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Abstract - Ankle foot orthoses (AFOs) assist patients with foot
lifting or stabilization difficulties caused by muscle weakness, nerve
damage, or joint instability. Traditional fabrication methods, like
plaster casting, are labor - intensive and time - consuming. 3D
scanning and printing techniques offer a promising alternative, with
quick and precise scanning and rapid fabrication. However,
optimizing parameters for additive manufacturing remains
challenging. This study uses a Taguchi - based design of experiment
method to assess the impact of various 3D printing factors on the
tensile strength of fabricated PP tensile specimens. The optimised
parameters are the nozzle temperature of 240°C, the bed temperature
of 60°C, the print speed of 15mm/s and the layer height of 0.1mm.
Using measured mechanical properties of these specimens, a custom
AFO design is evaluated via finite element analysis in ANSYS to
assess mechanical behavior. This approach proves effective in
evaluating and optimizing AFO fabrication, saving material, and
reducing the number of experiments conducted.

Key words - Ankle foot orthosis; Additive manufacturing; Finite
element analysis; Taguchi; Design of experiment.

1. Introduction

An ankle - foot orthosis (AFO) is an essential assistive
device designed to improve mobility [1], [2]. AFO is
commonly used for patients who have difficulty lifting or
stabilizing the foot due to conditions such as muscle
weakness, nerve damage, or joint instability [3]. During a
standard gait cycle, these issues often lead to abnormal
walking patterns, such as improper foot placement,
increased foot pressure, excessive knee flexion, or high -
stepping gait [4]. AFO typically has an “L” shape, with the
vertical section resting behind the calf and the horizontal
section positioned under the foot. This design helps
improve foot movement and enhances walking safety.
There are two main types of AFO: prefabricated and
custom - made [5], [6]. A prefabricated AFO is mass -
produced in fixed sizes and cannot be customized.
However, due to the diversity in foot and lower limb sizes
among patients, a prefabricated AFO often does not meet
practical needs. Therefore, a custom - made AFO, which is
specifically designed according to the individual
requirements of each patient, becomes a more effective
solution to ensure proper fit and to meet personal mobility
demands.

Tém tit - Nep chinh hinh mit ca chan (AFO) hd trg bénh nhén
gip kho khin khi nang hodc ¢b dinh ban chan do yéu co, tdn
thuong than kinh hodc mét én dinh khop. Phuong phap ché tao
AFO truyén théng, nhu duc thach cao, tén cong strc va thoi gian.
K§ thuat quét va in 3D 13 gidi phap thay thé hira hen, véi kha
ning quét va ché tao nhanh chéng. Tuy nhién, viéc t6i vu hoa
yéu t6 thiét ké vin con nhidu thach thirc. Nghién ctru nay dung
phuong phap thiét ké thi nghiém Taguchi dé d4nh gia anh huong
cua cac yéu td in 3D dén do bén kéo ctia mau nhya PP duoc tao
ra. Thiét k& AFO tily chinh dugc danh gia qua phan tich phan tir
hitu han trong ANSYS. Tham s6 t6i wu dugc xac dinh 1a nhiét
d6 voi phun 1a 240°C, nhiét d6 dé in 1a 60°C, tbc d6 in 1a 15
mm/gidy va dg day l6p 1a 0,1 mm. Phuong phap nay chung minh
hiéu qua trong viéc danh gia va t6i uu hoa AFO qua tiét kiém
vat lidu va giam s6 lugng thi nghiém cin tién hanh.

Tir khéa - Nep chinh hinh mit c4 chan; San xuét boi dép; Phén
tich phan tr hitu han; Taguchi; Thiét ke thi nghiém.

Although both additive manufacturing (AM) and
conventional manufacturing (CM) can produce a custom -
made AFO that meets criteria for lightweight, fit, durability,
and reasonable cost, AM offers significant advantages.
Compared to AM, CM involves multiple complex manual
steps, from plaster casting of the patient’s lower leg, to
creating negative and positive molds for shaping
thermoplastic sheets, and finally producing the orthosis in
the desired form [8]. However, this process requires high
manual skill and is time - consuming. In contrast, AM uses
a 3D scanner to quickly capture the shape of the leg directly,
eliminating the plaster casting and mold adjustment steps,
and significantly reducing production time - from several
days with CM to just a few hours [3], [9]. 3D printing
technology also allows for easy design modification of the
orthosis through computer - aided design (CAD) software,
saving material and minimizing the risk of manual errors
[10]. Furthermore, the absence of plaster reduces
environmental impact by limiting landfill waste or the need
for thermal recycling [11].

However, when applying AM to fabricate an orthosis,
the quality of the printed product remains a critical
concern. A 3D - printed orthosis must not only ensure
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comfort for the wearer but also achieve mechanical
properties such as high tensile strength to guarantee safety
during use [12], [13]. These properties depend on the
manufacturing parameters and the printing materials used.
To optimize the fabrication process, the Taguchi design of
experiments (DoE) method is applied, instead of the
traditional full factorial approach which requires a large
number of experiments [14], [15].

In this study, 3D - printed polypropylene (PP) tensile
specimens were fabricated with various combinations of
printing parameters to determine the mechanical properties
of the printed material. The Taguchi DoE method was
applied to optimize the printing parameters, including
nozzle temperature, bed temperature, print speed, and layer
thickness, to achieve the desired mechanical properties. In
addition, 3D surface data obtained from a volunteer’s lower
leg were used as digital input for designing the AFO in CAD
software. The orthosis design was then refined based on the
3D scan data and evaluated using finite element analysis
(FEA) in Ansys. The finalized AFO design file was then
exported to a 3D printer for fabrication using the optimized
parameters. To the best of our knowledge, this is the first
study to integrate DoE methodology, statistical analysis,
and FEA to optimize and fabricate a custom - made AFO
using 3D printing technology. This approach promises to
enhance design flexibility, optimize costs, and increase
practical applicability, while ensuring high quality for the
fabricated AFO.

2. Materials and methods
2.1. Materials

A 1.75 mm diameter PP filament used for 3D printing
was supplied by YOUSO, China.

2.2. Equipment

PP tensile specimens and the orthosis were printed
using a 3D printer (A8S, JGMaker, China). Printer settings
were adjusted using UltiMaker Cura 5.6.0 software.
Tensile tests were conducted on a 5 kN universal testing
machine (Model 3365, INSTRON, USA). The shape of the
lower leg was captured using a 3D scanner (Einscan Pro
2X, SHINING 3D Tech Co., Ltd., China).

3. Methods
3.1. Taguchi Design of Experiment (DoE) Method

The Taguchi method provides a solution for
determining optimal factors by using an orthogonal array
that contains a reasonable number of required experiments
without compromising result reliability [16]. In this study,
three different values were examined for each of four
parameters, resulting in an L9 orthogonal array with 4
factors and 3 levels - a reasonable number of experiments
compared to the 81 required for a full factorial design [17].
Table 1 outlines the investigated factors and their
corresponding levels. Nozzle temperature values were
selected based on the melting temperature of PP, which
ranges from 200 - 250°C [18]. Printing factors kept
constant throughout the experiment included nozzle
diameter at 0.4 mm, infill density at 100%, and grid infill
pattern for all printed specimens and the orthosis. All layer

thicknesses were selected according to the printer’s
specifications, with allowable values from 0.05 to 0.3 mm.

To assess the effect of printing parameters on tensile
strength, the “higher - the - better” signal - to - noise ratio
(SNR) was applied, since the aim was to maximize tensile
strength for both specimens and the orthosis. The
corresponding SNR formula is:

SNR = —10logy, (% 5;1%) (1)
Where, y; and n are the observed value for the i - th trial
and the number of observations, respectively [19]. Table 2
lists the printing factors and their levels, the measured
tensile strength for each trial, the corresponding mean
values, and their SNRs.

Table 1. List of control factors and their corresponding levels

. Level
No. Factor Unit 1 > 3
1 Nozzle Temperature °C 200 | 220 | 240
2 | Heated Bed Temperature | °C 60 70 80
3 Print Speed mm/s | 10 15 20
4 Layer Thickness mm 0.1 0.15 ] 0.2

3.2. Specimen preparation and tensile testing

Tensile specimens were printed according to the
American Society for Testing and Materials (ASTM) D638
Type I standard [20]. Tensile tests were performed at a
crosshead speed of 100 mm/min. Young’s modulus and
tensile strength were calculated from the stress - strain curve.
To ensure repeatability, each trial was conducted using three
specimens, and the average value was calculated.

3.3. 3D leg scanning and orthosis design

A handheld scanner was used in this step, with the
patient’s leg held in a relaxed position. The technician
maintained a distance of less than 400 mm from the leg and
moved the scanner around it to collect data. The entire
scanning process took approximately 2 to 3 minutes.

(b)

%%

Figure 1. (a) 3D model of scanned leg in Meshmixer and
(b) AFO design based on the scanned 3D model

3.4. AFO design

The obtained 3D foot model in STL format was
imported into Meshmixer software for further editing of
irregularities or errors, as shown in Figure 1(a). Once a
suitable model was achieved, the leg model was saved in
STL format for import into Autodesk Fusion 360. Using
the Form tool in Fusion’s workspace, the AFO design was
created to match the shape and size of the leg (Figure 1(b)).

3.5. Finite element analysis (FEA) for orthosis design
evaluation

The orthosis design model was analyzed to determine
deformation and maximum stress for different material
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properties and boundary conditions. In this study, the
scenario considered was when the foot is in full contact
with the ground during each step or while standing. In
Figure 2(a), the three - point force principle applied in the
AFO design is illustrated, with F1 as the main force and F2
and F3 as the reaction forces applied above and below the
main force. The three - point force model helps address
deformations such as excessive tilt and valgus angles. By
restricting movement around the joint axis, this system
allows for control of rotational movement and provides
joint stability [21], [22]. The applied force values for F1,
F2, and F3 were 60.1 N at the heel, 42.7 N at the proximal
posterior calf, and 23.8 N at the dorsum of the foot,
respectively [23]. Figure 2(b) shows the mesh model of the
AFO, where the mesh size is 6 mm, with about 19,500
nodes and over 3,600 elements.

()

o

Figure 2. (a) Force diagram and (b) the AFO mesh

4. Results and discussion

4.1. Optimization of 3D printing parameters using the
Taguchi method

Table 2. Experimental results presented by L9 orthogonal array
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Figure 3. The SNR of four printing factors
Table 3. Mean SNR by levels

Nozzle Bed Print Speed Layer

Level |Temperature |Temperature (mm/s) Thickness
6 6 (mm)
1 28.345 28.903 28.77 29.003
2 28.844 28.798 28.812 28.711
3 29.186 28.636 28.751 28.628
Difference 0.841 0.267 0.061 0.375

Rank 1 3 4 2

Nozzle Bed Print | Layer | Tensile
INo.|Temperature| Temperature] Speed |Thickness| strength | SNR
°C) °C)  |(mm/s)| (mm) (MPa)
27;27,1;
1 200 60 10 0.1 272 28.659
26; 26,1,
2 200 70 15 0.15 262 28.333
25,2;
3 200 80 20 0.2 253:25.4 28.062
27,6;
4 220 60 15 0.2 277278 28.849
28,3;
5 220 70 20 0.1 28.4:28.5 29.066
6| 220 80 10 | o015 | 2727 128627
27,1
28,8;
7 240 60 20 0.15 28.9: 29 29.218
28,2;
8 240 70 10 0.2 28.3:28.4 29.036
29,1;
9 240 80 15 0.1 292:29.3 29.308

Representative stress - strain curves for the specimen with
the lowest tensile strength (experiment number 3) and the
highest (experiment number run 9) are shown in Figure S1.
From Table 2, the graphs depicting the mean SNR values
corresponding to each level of the printing factors are shown in
Figure 3, and the mean SNR values are summarized in Table 3.

Analysis of variance (ANOVA) was performed to
determine experimental error and to identify which factors
significantly affected the results. The results are presented
in Table 4.

Table 4. ANOVA results of four factors

F - %

Factor DOF $8 MS value P Contribution
Nozzle

Temperature| 2 |[31.4867 15.74331574.33 0.000| 77.27%
&Y

Heated Bed

Temperature| 2 | 2.4467 (1.2233|122.33/0.000| 6.00%
&)

PrintSpeed |\ 1 1867 0.0933] 9.33 [0.002| 0.46%
(mm/s)

Layer

Thickness 2 | 6.4467 (3.2233]322.33(0.000| 15.82%
(mm)

Error 18 0.18 0.01 0.44%
Total 100%
Among the four printing parameters, nozzle

temperature had the greatest impact, contributing 77.27%
of the variation, with a statistically significant P - value
(0.000) and the highest F - value (1574.33). The second
most influential factor was layer thickness, contributing
15.82%. Print speed and bed temperature contributed only
marginally to the experimental variance. The error
accounted for only 0.44% of the total variation, indicating
that the experimental process was well controlled with
minimal unexplained variance.

In summary, nozzle temperature and layer thickness
should be prioritized for optimizing the printing process,
while print speed and bed temperature, though less
important, should still be controlled to ensure stability.
These ANOVA results are consistent with the range values
and the order of influence of each factor on tensile strength
as previously shown in Table 3.
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Based on the optimal combination of printing
parameters, a tenth set of specimens was fabricated and
tensile tests were conducted to determine the mechanical
properties for Ansys simulation input. The tensile
specimens were fabricated using the optimal 3D printing
parameters: nozzle temperature of 240°C, bed temperature
of 60°C, print speed of 15 mm/s, and layer thickness of
0.1 mm. The results showed a tensile strength of 28 +
0.6 MPa and a Young’s modulus of 2000 + 15 MPa.

4.2. FEA Simulation results

To estimate the stiffness of the designed AFO model,
Ansys simulation results are shown in Figure 4. The region
of maximum total displacement was observed around the
toe area (Figure 4(a)). The maximum stress values
occurred around the medial and lateral edges of the AFO,
which are also the joints of the AFO. The highest strain was
clearly located at the points of maximum stress, as
illustrated in Figure 4(b,c).

= ()

(b)

I 000071976 Min

Figure 4. Ansys simulation results of (a) total deformation,
(b) strain and (c) stress of the designed AFO

4.3. 3D Printing of the orthosis

Figure 5. Printed AFO with (a) front view, (b) right lateral
view, and (c) left lateral view

Figure 5 illustrates the AFO printed using the optimized
set of 3D printing parameters described above.

5. Conclusion

In summary, this study successfully demonstrated a
comprehensive approach for 3D printing polypropylene
(PP) specimens and custom AFO design. By employing
the Taguchi design of experiments method, the optimal
combination of 3D printing parameters - nozzle
temperature of 240°C, bed temperature of 60°C, print
speed of 15 mm/s, and layer thickness of 0.1 mm - was
identified to achieve the desired mechanical properties.
This optimal printing combination was used to fabricate
a set of specimens, whose mechanical properties served
as input for FEA simulation of the AFO. Using 3D surface
data from the patient’s foot, the AFO was designed in
CAD software and its mechanical behavior was evaluated
through FEA in ANSYS. This study represents the first
integration of experimental, statistical, and FEA
approaches for producing a custom 3D - printed AFO.
The proposed method has significant potential for
enhancing design flexibility, cost - effectiveness, and
service capacity, while ensuring high quality of the
custom AFO.
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Figure S1. Stress - strain curves of experiment number 3 (green

solid line) and experiment number 9 (orange dashed line)
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