential value of 3D scanning to obtain 3D images and models of an
individual body part are becoming increasingly evident, various critical aspects in the
clinical field remain to be determined. A comparison between the neutral suspension
casting technique and scanning procedure, examining the accuracy of the negative mold,
is a crucial point for clinicians to understand the differences between handmade and
innovative methods. The cost of these devices is another factor that must be factored into
the decision to use this technology, and, as such, a low cost 3D scanner (Sense 3D scanner;
3D System; Rock Hill, SC, USA) was chosen. In 2011, Carrol et al. investigated the reliability
and accuracy of plaster casting and non-weight bearing laser scanning, and their results
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suggest that digital scanning is a reliable technique able to reduce measurement variability
compared to neutral suspension casting [38—41].

2.1. Foot Scanning

An initial comparison was carried out by scanning ten plaster casts obtained after
footprint recording with a pinstripe and subtalar joint bandage in a neutral position (gold
standard). The ten plaster casts were uploaded into the open source software MeshLab (Vi-
sual Computing Lab—-ISI—CNRresearch center; Pisa, Italy), version 1.3.3, and the Iterative
Closest Point (ICP) algorithm was applied to automatically align the ten meshes (Figure 1).
To better visualize error, the computed distance values were also visualized using a quality
color filter. The casts have an error of under 0.74 mm (Table 1). The aim of this analysis was
to compare the accuracy and reproducibility of the conventional approach [42].

Figure 1. Comparison of ten plaster casts obtained after footprint recording with pinstripe and
subtalar joint bandage in the neutral position (a neutral suspension cast).

Table 1. Comparison of ten plaster casts obtained after footprint recording with pinstripe and subtalar
joint bandage in the neutral position (gold standard).

Casts Obtained after Footprint Recording with Pinstripe and Subtalar Joint Bandage in the Neutral Position (Gold Standard)

I\:Ieisgl;-rl\r/ll:rsli\ Alci:r(zll;?elnt Hausdorff Distance (mm)
Control Cast Scanning of the Cast Avg Err Error Bound Max Mean RMS
1 2 0.16 0.00 11.36 0.26 0.69
1 3 0.27 0.00 4.87 0.32 0.48
1 4 0.45 0.00 11.14 0.57 0.86
1 5 0.83 0.00 16.40 1.60 2.49
1 6 0.21 0.00 15.66 0.57 1.35
1 7 0.51 0.00 9.93 0.39 0.95
1 8 0.66 0.00 10.68 1.48 2.18
1 9 0.19 0.00 11.12 0.54 1.27
1 10 0.23 0.00 19.28 0.67 1.92

0.74

The scanning of the plantar surface of the foot (direct approach) was carried out using
a handheld 3D Sense scanner (Sense 3D scanner; 3D Systems; Rock Hill, SC, USA) without
any foot locking system (Figure 2a), reporting an error of 1.16 mm (Table 2). A further
comparison was therefore performed in order to validate a foot locking system. We used
a vacuum silicon bag to set the foot in the corrected position (a neutral suspension scan)
and a tripod for the 3D scanner to improve precision and reduce human error during the
acquisition procedure (Figure 2b), and the error in this case was less than 0.84 mm (Table 3).
The study results show that no substantial differences in the almost entire sole of the foot
scan were observed compared with plaster casting, with the practitioner only using the
locking system during the 3D scanning procedure.
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Figure 2. Scanning of the foot without any foot locking system and a handheld 3D scanner (a), and

scanning of the foot with a foot locking system and a tripod for the 3D scanner (b).

Table 2. Comparison of ten scans of the foot without any foot locking system and with a handheld

3D scanner.

Scanning of the Foot without Any Foot Locking System and with a Handheld 3D Scanner

Mesh-Mesh Alignment  Global Alignment Hausdorff Distance (mm)
Control Scan  Scanning of the Cast Avg Err Error Bound Max Mean RMS
1 2 0.21 0.00 22.67 0.91 1.29
1 3 0.29 0.00 50.72 1.68 4.64
1 4 0.29 0.00 23.95 1.20 3.06
1 5 0.21 0.00 2591 0.96 1.17
1 6 0.23 0.00 19.60 1.28 1.23
1 7 0.21 0.00 13.35 0.93 1.51
1 8 0.28 0.00 15.92 1.14 1.75
1 9 0.18 0.00 12.62 0.83 1.04
1 10 0.29 0.00 25.46 1.31 3.46
1.16

Table 3. Comparison of ten scans of the foot with a foot locking system and a tripod for the 3D scanner.

Scanning of the Foot with a Foot Locking System and with a Tripod for the 3D Scanner

Mesh-Mesh Alignment  Global Alignment Hausdorff Distance (mm)
Control Scan  Scanning of the Cast Avg Err Error Bound Max Mean RMS
1 2 0.23 0.00 22.29 1.06 3.21
1 3 0.35 0.00 15.89 0.85 2.83
1 4 0.22 0.00 21.61 0.69 2.05
1 5 0.24 0.00 12.34 0.92 212
1 6 0.33 0.00 18.94 0.44 3.25
1 7 0.24 0.00 19.04 1.30 2.66
1 8 0.35 0.00 7.86 0.66 1.12
1 9 0.35 0.00 18.18 1.20 3.22
1 10 0.28 0.00 8.98 0.74 1.13

0.85
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2.2. GD Workflow for Orthosis Customization

During the design process, we formalized a GD workflow that provided the specifica-
tions to generate a customized foot orthosis and sensorized house slipper that is specific to
each patient’s anatomy according to their clinical needs. Moreover, this method allows for
interactive modification of the geometrical features of the foot orthosis (shell thickness, heel
size, etc.) by simply moving the sliders of the control panel and producing the watertight
mesh ready for the next AM process in a semi-automatic approach. This approach enables
the user to undertake complex design tasks in an automatic modelling process, and to
customize the resulting geometrical models by interactively modifying certain parameters.
In fact, there were insufficient CAD tools to take full advantage of AM in order to obtain
the most common foot orthosis corrections in an intuitive way. The proposed workflow in
Grasshopper is intuitive, and permits easy and interactive customization of the final foot
orthosis (Figure 3). Moreover, this workflow could be modified and improved in order to
semi-automatically design specific devices to meet patient demand and to design further
developments in integration with electronic components for smart technology testing.
The input data were the mesh of the scanned foot and three reference points, located in the
first and the fifth metatarsophalangeal joints and the center of the calcaneus. The study
investigated the feasibility of manufacturing intrinsic corrections, which are modifications
to the positive mold and shape of the orthotics, using an automatic approach to enable
health practitioners without enough CAD skills to easily design and use the anatomical
modeling process.

The study selected some of the most common intrinsic corrections, such as Morton’s
extension, first ray cut out, intrinsic rearfoot posting, first met cut out and medial heel skive
(Figure 4A-F,)). We also created a rearfoot post to stabilize the orthotic shell in a desired
direction with the possibility of generating many different structures on the nanoscale
level in order to have different densities (Figure 4G,H), thickness and materials, such as
compressible filaflex, which will permit greater shock absorption (Figure 41).

In contrast to the subtractive manufacturing process, rapid prototyping (RP) is a layer-
by-layer additive manufacturing technology with similar accuracy and precision compared
with the CNC and milling process [43,44].

The market currently offers many different machines based on this additive technique.
FFF machines are split in two categories: Delta machines and Cartesian machines. This
distinction is based on the need to move the extruder or the board to obtain route tracking
layer by layer. For this application, we used a Delta Wasp FFF 3D printer operating as a delta
robot. The FFF technique is based on the extrusion of heated feedstock plastic filaments
through a nozzle tip. Different materials and nozzle sizes perform different deposition
paths and model parameters. FFF is one of the most extensively used AM processes for
fabricating orthoses inexpensively. The accuracy is about 0.05-0.30 mm, depending on the
forms, geometry, orientation and printer [45]. The use of fine layers to build thickness and
a large bead width increase both the surface quality and dimensional accuracy [46]. In
terms of geometry and shapes, the output model obtained with this innovative technique
demonstrates that this additive manufacturing technique has a comparable output to
subtractive techniques.

Based on a layer-by-layer deposition, numerous limitations are present, such as im-
perfect matching between layers, incomplete filling and undefined mechanical torsional
and tensile strength. This technique can be used for this specific insole application, where
compressive loads are predominant.

The 3D model obtained by the GD process is then exported in an STL file to man-
ufacture the customized foot orthosis [47-50]. In 2017, Miguel Davia-Aracil reviewed
production cost overheads (such as machinery, materials, etc.) with an accurate feasibility
and cost analysis and showed the advantages and disadvantages in cost terms of the two
manufacturing methods used to produce foot orthoses. The author quantifies the produc-
tion cost per pair of insoles obtained with the subtractive process as $31.92, and, for insoles
obtained with an additive process for a production of 400 pairs per year, it is as $18.17.



Materials 2022, 15, 4064

6 of 16

0beo | :_ _|

’ First Met Fillat Ivb—\\r
----‘-ﬁ!h‘-h_ ! <
_ L 0:5i-

| [sthmrpivaluey 050 e

Y —

2D DESIGN

3D DESIGN

A A

3D Design

Left/Right

Size

Morton's extension

2D Cutline

Thickness

Rearfoot positioning

Medial hell skive

Heel Post Lenght
Medial anterior corner @ Foot insole

Heel Post Lift

Anterior border taper

Heel Post Taper

Diameter

Heel Spur Cut Out

Foot

5T

1st MTPJ

5th MTPJ

Figure 3. Generative design workflow with input data and sliders of the control panel for interactively modifying the foot orthosis and adding

corrections (Grasshopper).
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Figure 4. Key steps in the modelling process for the medial heel skive (A) and intrinsic corrections:
intrinsic rearfoot post (B), Morton’s extension (C), first ray cut out (D), neutral orthosis without cor-
rections (E), first met cut out (F) and 3D orthotics with different thicknesses and structure types (G-I).

2.3. Three-Point Bending Test

In terms of mechanical behavior, Polycarbonate specimens were used as the gold
standard and its mechanical behavior is preferred for producing corrective insoles [51].
This led to the need to evaluate the mechanical properties related to common materials,
obtained with different manufacturing techniques to better match the mechanical behavior
of the gold standard material.

For the comparison of the basic orthosis material (Polycarbonate) used as “gold
standard” with four groups of specimens based on FFF additive manufacturing techniques
(Figure 5), each group was tested in a 3-point bending test. The four FFF specimen groups
chosen in agreement with podiatrists are shown below:

5 Polycarbonate Sheet — (control specimens)
5 Polycarbonate Extruded — (printed specimens)
5 ABS Extruded — (printed specimens)
5 PETG Extruded — (printed specimens)
5 PLA Extruded — (printed specimens)
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Figure 5. Key steps in the modelling process for the sensorized house slipper.

The first types of specimens were tested to assess the behavior of the control specimens,
to compare the printed specimens and to understand the mechanical properties.

The test performed was a 3-point bending test from the control position. The actuator
rate was set at 0.03 mm/s and the test continued until failure. The load cell used was an
Instron 1 KN dynamic cell. The actual specimen dimensions were according to the ISO-178
test (the distance between the two supports is 64 mm and the specimen dimensions are:
length 80 &+ 2 mm; width 10.0 &= 0.2 mm; thickness 4.0 &= 0.2 mm). The force and displace-
ment were recorded at 500 Hz throughout the test. The force-displacement plots were
converted to engineering stress and engineering strain. When evaluating the mechanical
properties of each specimen, we extracted the main parameters:

e  The 1st Failure stress was defined as the first change of slope in stress/strain plot
greater than 1% of the previous sample.

e  The Max stress was defined as the maximum stress value measured throughout
the test.

e  The Young Modulus was computed with a linear regression of the stress—strain plot in
the range between 20% and 80% of the 1st Failure stress.

e  The 1st Failure Work was computed as the integral under the stress—strain curve until
the 1st Failure stress occurs.

e  The Total Work was computed as the integral under the stress—strain curve until the
final failure.

2.4. FT-IR Test

The possible alterations caused by printing to the composition of the different materials
were investigated by FT-IR ATR (PerkinElmer Spectrum 2, Waltham, MA, USA) acquisition

parameters: resolution 4 cm~ !, 16 scans, data interval 1 ecm 1.

3. Results
3.1. Plot Overview

The stress—strain behavior of the materials is highly homogeneous within each group,
indicating a good reproducibility in the printing process, but it significantly varies between
the different groups as a result of differences in the behavior of each material (Figure 6).
During the mechanical test, the specimens were monitored visually to better understand
the failure mode and the mechanical properties (Table 4).
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Figure 6. Stress/strain plots for the different sample groups.

Table 4. Overview of all the relevant parameters obtained after the mechanical test and data process-
ing from each sample group tested.

Specimen Specimen n° o 1st Failure ¢ 1st Failure Work 1st omax (GPa) ¢ max Work TOT Young's Modulus
Group (MPa) Failure (MPa) (MPa) (MPa)
1 32.1 0.032 0.562 343 0.060 0.948 1040.00
2 32.0 0.031 0.412 349 0.060 0.456 795.59
ABS 3 32.1 0.034 0.575 36.6 0.060 1.044 977.04
4 29.2 0.028 0.418 34.8 0.059 0.891 1050.90
5 34.0 0.033 0.605 38.0 0.060 1.246 1062.10
Average 319 0.032 0.515 35.7 0.060 0.917 985.13
Std Dev 15 0.002 0.082 1.4 0.001 0.260 99.25
1 88.0 0.023 1.019 929 0.039 1.693 1040.00
2 78.2 0.028 0.847 85.2 0.033 0.943 795.59
PLA 3 80.0 0.021 0.917 85.4 0.033 0.941 977.04
4 753 0.017 0.658 89.0 0.029 0.944 1050.90
5 80.1 0.019 0.843 89.0 0.033 1.560 1062.10
Average 80.3 0.022 0.857 88.3 0.033 1.216 985.13
Std Dev 42 0.004 0.118 2.8 0.003 0.338 99.25
1 421 0.042 0.900 43.6 0.120 2.248 1230.00
2 42.0 0.043 1.072 427 0.094 1.619 1160.00
PETG 3 422 0.043 1.024 432 0.074 1.289 1198.00
4 41.0 0.043 1.055 419 0.086 1.594 1139.00
Average 41.8 0.043 1.013 429 0.094 1.688 1181.75
Std Dev 0.5 0.000 0.068 0.6 0.017 0.349 34.97
1 8.5 0.034 0.153 18.5 0.127 0.488 250.77
2 10.7 0.034 0.206 18.8 0.127 0.719 300.02
POLY_FFF 3 8.5 0.036 0.172 15.7 0.127 0.496 238.88
4 8.0 0.035 0.155 15.1 0.128 1.327 228.65
5 8.2 0.037 0.167 15.0 0.128 0.448 218.65
Average 8.8 0.035 0.171 16.6 0.127 0.696 247.39
Std Dev 1.0 0.001 0.019 17 0.000 0.330 28.39
1 50.4 0.027 0.513 53.0 0.097 1.584 1308.03
2 55.0 0.024 0.331 59.6 0.096 1.540 1555.05
POLY_BASIC 3 55.2 0.027 0.435 63.0 0.096 1.444 1454.20
4 55.1 0.027 0.547 67.3 0.097 1.468 1377.40
5 55.0 0.026 0.483 64.9 0.096 4.027 1415.10
Average 54.2 0.026 0.462 61.6 0.096 2.013 1421.96

Std Dev 1.9 0.001 0.075 5.0 0.000 1.008 82.18
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3.2. Modes of Failure

Different modes of failure occur during the mechanical test. As is evident (Figure 7),
different materials present different modes of failure. ABS, PLA and PC (POLY_FFF)
specimens obtained with additive manufacturing showed an extended plastic region
compared to the PETG specimen. This was visible during the last second of the mechanical
test. While the PETG specimen shows an instant break and crack propagation, ABS, PLA
and POLY_FFF specimens show a slow crack propagation and breakages occur after a
few seconds.

Figure 7. Set-up overview: (right) PC sample from sheet, (left) ABS sample, both from 3D printing
filament material.

The results of FI-IR are shown in Figure 8. No modifications are assessed in any of
the materials as a result of the printing process, as shown by the unmodified shape and
position of all the FT-IR bands.
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Figure 8. FT-IR bands of (a) PETG, (b) ABS, (¢) PC, (d) PLA.
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4. Discussion

The results of the present study show the effectiveness of a new approach for the
production of orthoses based on a 3D scanning of the foot. We have demonstrated that the
use of a low-cost 3D scanner with a locking foot system during the 3D scanning procedure
is a feasible alternative to conventional procedures. Thanks to various automated software
programs with dedicated protocol algorithms, we were able to identify the most effective
process after visualizing errors and critically reviewing the production phases for the new
additive manufacturing process, as well as conventional techniques through a self-objective
analysis [52]. 3D scanning and related software enable the podiatrist to quantify the cast
shape and orthotic treatment, thereby providing several potential improvements in foot
orthotic manufacturing techniques.

In the digitizing process, the point cloud resulting from laser scanning in the low-cost
system (Sense 3D scanner) seems to be reliable for the present practical purposes. However,
the acquisition process has to be completed in a short time, and was more accurate since
the patient has to be relaxed and their foot must be firmly fixed in the neutral position. This
practice is less invasive and more comfortable for the patient, and is a cleaner process for
the practitioner, while dramatically reducing material wastage. In the Generative Design
process, the proposed workflow in Grasshopper is intuitive and enables the final foot
orthosis to be easily and interactively customized. This workflow could also be modified
and improved in order to semi-automatically design specific devices to meet the demands
of patients with specific pathologies (i.e., hallux limitus, medial deviation of the subtalar
joint axis).

An important topic for future research would be to investigate the different orientation
of the 3D model in the printer volume, the different environments and the notch and
bed temperature that influence the chemical bonds. This involves completely different
behaviors under the same load condition.

Furthermore, thanks to new software updates, we were able to provide new informa-
tion for a continuous improvement of the process. A Generative Design (GD) workflow
was developed, and some feasibility tests involving Industrial Engineering and Podiatrists
indicated that customized foot orthoses can be designed by a non-experienced practitioner
in a very intuitive and interactive way. We believe an acceleration of the critical design
review phase to be worthwhile as a key stage in the orthoses” implementation process at
which the design and development phase ends, and the manufacturing phase starts.

In terms of mechanical behavior, the use of a 3-point bending test was adopted, using
the loading machine in displacement control in order to obtain a similar condition to
human walking loads. Tests show different types of failure for different materials, a similar
stress—strain plot trend for specimens of the same material and a large discrepancy from
the gold standard material tested.

Both standard and printed polycarbonate specimens have similar strain values and
types of failure. Printed specimens show lower levels of stress and work (due to an intrinsic
specimen production process). The other materials are stiffer than the gold standard
material and failure occurs quickly, and this can create a problem for the patient, in terms
of both predicting failure and plantar injuries, and they are therefore clearly useless for
podiatry purposes. In the FT-IR results, no modifications are assessed in any of the materials
as a result of the printing process.

3D printed specimens are obviously structures with material gaps as a consequence
of the additive technique used for the study. A different extruder path with higher spa-
tial resolution would undoubtedly produce fewer gaps during filament deposition. On
the other hand, the limitations remain strictly connected to the nozzle size and filament
diameter. Other additive techniques best meet these two needs (Stereolithography SLA or
Selective Laser Sintering SLS), but the material cost and safety management still remain a
huge limitation for most podiatry centers.

An important topic for future research would be to investigate the different orientation
of the 3D model in the printer volume, different environments and the nozzle and bed
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temperature that influence the chemical bonds. This involves completely different behaviors
under the same load condition. Despite FFF technology being the most used for 3D printed
orthoses and the most diffused technology available in small to medium-size clinics, in the
future, a comparison between all 3D printing methods (SLA, Digital Light Processing DLP,
Continuous Digital Light Processing CDLP, Multi Jet Fusion MJF, SLS etc) can be explored
in terms of mechanical properties and printing limitations [53].

The proposed Generative Design workflow in Grasshopper allows the easy and
interactive customization of final foot orthoses. Some feasibility tests involving medical
staff showed that a customized foot orthosis can be designed by a non-experienced user in
less than 5 min.

5. Conclusions

In the present paper, we reported a new protocol for customized foot orthoses manu-
facturing. The protocol is cost-effective and easy to employ for the clinicians.

As for the 3D scanning procedure, we have shown that the acquisition technique
process was more accurate since the patient has to be relaxed and their foot must be firmly
fixed in the neutral position compared to 3D scanning of the foot without any foot locking
system and with a handheld 3D scanner.

As for printing, we have shown that, in terms of mechanical properties, the choice
of the polymeric materials heavily affects the manufacturing process, so this aspect must
be carefully evaluated by the clinician. At the same time, the different directions of loads
in identical 3D printed models made in the same fashion in the building chamber of the
3D printer could react in different ways. Further tests need to be done in terms of both
direction of printing and mechanical loading conditions in order to assess which materials
best match daily life and medical needs. Since the market of 3D printing filaments is
growing rapidly, further tests with different materials (both flexible and rigid) can therefore
be performed to find the most effective.

The 3D digital approach opens up many new and exciting opportunities. However, a
more detailed mechanical characterization is recommended, in order to assess the behavior
of the orthoses after simulated ageing. In addition, future research in several areas (such as
diabetic and rheumatic patients) must be performed in order for the technique to become
clinically feasible. Each pathology affecting the foot requires different types of material (in
terms of shore) based on the degree of disability and patient’s age. Clinical studies with
large numbers of patients will indicate the best materials and techniques for each specific
pathology and foot deformities.

Author Contributions: L.B. and MLE. created the 3D models and developed the Generative Design
(GD) workflow in Grasshopper. K.M. and G.G. collected and tested all specimens and samples.
N.B. and O.C. drafted, edited, and revised the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated for the present study are available from the
corresponding author upon a reasonable request.

Conflicts of Interest: The authors declare that they have no competing interests.

1.  Tang, L.; Wang, L.; Bao, W.; Zhu, S.; Li, D.; Liu, C. Functional gradient structural design of customized diabetic insoles. . Mech.
Behav. Biomed. Mater. 2019, 94, 279-287. [CrossRef] [PubMed]
2. Bandyopadhyay, A.; Bryan, H. Additive manufacturing of multi-material structures. Mater. Sci. Eng. R Rep. 2018, 129, 1-16.

[CrossRef]


http://doi.org/10.1016/j.jmbbm.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/30933836
http://doi.org/10.1016/j.mser.2018.04.001

Materials 2022, 15, 4064 150f 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Ngo, T.D.; Kashani, A.; Imbalzano, G.; Nguyen, K.T.; Hui, D. Additive manufacturing (3D printing): A review of materials,
methods, applications and challenges. Compos. Part B Eng. 2018, 143, 172-196. [CrossRef]

Mo, S.; Leung, S.H.; Chan, Z.Y,; Sze, LK.; Mok, K.M.; Yung, P.S.; Reef, F; Cheung, R.T.H. The biomechanical difference between
running with traditional and 3D printed orthoses. J. Sports Sci. 2019, 37, 2191-2197. [CrossRef] [PubMed]

Xu, R.; Wang, Z.; Ren, Z.; Ma, T;; Jia, Z.; Fang, S.; Jin, H. Comparative Study of the Effects of Customized 3D printed insole and
Prefabricated Insole on Plantar Pressure and Comfort in Patients with Symptomatic Flatfoot. Med. Sci. Monit. Int. Med. ]. Exp.
Clin. Res. 2019, 25, 3510. [CrossRef]

Wang, X.; Jiang, M.; Zhou, Z.; Gou, J.; Hui, D. 3D printing of polymer matrix composites: A review and prospective. Compos. Part
B Eng. 2017, 110, 442-458. [CrossRef]

Wohlers, T. Tracking global growth in industrial-scale additive manufacturing. 3D Print. Addit. Manuf. 2014, 1, 2-3. [CrossRef]
Haghighi, A.; Li, L. Study of the relationship between dimensional performance and manufacturing cost in fused deposition
modeling. Rapid Prototyp. |. 2018, 24, 395-408. [CrossRef]

Bae, E.J.; Jeong, ID.; Kim, W.C.; Kim, ].H. A comparative study of additive and subtractive manufacturing for dental restorations.
J. Prosthet. Dent. 2017, 118, 187-193. [CrossRef]

Chen, RK,; Jin, Y.A.; Wensman, J.; Shih, A. Additive manufacturing of custom orthoses and prostheses—A review. Addit. Manuf.
2016, 12, 77-89. [CrossRef]

Yarwindran, M.; Sa’aban, N.A.; Ibrahim, M.; Periyasamy, R. Thermoplastic elastomer infill pattern impact on mechanical
properties 3D printed customized orthotic insole. ARPN J. Eng. Appl. Sci. 2016, 11, 6519-6524.

da Silva Barros, K.; Zwolinski, P; Mansur, A.I. Where do the environmental impacts of Additive Manufacturing come from? Case
study of the use of 3D-printing to print orthotic insoles. In Proceedings of the 12éme Congres International de Génie Industriel,
Compiegne, France, 5 May 2017.

Walbran, M.; Turner, K.; McDaid, A.J. Customized 3D printed ankle-foot orthosis with adaptable carbon fibre composite spring
joint. Cogent Eng. 2016, 3, 1227022. [CrossRef]

Davia-Aracila, M.; Hinojo-Péreza, J.J.; Jimeno-Morenillab, A.; Morab, H.M. 3D printing of functional anatomical insoles.
Comput. Ind. 2018, 94, 38-53. [CrossRef]

Roberts, A.; Wales, J.; Smith, H.; Sampson, C.J.; Jones, P.; James, M. A randomised controlled trial of laser scanning and casting for
the construction of ankle—foot orthoses. Prosthet. Orthot. Int. 2016, 40, 253-261. [CrossRef] [PubMed]

Jain, M.L.; Dhande, S.G.; Vyas, N.S. Virtual modeling of an ankle foot orthosis for correc-tion of foot abnormality. Robot.
Comput.-Integr. Manuf. 2011, 27, 257-260. [CrossRef]

Mavroidis, C.; Ranky, R.G.; Sivak, M.L.; Patritti, B.L.; DiPisa, J.; Caddle, A.; Gilhooly, K.; Govoni, L.; Sivak, S.; Lancia, M.; et al.
Patient specific ankle-foot orthoses using rapid prototyping. J. Neuroeng. Rehabil. 2011, 8, 1. [CrossRef]

Telfer, S.; Pallari, J.; Munguia, J.; Dalgarno, K.; McGeough, M.; Woodburn, J. Embracing additive manufacture: Implications for
foot and ankle orthosis design. BMC Musculoskelet. Disord. 2012, 13, 84. [CrossRef]

Alam, M.; Choudhury, I.A.; Azuddin, M. Development of Patient Specific Ankle Foot Orthosis through 3D Reconstruction. In
Proceedings of the 3rd International Conference on Environment Energy and Biotechnology, Singapore, 9-10 June 2014; pp. 84-88.
[CrossRef]

Palousek, D.; Rosicky, J.; Koutny, D.; Stoklasek, P.; Navrat, T. Pilot study of the wrist orthosis design process. Rapid Prototyp. ].
2014, 20, 27-32. [CrossRef]

Dombroski, C.E.; Balsdon, M.E.; Froats, A. The use of a low cost 3D scanning and printing tool in the manufacture of custom-made
foot orthoses: A preliminary study. BMC Res. Notes 2014, 7, 443. [CrossRef]

Song, E.; Yoon, S.W.; Son, H.; Yu, S. Foot Measurement Using 3D Scanning Model. Int. |. Fuzzy Log. Intell. Syst. 2018, 18, 167-174.
[CrossRef]

Salles, A.S.; Gy, D.E. An evaluation of personalised insoles developed using additive manufacturing. J. Sports Sci. 2013, 31,
442-450. [CrossRef] [PubMed]

Belvedere, C.; Siegler, S.; Fortunato, A.; Caravaggi, P; Liverani, E.; Durante, S.; Ensini, A.; Konow, T.; Leardini, A. New
comprehensive procedure for custom-made total ankle replacements: Medical imaging, joint modeling, prosthesis design, and
3D printing. J. Orthop. Res. 2019, 37, 760-768. [CrossRef] [PubMed]

Telfer, S.; Woodburn, J. The use of 3D surface scanning for the measurement and assessment of the human foot. J. Foot Ankle Res.
2010, 3, 19-28. [CrossRef] [PubMed]

Menz, H.B.; Auhl, M.; Ristevski, R.; Frescos, N.; Munteanu, S.E. Evaluation of the accuracy of shoe fitting in older people using
three-dimensional foot scanning. J. Foot Ankle Res. 2014, 7, 3-13. [CrossRef]

The Pros and Cons of Computerized Foot Orthotic Technology—OPEDGE.COM n.d. Available online: https://opedge.com/
Articles/ViewArticle/2004-11_01 (accessed on 27 October 2019).

Stankovi¢, K.; Booth, B.G.; Danckaers, E; Burg, E; Vermaelen, P.; Duerinck, S.; Sijbers, J.; Huysmans, T. Three-dimensional
quantitative analysis of healthy foot shape: A proof of concept study. J. Foot Ankle Res. 2018, 11, 8. [CrossRef] [PubMed]
Coudert, T.; Vacher, P; Smits, C.; Van der Zande, M. A method to obtain 3D foot shape deformation during the gait cycle. In
Proceedings of the 9th International Symposium on the 3D Analysis of Human Movement, Valenciennes, France, 28-30 June 2006.
Jezersek, M.; Mozina, J. High-speed measurement of foot shape based on multiple-laserplane triangulation. Opt. Eng. 2009,
48, 113604. [CrossRef]


http://doi.org/10.1016/j.compositesb.2018.02.012
http://doi.org/10.1080/02640414.2019.1626069
http://www.ncbi.nlm.nih.gov/pubmed/31156031
http://doi.org/10.12659/MSM.916975
http://doi.org/10.1016/j.compositesb.2016.11.034
http://doi.org/10.1089/3dp.2013.0004
http://doi.org/10.1108/RPJ-11-2016-0177
http://doi.org/10.1016/j.prosdent.2016.11.004
http://doi.org/10.1016/j.addma.2016.04.002
http://doi.org/10.1080/23311916.2016.1227022
http://doi.org/10.1016/j.compind.2017.12.001
http://doi.org/10.1177/0309364614550263
http://www.ncbi.nlm.nih.gov/pubmed/25336052
http://doi.org/10.1016/j.rcim.2010.06.008
http://doi.org/10.1186/1743-0003-8-1
http://doi.org/10.1186/1471-2474-13-84
http://doi.org/10.7763/ipcbee
http://doi.org/10.1108/RPJ-03-2012-0027
http://doi.org/10.1186/1756-0500-7-443
http://doi.org/10.5391/IJFIS.2018.18.3.167
http://doi.org/10.1080/02640414.2012.736629
http://www.ncbi.nlm.nih.gov/pubmed/23083421
http://doi.org/10.1002/jor.24198
http://www.ncbi.nlm.nih.gov/pubmed/30537247
http://doi.org/10.1186/1757-1146-3-19
http://www.ncbi.nlm.nih.gov/pubmed/20815914
http://doi.org/10.1186/1757-1146-7-3
https://opedge.com/Articles/ViewArticle/2004-11_01
https://opedge.com/Articles/ViewArticle/2004-11_01
http://doi.org/10.1186/s13047-018-0251-8
http://www.ncbi.nlm.nih.gov/pubmed/29541162
http://doi.org/10.1117/1.3265522

Materials 2022, 15, 4064 16 of 16

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

Kimura, M.; Mochimaru, M.; Kanade, T. 3D measurement of feature cross-sections of foot while walking. Mach. Vis. Appl. 2011,
22,377-388. [CrossRef]

Barisch-Fritz, B.; Schmeltzpfenning, T.; Plank, C.; Grau, S. Foot deformation during walking: Differences between static and
dynamic 3D foot morphology in developing feet. Ergonomics 2014, 57, 921-933. [CrossRef]

Pallari, ]. H.; Dalgarno, K.W.; Munguia, J.; Muraru, L.; Peeraer, L.; Telfer, S.; Woodburn, J. Design and additive fabrication of foot
and ankle-foot orthoses. In 21st Annual International Solid Freeform Fabrication Symposium—-An Additive Manufacturing Conference;
University of Texas: Austin, TX, USA, 2010.

Chromy, A.; Zalud, L. Robotic 3D scanner as an alternative to standard modalities of medical imaging. SpringerPlus 2014, 3, 13.
[CrossRef]

Payne, C. Cost benefit comparison of plaster casts and optical scans of the foot for the manufacture of foot orthoses. Australas. J.
Podiatr. Med. 2007, 41, 29-31.

Drury, J.L.; Mooney, D.J. Hydrogels for tissue engineering: Scaffold design variables and applications. Biomaterials 2003, 24,
4337-4351. [CrossRef]

Tukuru, N.; Gowda, S.K.P.; Ahmed, S.M.; Badami, S. Rapidprototype technique in medical field. Res. J. Pharm. Technol. 2008, 1,
341-344.

Laughton, C.; McClay Davis, I.; Williams, D.S. A comparison of four methods of obtaining a negative impression of the foot.
J. Am. Podiatr. Med. Assoc. 2002, 92, 261-268. [CrossRef] [PubMed]

Hin, A.].S.; Krul, A.J. Performance of Human Solutions Body Dimensions Software; Report 2005-A9; TNO Human Factors: Hague,
The Netherlands, 2005.

Zein, N.N.; Hanouneh, I.A.; Bishop, P.D.; Samaan, M.; Eghtesad, B.; Quintini, C.; Miller, C.; Yerian, L.; Klatte, R. Three-dimensional
print of a liver for preoperative planning in living donor liver transplantation. Liver Transpl. 2013, 19, 1304-1310. [CrossRef]
[PubMed]

Carroll, M.; Annabell, M.E.; Rome, K. Reliability of capturing foot parameters using digital scanning and the neutral suspension
casting technique. J. Foot Ankle Res. 2011, 4, 9. [CrossRef]

Cignoni, P; Callieri, M.; Corsini, M.; Dellepiane, M.; Ganovelli, F.; Ranzuglia, G. MeshLab: An Open-Source Mesh Processing
Tool. In Proceedings of the Sixth Eurographics Italian Chapter Conference, Salerno, Italy, 2—4 July 2008; pp. 129-136.

Islam, M.N.; Boswell, B.; Pramanik, A. An investigation of dimensional accuracy of parts produced by three-dimensional printing.
In Proceedings of the World Congress on Engineering 2013, IAENG, London, UK, 3-5 July 2013.

Todorov, G.; Sofronov, Y.; Dimova, K. Comparison Analysis Between Different Technologies for Manufacturing Patient-Specific
Implants. In Machine and Industrial Design in Mechanical Engineering; Rackov, M., Mitrovi¢, R., Cavi¢, M., Eds.; KOD, Mechanisms
and Machine Science; Springer: Cham, Switzerland, 2021; Volume 109. [CrossRef]

Saqib, S.; Urbanic, J. An experimental study to determine geometric and dimensional accuracy impact factors for fused deposition
modelled parts. In Enabling Manufacturing Competitiveness and Economic Sustainability; Springer: Berlin/Heidelberg, Germany,
2012; pp. 293-298. [CrossRef]

Nancharaiah, T.R; Raju, D.R;; Raju, V.R. An experimental investigation on surface quality and dimensional accuracy of FDM
components. Int. . Emerg. Technol. 2010, 1, 106-111.

Ay, M.; Kubat, T.; Delilbasi, C.; Ekici, B.; Yuzbasioglu, H.E.; Hartomacioglu, S. 3D Bio-Cad modeling of human mandible and
fabrication by rapid-prototyping technology. Usak Univ. |. Mater. Sci. 2013, 2, 135-145. [CrossRef]

Huang, C.Y.; Luo, L.J.; Lee, P.Y,; Lai, ].Y.; Wang, W.T.; Lin, S.C. Efficient segmentation algorithm for 3D bone models construction
on medical images. |. Med. Biol. Eng. 2010, 31, 375-386. [CrossRef]

Karatas, O.H.; Toy, E. Three-dimensional imaging techniques: A literature review. Eur. J. Dent. 2014, 8, 132-140. [CrossRef]
Othman, H.I. Role of computer aided design and computer aided manufacturing technology in prosthetic implant restorations.
Int. J. Dent. Clin. 2012, 4, 22-34.

Dizon, ].R.; Espera, A.H., Jr.; Chen, Q.; Advincula, R.C. Mechanical characterization of 3D-printed polymers. Addit. Manuf. 2018,
20, 44-67. [CrossRef]

Yick, K.L.; Lo, W.T.; Ng, S.P; Yip, ].; Kwan, H.H.; Kwong, Y.Y.; Cheng, F.C. Analysis of Insole Geometry and Deformity by Using a
Three-Dimensional Image Processing Technique: A Preliminary Study. ]. Am. Podiatr. Med. Assoc. 2019, 109, 98-107. [CrossRef]
[PubMed]

Choo, Y.J.; Boudier-Revéret, M.; Chang, M.C. 3D printing technology applied to orthosis manufacturing: Narrative review. Ann.
Palliat. Med. 2020, 9, 4262-4270. [CrossRef] [PubMed]


http://doi.org/10.1007/s00138-009-0238-3
http://doi.org/10.1080/00140139.2014.899629
http://doi.org/10.1186/2193-1801-3-13
http://doi.org/10.1016/S0142-9612(03)00340-5
http://doi.org/10.7547/87507315-92-5-261
http://www.ncbi.nlm.nih.gov/pubmed/12015406
http://doi.org/10.1002/lt.23729
http://www.ncbi.nlm.nih.gov/pubmed/23959637
http://doi.org/10.1186/1757-1146-4-9
http://doi.org/10.1007/978-3-030-88465-9_27\T1\textquotedblright 
http://doi.org/10.1007/978-3-642-23860-4_48
http://doi.org/10.12748/uujms.201324255
http://doi.org/10.5405/jmbe.734
http://doi.org/10.4103/1305-7456.126269
http://doi.org/10.1016/j.addma.2017.12.002
http://doi.org/10.7547/16-116
http://www.ncbi.nlm.nih.gov/pubmed/31135202
http://doi.org/10.21037/apm-20-1185
http://www.ncbi.nlm.nih.gov/pubmed/33040564

	Introduction 
	Materials and Methods 
	Foot Scanning 
	GD Workflow for Orthosis Customization 
	Three-Point Bending Test 
	FT-IR Test 

	Results 
	Plot Overview 
	Modes of Failure 

	Discussion 
	Conclusions 
	References

