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Abstract: The optimum structural characteristics of lamination materials used in the fabrication of
prosthetic and orthotic parts were investigated in this work. Optimization was chosen based on
high yields, ultimate stresses, and bending stress properties. The ideal materials were determined
through the use of an RSM (response surface methodology) which considers three factors: Perlon
reinforcement, a layer of glass fiber, and the percentage of titanium nanoparticles combined with the
matrix laminating resin. The RSM approach suggests thirteen samples by manipulating two variables:
the Ti nano percentage and the number of Perlon layers. Laminating materials, defined by RSM
methods and treated with a vacuum system, were submitted to a series of tests. The ideal lamination
material was compared with the laminations from the initial study through the use of tensile, flexural,
and fatigue testing according to ASTM standards. Tests carried out using version 10.0.2 of Design
Expert software showed that, compared with the 12 other laminations, the one with 10 Perlon layers
and 0.75 percent Ti nano had the highest overall yield and ultimate and bending loads. Fatigue
eventually showed that stamina tension constraints were applied for optimal lamination, compared to
ten Perlon lamination layers. We additionally tested the fatigue life of the best material and compared
it with the available materials used at prosthetics and orthotics centers.

Keywords: ankle—foot orthoses; mechanical properties; RSM method; composite; Perlon layers;
titanium nanoparticle

1. Introduction

Researchers have recently shown increasing interest in prosthetics and orthotics due
to the large number of patients who have lost a limb through an amputation or a congenital
malformation. A prosthesis is a synthetic substitute for a body part that is missing, whereas
an orthosis is an artificial tool designed to increase the potential of a body part, such as
reducing pain, repairing deformities, improving organs, aiding mobility or augmenting
weak muscles, regulating spastic muscles, and other functions [1].

Weight, durability, and personal recognition are all important, but cost and usability
also matter greatly in determining the quality of an orthosis [2]. To meet these criteria, new
technologies such as 3D printing can be used to manufacture orthoses [3,4]. The objective
of orthosis is to improve the mobility of users and enable them to participate in functional
tasks that are carried out regularly. The weight, lifespan, and material used are the principal
factors that are considered for orthosis fabrication. There are two different categories of
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orthoses: static orthosis and dynamic orthosis. When fractures are treated with a static
orthosis, mobility is restricted, and the device is a rigid support.

On the other hand, a dynamic orthosis is a device that increases body mobility and
enables the optimal capacity of the organ, including the ability to recover and control joint
movement [5]. The foot orthotic that is recommended by medical and physical specialists
can help in the prevention of future troubles by lowering abnormal or pathological stresses
that are operating on the lower extremity and the foot [6,7].

The ankle—foot orthosis, commonly known as AFO, is a rigid support device that is
placed on the lower leg to ensure stability for both the ankle and the foot. This device
allows users to keep their ankles in their normal position when walking or participating in
other activities. Those who suffer from foot drop, often known as an inability to raise the
foot, may frequently utilize an AFO to assist them in clearing their toes when walking [8].
AFOs are widely used in the treatment of illnesses that affect the functionality of the
muscles, such as multiple sclerosis, cerebral palsy, muscular dystrophy, polio, and stroke [9].
Ankle—foot orthoses or prostheses are subject to fatigue and external loads. Therefore, it
is important to study and improve the mechanical characteristics of the materials used in
their manufacturing.

To improve the properties of orthoses and prostheses, innovative approaches involve
exploring new materials and designs. The incorporation of nanomaterials, in particular
titanium (Ti) nanoparticles, renowned for their exceptional mechanical properties, is a
promising avenue for improvement. These nanoparticles have attracted a great deal of
attention from scientific researchers, communities, and industries.

Ti nanoparticles have remarkable properties, including a favorable Young’s modulus,
exceptional flexibility, and high electrical and thermal conductivity [10]. The extraordi-
nary mechanical properties of Ti nanoparticles also contribute to their appeal [11]. The
integration of these nanomaterials into the manufacture of orthoses and prostheses aims
to improve their overall performance, durability, and functionality. This is a progressive
advance in the field, with potential implications for medical and industrial applications.
This study focuses on the manufacturing and building of ankle-foot orthoses using com-
posite structures reinforced by titanium nanoparticles. An experimental investigation
is conducted for the optimization of two quantitative parameters: the number of layers
of the Perlon fiber and the percent of titanium nanoparticles combined with the matrix
resin. These parameters enable us to obtain the best structure of the AFO supporting the
maximum stress.

In this context, the stress analysis and the mechanical properties of knee sockets were
studied by Al-Shammari et al. [8] using both numerical and experimental techniques. Ab-
bas et al. [12] studied a partial foot made of various composite materials to determine its
fatigue behavior. The photo-elasticity approach was utilized by Yaseen [13] to determine
the distribution of stress in the knee joint, which was then compared with the numerical
data. Takhakh et al. [14] investigated the mechanical characteristics of reinforced carbon
fibers in a foot orthosis. Yousif et al. [15] employed both experimental methods to estimate
the mechanical characteristics of the newly designed foot and computational methods to
investigate the mechanical behavior of the foot depending on temperature. Computational
modeling of the mechanical performance of the foot was followed by an experimental
investigation of the composite materials” mechanical properties by Oleiwi et al. [16]. Then,
Kadhim et al. [17] employed a combination of both numerical and experimental methods
to investigate how including nanoparticles influences both the overall performance and
mechanical characteristics. The impact of carbon nanoparticles on the dynamic perfor-
mance of composite materials was investigated by Abbas et al. [18] using both numerical
and analytical methods. In the same context, the impact of carbon nanoparticles on rubber
creep performance was then studied using experimental methods by Abdulridha et al. [19].
In addition, experimental research into the impact of nanoassembly on the mechanical char-
acteristics of composite materials was also carried out by Taher et al. [20]. Oleiwi et al. [21]
studied numerous mechanical characteristics, such as weariness, roughness, and the effect



J. Compos. Sci. 2024, 8, 45

30f22

of heat, to investigate the impact of nanoparticle-based materials on the architecture of
the hip joint. In addition, Salih et al. [22] used an experimental technique to study rubber
materials’ mechanical properties under the effect of nanomaterials and fiber reinforcement.
Using a maxillofacial application, in a second study carried out by the authors [23], the
effect of nanoparticles on the mechanical characteristics of silicone rubber was investigated.
The effects of nanoparticles on mechanical characteristics and bioimplants were studied by
Mohammed et al. [24]. Al-Waily [25] used analytical and numerical methods to study the
effect of nanoparticles on the thermal distortion properties of composite materials.

Ankle—foot orthoses (AFOs) fulfill several functions and must therefore be as easy
and comfortable as possible to use. The material must not only be low-cost but also have
high-quality mechanical properties. Due to the complex shape of the leg and ankle, the
researchers utilized 3D modeling and printing to design and manufacture the device.
Rogati et al., 2022 [26] evaluated the repeatability of newly constructed equipment used
to test the stiffness of ankle—foot orthoses (AFOs) under ideal frictionless circumstances.
Shahar et al., 2022 [27] studied the thermal and physical properties of natural composite
filament made from kenaf and polylactic acid (PLA) and investigated its potential as a
material for making ankle—foot orthoses (AFOs) through the use of 3D printing.

In the same context, Patel et Gohil [28] presents a comprehensive review of the AFO
design and development process, using advanced manufacturing techniques. The AFO
component was manufactured using PLA material on an FDM printer. Yje production time
for a single 3D-printed personal device is less than 6.5 h. Gupta et al. [29] reviewed the
design process for a 3D-printed ankle—foot orthosis for podiatric applications, focusing on
time and cost-effectiveness. The work also discusses biomechanical control parameters and
advances in 3D printing, demonstrating the biocompatibility of wearable and implanted
products. Caravaggi et al. [30] present a full report on the design and production process of a
unique PD-AFO (posterior leaf spring ankle—foot orthosis) made from glass-fiber-reinforced
polyamide. The viability of the proposed method was examined for a 67-year-old patient
with foot drop following paraparesis caused by severe discarthrosis after spinal stabilization
surgery. In another study, Khandagale et Pise [31] aimed to manufacture an ankle—foot
orthosis (AFO) using composite materials to increase its strength and durability. Due to the
complex nature of the ankle and leg section, they opted for 3D modeling and printing to
facilitate the design and production process for this specific component. Willis et al. [32]
present the process of creating and constructing an external orthotic device, specifically
designed to correct mild to moderate cases of hallux valgus (HV), often known as bunions,
without the need for invasive procedures. Two orthopedic models made from composite
materials were developed externally. Each model comprises a polymeric shell around the
foot and two toes, together with a metal or carbon fiber insert that maintains the alignment
of the big toe and generates resistance. The initial prototype was fabricated by utilizing 3D
printing methodologies to verify the results.

This study aims to conduct an experimental investigation for the optimization of
ankle—foot orthoses using composites along with nanoparticles of titanium. The paper is
structured as follows. After this introduction, the different materials and methods used in
this paper are presented. In Section 3, the experimental approach is described. The results
and discussion are summarized in Section 4, while the conclusions and perspectives are
presented in Section 5.

2. Materials and Methods
2.1. Materials
To conduct our experimental investigation and mechanical tests, we used the following
materials to manufacture composite ankle—foot orthoses with titanium nanoparticles:
1. Stockinet made of Perlon (Ottobock Health Care 623T3) 1. The procedures of drawing

and melting were used to create Nylon 6, also known as Perlon, Figure 1a.
2. Glass fiber (ottobock health care 616G13) as shown in Figure 1b.
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Ti nanoparticles/nanopowders have an outer diameter (of 30-50) nm [33]; black grey
and Ti nanoparticles should be avoided under stress, Figure 1c.

Lamination resin 80:20 polyurethanes (ottobock healthcare 617H19). Most commonly,
a diisocyanate and a polyol react to produce polyurethane resin. The foams, elas-
tomers, and fluids for coatings can be either flexible or rigid, depending on the
application, Figure 1d.

Polyvinyl alcohol PVA bag (Ottobock Health Care 99B71). PVA to isolate the composite
material around the mold and to put the matrix mixture between two PVAs, Figure 1le.
Powder is used to harden the composite material (ottobock health care 617P37),
Figure 1f.

(d)

Figure 1. Materials for manufacturing AFO laminations: (a) white Perlon stockinet, (b) glass fiber
(c) Ti nanoparticles, (d) polyurethane resin, (e) polyvinylalcohol PVA bag, and (f) hardening powder.

The main equipment used in the fabrication of the ankle—foot orthoses is shown in

Figure 2 and described below:

1.

2.

One gypsum mold is a parallelogram with the following dimensions: (20 x 12 x 24 cm?),
Figure 2a.

Vacuum device containing a vacuum pump, pipes, and a suction hood. The two major
uses for this device are to make a mold free of bubbles by creating a space between
the PVA and the mold and to create a cast free of bubbles by creating a space between
two PVA bags.

The university’s Center for Nanotechnology Research made use of three different
kinds of ultrasonic equipment: an ultrasonic mixing device, an ultrasonic device
of the Hielscher type, and an ultrasonic processor (UP200Ht). Ti nanoparticles and
polyurethane resin with varying weight percentages (0, 0.25, 0.5, 0.75, and 1) may be
mixed using ultrasonic equipment consisting of an ultrasonic generator, a probe, and
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settings of 26 kHz and 160 Watt for 60 min [11]. The mixing procedure was carried
out following the suggestions for risk minimization provided by the Cheap Tubes
Company [34].

4. A sensitive scale device with three digits that are used to weigh Ti nanoparticles and

calculate the physical properties of the composite material, Figure 2f.

(h) @) )

Figure 2. Specimens’ preparation by the vacuum method: (a) first PVA with the gypsum mold,
(b) Perlon layers, (c) fiberglass, (d) second PVA above the Perlon layers, (e) nano titanium weight %,
(f,g) ti nano with the resin mixing process, (h,i) placing the matrix, and (j) the mold.

2.2. Response Surface Methodology (RSM)

The RSM methodology represents a synergistic mix between statistical and mathe-
matical methods to build experimental models and to analyze problems where a desired
response is affected by several parameters. The principal objective is to enhance this re-
sponse through systematic experimentation. The RSM method is particularly effective for
refining previous research and available products. Using precise experimental designs,
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the main objective is to identify an optimal solution (output variable) affected by several
independent parameters (input variables). This methodology facilitates the exploration
of the relationships between these variables, enabling researchers to identify the optimal
conditions that lead to the desired results and improvements in the system or process
under investigation. RSM methodology was employed for this analysis, with a composite
central design over two factors, using five central points and « = £2. The experimental
design matrix involves conducting thirteen runs, which include five central points. The
parameter was tested with four different code levels: —2, —1, 0, 1, and 2. Each code level
represents an actual value corresponding to the coded value. Ti nanoparticles and the
number of Perlon layers are thus the input parameters investigated. Table 1 shows the
input parameter levels and their corresponding codes. This model was created using the
software DESIGN-EXPERT 10.0.2.

Table 1. Input parameter levels and their corresponding codes.

Low Level High Level

Factor Unit 1) +1) —Alpha +Alpha
Ti o
Nanoparticles e 025 075 0 !
The number of Perlon layers ~ No. of layer 6 10 4 12

3. Experimental Approach
3.1. Ankle—Foot Orthoses Laminations with Design Parameters

The characteristic parameters of ankle—foot orthosis (AFO) laminations are determined
through a consideration of practical insights and the limitations inherent in analytical meth-
ods. The selection of input parameters for the experiment is guided by practical knowledge
and the constraints of analytical methodologies [35—41]. Therefore, the measured param-
eters are the number of Ti nanolayers and Perlon layers. The nano titanium percentages
are in 80:20 lamination resin range from 0% to 1%, while for Perlon, the range is 4-12%
across 13 trials (Table 2). The software Design-Expert 10.0.2 was employed to develop the
blueprint. The specimens were cleaned and AFO orthicons were made through the use of a
vacuum lamination process.

Table 2. Suggested experiments (runs) by the RSM.

. Ti Nanoparticles Perlon Ti Nanoparticles Perlon

Runs No. Exp. No Glass Fiber in le)de (Layers) in Code (°/1:) (Layers)
1 3 1 -1 -1 0.25 6
2 4 1 +1 -1 0.75 6
3 8 1 -1 +1 0.25 10
4 7 1 +1 +1 0.75 10
5 6 1 -2 0 0 8
6 5 1 +2 0 1 8
7 1 1 0 -2 0.5 4
8 9 1 0 +2 0.5 12
9 2 1 0 0 0.5 8
10 10 1 0 0 0.5 8
11 11 1 0 0 0.5 8
12 12 1 0 0 0.5 8
13 13 1 0 0 0.5 8

3.2. Mechanical Tests

The mechanical property tests, including the tensile test, bending test, and fatigue test,
were carried out for all laminations.
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3.2.1. The Tensile Test

The tensile test was carried out with the Testometric instrument shown in Figure 3.
The dimensions and shape of each specimen were determined through the use of ASTM
standard D638 [42]. Laser computer numerical control (CNC) was used to cut two different
specimen types (I and IV) following the ASTM standard. Each specimen was subjected to
testing with a strain rate of 2 mm/min, as illustrated in Figure 4.

Figure 3. Tensile test device (Testometric).

BN ==
| |

Figure 4. Tensile test specimens (type I).

3.2.2. Bending Test

The standardized measuring instrument (Testomertic) was used to measure the flex-
ural strength of three samples from each lamination (run) as shown in Figure 5. Three
crosshead speed samples at 5 mm/min with capacities of 25 kN were tested and analyzed
(Figure 6) to find the optimal material for each lamination. The procedure followed ASTM
D790-03 [43]. The equations presented below were used to calculate the flexural bending
stress, the flexural strain, and the bending modulus [44]:

- () (re2r-() )

«= (%) @
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E — (sz - Uﬂ) 3)

€f2 — £f1
where:
of: flexural bending stress (MPa)
ef: flexural strain
Ef: bending modulus (GPa)
P: force (N)
L: length (mm)
b: width (mm)
d: depth (mm)
D: deflection of the specimen’s center line in the middle of the support span (mm)

Figure 5. Bending test device universal instrument (Testometric).

-1215 mm |

t: thickness of laminated material

Figure 6. Bending test specimens.

3.2.3. The Fatigue Test

Fatigue represents the cumulative injury’s periodic loading cycle. Only areas that
plastically flex under the cyclical load are subject to fatigue damage. An HSM20 (High
Speed Measuring Machine) as shown in Figure 7 was used to conduct the fatigue test. This
device utilized the alternating bending motion with a rate of 24 rotations per second. The
shape and dimensions of the specimens, as indicated in Figure 8, were produced following
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the machine manual [39]. Furthermore, all computations were carried out using their
proper names as listed in the user guide. The optimal lamination content was determined
by testing three specimens across seven stress levels. Then, the S-N curve and fatigue
characteristics were compared with suitable laminating materials.

Figure 7. Alternating-bending fatigue testing machine (HSM20).

[ 100 ewree

Figure 8. The fatigue test specimens.

4. Results and Discussion
4.1. The Physical Properties

For each lamination (runs), thickness, weight per unit area, density, and volume frac-
tion were calculated as shown in Table 3. These results indicate that the mean weight and
thickness are influenced by the number of Perlon layers, but the presence of Ti nanopar-
ticles has no observable effect on the physical properties. Notably, the relation linking
the number of layers of Perlon to the weight appears to be linear, highlighting a clear
correlation. Interestingly, Ti nanoparticles do not significantly affect the overall weight,
suggesting that their contribution can be considered negligible in comparison with the
entire weight. Furthermore, the volume fraction value is contingent upon both thickness
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and weight, with its determination primarily tied to the number of Perlon layers. This
underscores that Ti nanoparticles play a minimal role in influencing the volume fraction.
In Figure 9, an image of the optimal material obtained by a scanning electron microscope
(SEM) (comprising 0.75% weight of Ti nanoparticles and 10 Perlon layers) is presented,
featuring two magnification levels (500 x and 2000x). Figure 9 illustrates a high degree of
cohesion between Ti nano and matrix material (polyurethane resin) and good dispersion of
the Ti nano in the matrix material.

Table 3. Physical properties for all laminations (runs).

. Titanium Perlon . . . .
Runs Fiber . Thick Density Mass Volume Weight per Unit
No.  BxP-No  Glaes  Nanoparticles ‘{“a‘;e‘r’)f (mm) (g/em®) ® (cm?) Area (g/cm?)

1 3 1 0.25 6 3 1.49333 7.28 4.875 0.448

2 4 1 0.75 6 2 1.64920 5.36 3.25 0.329

3 8 1 0.25 10 4 1.610769 10.47 6.5 0.644

4 7 1 0.75 10 5 1.441231 11.71 8.125 0.72

5 6 1 0 8 4 1.443077 9.38 6.5 0.577

6 5 1 1 8 4 1.338462 8.70 6.5 0.535

7 1 1 0.5 4 3 1.167179 5.69 4.875 0.35

8 9 1 0.5 12 4 1.446154 9.40 6.5 0.578

9 2 1 0.5 8 45 1.434529 10.49 7.3125 0.645
10 10 1 0.5 8 4.5 1.434529 10.49 7.3125 0.645
11 11 1 0.5 8 4.5 1.434529 10.49 7.3125 0.645
12 12 1 0.5 8 45 1.434529 10.49 7.3125 0.645
13 13 1 0.5 8 45 1.434529 10.49 7.3125 0.645

»

‘6; o Avﬂc' 4*"

it .mﬁn

(a) 500x / 200pm (b) 2000x / 50pm

Figure 9. The optimal composite structure determined through the use of scanning electron mi-
croscopy (SEM) (0.75% weight of nano Ti and 10 Perlon layers) at two resolutions: (a) 200 pm and
(b) 50 pm.

4.2. Results of Tensile Tests

At room temperature, a tensile test apparatus called a Testometric was used to evaluate
three samples per run, and an average was then determined. Figure 10 reviews the counter
graph of the nano Ti, the yield stress, and the Perlon layers as a response. Using two
input parameters (weight percentage of Ti nanoparticles and no. of Perlon layers), the
mechanical stresses and modulus of elasticity were determined. It was also shown that
when the percentage of Ti nanoparticles was mixed with the matrix (lamination resin), the
yield stress and other parameters improved. Ti nano’s excellent stiffness and strength, high
flexibility, coupled with its high flexibility and diameter-dependent specific surface area,
and high aspect ratio combine to alter the properties of the lamination resin that contains it.
Additionally, increasing the reinforcement material (Perlon fiber) in the composite materials
increased the mechanical properties.
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Maximum tensile stress = +78.01437 — 49.41379 x Titanium Nanoparticles + 5.22989 x Perlon+
17.00000 x Titanium Nanoparticles x Perlon — 68.58621 x Titanium Nanoparticles> — 0.91541 x Perlon?

Desi xpen® Software .
Facmoo:::soamg: Actual Maximum tens
Maximum tensile stress (MPa) 7 >

o Design Points 4

IQO

60

X1 = A: Titanium Nanoparticies
X2 = B: Perion

ile stress (MPa)

B: Perlon (No. of layer)

¢ ! }
028 038 045 055 065 0rs

A: Titanium Nanoparticles (%)

Figure 10. Contour graph of maximum tensile stress in terms of titanium nanoparticles and the no. of
Perlon layers.

The final equation of maximum tensile stress in terms of actual factors is:

4)

To predict maximum tensile stress, a quadratic model reduced to coded terms was
examined by means of the reverse elimination of non-significant coefficients. The model
demonstrates significance at a 95% confidence level. Notably, titanium nanoparticles (A),
the number of Perlon layers (B), the interaction term (AB), and their respective squares have
p-values below 0.05, representing their significance in the model. A decent model will fail
the goodness-of-fit test. This model shows that the maximum tensile stress is most affected
by the first three components and is only moderately affected by the fourth term (B).

Figure 11 presents the 3D plot (surface plot) of maximum tensile stress as a function of
titanium nanoparticles and the no. of Perlon layers and validates the previous observations.
It can be noted that the increase in both titanium nanoparticles and the no. of Perlon
layers at their higher level resulted in an increase in the maximum tensile stress value
due to their combined effect. In other words, this is properly ascribed to the same reason
mentioned above. However, the titanium nanoparticle percentage has a higher impact
than the no. of Perlon layers on the maximum tensile stress, while the lower levels (0.25%
titanium nanoparticles and six as the no. of Perlon layers) reduced the value of maximum
tensile stress. The residuals lying in a straight line, indicating errors, show a normal
distribution, as shown in the plot of normal probability (Figure 12) for the maximum tensile
stress data. Furthermore, no clear patterns or strange structures can be observed in the
residuals compared to the projected responses for the data relating to maximum tensile
stress (Figure 13), demonstrating that the models are valid.
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Design-Expert® Software
Factor Coding: Actual
Maamum tensde stress (MPa) =
® Design ponts above predicted value |
°
90
I80
X1 = A Titanium Nanoparticles
X2 = B: Perlon —
[J
Q.
=
w
w
g
»
@
@
o
§
E
—
E
>
o
=
10 = 015
"5 085
~ 055
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~. y 0.45
B: Perion (No. of layer) 7 035 Titanium Nanoparticles (%)
6025

Figure 11. The 3D surface plot of tensile stress at the peak in terms of the titanium nanoparticles and
the no. of Perlon layers.

Design-Expen® Software .
Maximum tansile strass Normal Plot of Residuals
Color points by value of
Maximum tensile stress:
Igc‘ o
B0 ] )
. u]

= w03 =

g - .

o 0 - [ ]

ae- B

50 L ]

= [

= -4 -

E » -

=]

= 103 ]

£ o
1
T T T
200 1.00 il 1.00 200

Externally Studentized Residuals

Figure 12. Plot of normal probability for the maximum tensile stress data.

For comparison, Figure 14 shows the predicted versus actual maximum tensile stress
data, and Figure 15 shows the maximum tensile stress perturbation showing the effect
of titanium nanoparticles and the number of Perlon layers on peak tensile stress across
the range of levels used. Titanium nanoparticles have a greater impact on the maximum
tensile stress than the number of Perlon layers, whereas Figure 16 indicates that the com-
bined influence of the two input factors begins after the center (at around 0.55% titanium
nanoparticles for a maximum tensile stress of around 85 MPa).
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Design-Expent Software
Madmum tensile stress

Colar points by valus of
Maarmum tensile stress:

I 50
&0
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Residuals vs. Predicted
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Figure 13. Plot of residuals of the maximum tensile stress versus the predicted tensile stress.

Design-Expent® Software
Masmum tensile stress

Calor points by value of
Maximum tensile stress:

Iao

Predicted

Predicted vs. Actual

Actual

Figure 14. Predicted versus actual maximum tensile stress.

According to this figure, it can be noticed that at six Perlon layers, increasing the
titanium nanoparticles individually up to 0.75% causes a slight reduction in the maximum
tensile stress, while at 0.25% titanium nanoparticles, increasing the no. of Perlon layers
individually up to 10 leads to decreases in the maximum tensile stress, whereas increasing
both titanium nanoparticles to a higher level (0.75%) and the no. of Perlon layers being
at a higher level (10 layers of Perlon) increases the maximum tensile stress to more than
about 90 MPa. However, the titanium nanoparticles’ percentage has a higher impact than
the no. of Perlon layers on the maximum tensile stress, while the lower levels (0.25%
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titanium nanoparticles and six for the no. of Perlon layers) reduce the value of maximum

tensile stress.

Design-Expert® Sofware
Factor Cading: Actual
Maximum tansile stress (MPa)

Achial Faclors
A: Titariurn Nanoparticles = 0.5
B:Perdon=38

Maximum tensile stress (MPa)

87—

Perturbation
B . A
-8
A
| [
535 0475 0018 0,444 o1 e
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Figure 15. Perturbation of the input factors on the maximum tensile stress.
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Figure 16. Interaction between the titanium nanoparticles and the no. of Perlon layers.

4.3. Results of the Maximum Bending Stress Model

In the three-point flexural test, the Testometric device was used. Each lamination
material (run) with different Ti nanoparticle percentages and no. of Perlon layers was tested,
and the calculated average value of the three specimens was used. It can be noted that the
magnitudes of bending stress are influenced highly by the Ti nanoparticle percentage and
the number of Perlon layers.
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The average responses for peak bending strength were employed to determine the
response surface models for each response using the least-squares approach. To predict
maximum bending strength, a quadratic model reduced to coded terms was examined
by reverse elimination of non-significant coefficients. At the 95% confidence level, the
model is significant. The no-fit test indicates that the model is good. This results in these
terms having the greatest effect on maximum bending strength, as their p-values are less
than (0.05).

The final equation of bending strength at the peak in terms of the actual factors is:

Bending Strength at Peak = +178.66592 — 331.49233 x Titanium Nanoparticles — 10.96350 x Perlon-+

42.64900 x Titanium Nanoparticles x Perlon — 19.31900 x Titanium Nanoparticles? — 0.3377 x Perlon’ ©)

Figure 17 shows the predicted bending strength against the actual data for comparative
purposes, and Figure 18 illustrates the bending strength perturbation, which demonstrates
the impact of Ti and the no. of Perlon on bending in the range of levels used; the number
of Perlon layers has a more significant impact on bending than Ti. Figure 19 shows that
the interrelation (combined influence) of the two input factors occurs after the center (at
around 0.375 Ti% and a flexural strength of around 70 MPa).

Design-Expert® Software .
Bending Strength at Peak (N/imm?) Predicted vs. Actual
Color points by value of 100.000 —|
Bending Strength at Peak (N/mm?):
% 97.200
31.731 90.000 —
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B 70000
5
°
& 60.000
o Sadd g
50.000 —
40.000 —|
30.000 —
I I I I I I I I
30.000 40.000 50.000  60.000  70.000  80.000  90.000  100.000
Actual

Figure 17. Predicted versus actual bending strength at the peak.

Figure 20 presents the contour plot of the titanium nanoparticle/Perlon layer interac-
tion. The increase in titanium nanoparticles and Perlon layers increased the peak value of
the bending stress, as well as the yield strength and the ultimate stress values (more than
90 MPa), which individually leads to an increase in bending. This result is likely attributed
to the effect of the Ti nanoparticle % and the no. of Perlon layers, which strengthen the
matrix (polyethylene) due to the formation of the higher cohesive interface between the
additives (titanium nanoparticles and the no. of Perlon layers) and the matrix.
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Figure 18. The bending strength at the peak perturbation of the input factors.
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Figure 20. The 2D surface plot of bending strength at the peak in terms of the titanium nanoparticles
and the no. of Perlon layers.

Figure 21 illustrates the 3D plot (surface plot) of bending strength according to Ti%
and the Perlon layer number, which confirms the observations made in the 2D graph. It
can be observed that increasing both Ti% and bending caused an increase in the value
at their higher bending (at 10 as the no. of Perlon layers and 0.75); this is scrubbed to
the same reason motioned above. On the other hand, when there is non-dispersion and
insufficient adhesion between titanium nanoparticles and matrix materials, this results in
a reduction in flexural properties, or a high percentage weight of titanium nanoparticles
increases the viscosity of the resin and prevents the elimination of bubbles and impurities
during treatment. Also, a rise in the number of Perlon layers leads to an increasing
maximum bending stress value. Bending stress improves due to increasing reinforcement
fiber material, which enhances the properties of composite materials and the fermion of
higher cohesion of the interface between the additives (Ti nanoparticles and Perlon layers)
and the matrix. These figures show that the effect of Perlon layers was the lowest when the
Perlon layers were at the minimum value and the value of bending stress reached nearly
(31.4 MPa) without this effect. In contrast, in titanium nanoparticles, the magnitude of
maximum bending at the minimum weight percent of Ti% was high without affecting the
Perlon layers.

4.4. Determination of the Optimum Input Factors, Bending at the Peak, and Maximum
Tensile Stress

The design of the experiment uses the response surface methodology, which uses a
central composite design for 22 factors, with five central points and « = +-2. Thirty runs were
performed according to the experimental design matrix (five center points). Each parameter
was used at different code levels of —2, —1, 0, 1, and 2 whereby each level used conformed
to an actual value equivalent to the coded value. The DOE software was used in the
numerical optimization to determine the optimum combinations of parameters, following
the specified requirements. The focus was on predicted quadratic models for the responses
(bending at the tip and maximum tensile stress), with these responses modeled as functions
of two input factors, namely titanium nanoparticles and the number of Perlon layers. To
refine these models, a new objective function, called ‘desirability’, was introduced. The aim
was to maximize this desirability function through numerical optimization, ranging from 0
to 1, representing the goal of obtaining the highest possible response while respecting all of
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the properties of the variable at the same time. Constraints for the numerical optimization
of tip bending and maximum tensile stress were applied to each variable. The input factors
were selected based on their usefulness, while the responses were chosen to maximize the
mechanical properties, as shown in Table 4. As a result, a feasible solution satisfying these
constraints was identified, resulting in maximum values for the mechanical properties
(94.151 MPa peak bending strength and 90.632 MPa maximum tensile stress), as shown
in Table 5. This optimum result was achieved with a maximum desirability value of 1.0,
corresponding to the optimum values for titanium nanoparticles (0.75%) and the number
of Perlon layers (10).

Design-Expert® Software
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Figure 21. The 3D surface plot of bending at the peak in terms of the titanium nanoparticles and the
no. of Perlon layers.

Table 4. Constraints for the numerical optimization of each variable.

. . Upper Lower Upper
Types of Variables Goal Lower Limit Limit Weight Weight Importance
A: Titanium nanoparticles It is in range 0.25 0.75 1 1 3
B: Perlon It is in range 6 10 1 1 3
Bending strength at the Peak Maximized 13.731 94.200 1 1 3
(N/mm~)

Maximum tensile stress (MPa) Maximized 90 60 1 1 3
Table 5. Optimum conditions used to achieve the maximum bending at the peak and the maximum
tensile stress.

T1tan1u.m No. of Perlon Bending at Ma.x1mum o T1tan1u.m No. of Perlon

Nanoparticles Laver Break Tensile Stress Desirability Nanoparticles Laver

Percentage y (N/mm?) (MPa) Percentage Y

1 0.750 10 94.151 90.632 1.0 selected 1

4.5. Validation of the Optimum Bending at the Peak and the Maximum Tensile Stress

Confirmation tests were performed at the optimal levels of titanium and Perlon
nanoparticles to confirm the maximum bending strength and the maximum tensile stress
indicated in Table 5. The confirmation test results are presented in Table 6 for comparison
with the experimental and predicted results. Using the results listed in this table, an error
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of (0.05%) and (2.90%), respectively, was found between the predicted and experimental
results for maximum bending strength and maximum tensile stress.

Table 6. Comparison of experimental and predicted results for bending at maximum and maximum
tensile stress.

. . Predicted Exper. Predicted
Titanium Exper. Bending . . .
. No. of Perlon Bending at Maximum Maximum Error
Nanoparticles at Break b i i o
Percentage Layer (N/mm2) Brea Tensile Stress Tensile (%)
(N/mm?) (MPa) (MPa)
0.75 10 94.200 94.151 — -— 0.05
0.75 10 -— -— 88 90.632 2.90

4.6. Results of the Fatigue Test

Following the choice of optimum laminating materials based on the maximum yield
strength, the ultimate tensile stress, and the maximum bending stress, the impact of the
weight per unit area on the selected optimum materials, reflecting both cost and weight,
was assessed through the use of two optimum design tools (titanium nanoparticles and the
number of Perlon layers). The results of the fatigue tests for the optimum materials (0.75%
titanium nanoparticles and 10 layers of Perlon) were also considered in the analysis. These
results were compared with the previous study presented in [45]; a case of lamination
materials (10 layers of Perlon) was used in this comparison.

Figures 22 and 23 illustrate the S-N plots of three different types of composite materials.
Table 7 provides a fatigue life equation for the materials in each lamination. According
to the figures and table, the fatigue life increased significantly in the lamination (0.75% Ti
nanoparticles and 10 layers of Perlon) in comparison with the other two laminations. As a
result, the optimal material proposed showed high fatigue properties with longer service
life without the necessity of replacement or maintenance. In addition, the endurance stress
of the optimal lamination was raised compared with the 10 layers of Perlon.

6=646.64(Nf)A - 0.2371
60 R = 20,9765

Stress (Mpa)

0 200 400 600 800
NO.of cycle to failure x 10000

Figure 22. S-N curve for the optimal material (10 Perlon layers, 1 fiber glass, and 0.75% Ti nanoparticles).

Table 7. Fatigue life equation for the composite materials in each lamination.

Endurance Limits at 106

. . . . . )
Composite Material Equation for Fatigue Life Cycles (Mpa) R
10 layers of Perlon 6 = 33.64(Nf) — 0.059 15
10 Perlon layers, 1 fiber glass, and 6 = 646.64(Nf) — 0237 20 0.9765

0.75% Ti nanoparticles
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Figure 23. S-N curve for 10 layers of Perlon.

5. Conclusions

In conclusion, this study demonstrates the substantial enhancement of mechanical
properties in lower limb orthoses and prostheses through the strategic integration of nano-
materials. The application of response surface methodology (RSM) yields highly accurate
predictions, with a maximum error margin of only 0.05% when compared to actual ex-
perimental testing. The pivotal finding indicates that the inclusion of the suggested Ti
nanoparticles significantly optimizes and bolsters mechanical attributes, particularly in
conjunction with Perlon. When employing 0.75% Ti nanoparticles and 10 Perlon layers,
a remarkable 40.5% increase in the fatigue endurance limit is achieved, surpassing ma-
terials commonly used at prosthetic and orthotic centers. Moreover, the study reveals
that augmenting both the titanium nanoparticles percentage and the number of Perlon
layers results in a notable elevation of bending strength at the peak. While the two factors
exhibit an inversely proportional relationship, the influence of Perlon layers proves to be
more pronounced. Their combined effect is most pronounced at approximately 0.0375%
titanium nanoparticles, yielding a bending strength of about 70 MPa. Furthermore, an
analogous trend is observed in the case of maximum tensile stress. An increase in titanium
nanoparticle percentage and Perlon layers corresponds to an amplified maximum tensile
stress. Here again, titanium nanoparticles exert a more substantial impact. The optimal
combined effect is achieved at nearly 0.55% titanium nanoparticles, yielding a maximum
tensile stress of about 85 MPa. Through numerical optimization, it was determined that the
maximum projected values for mechanical properties stand at 95 MPa for bending strength
at the peak and 90.632 MPa for maximum tensile stress. These values are attainable at the
optimum proportions of 0.75% titanium nanoparticles and 10 layers of Perlon, achieving a
maximum desirability value. This underscores the immense potential of this approach in
advancing the field of orthotic and prosthetic manufacturing.

In summary, the use of the suggested composite material with a specific percentage of
Ti nanoparticles and a specific number of Perlon layers represents a promising advance in
AFO design, offering improved mechanical properties and cost efficiency.
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