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ABSTRACT 

3D printing is a common method for manufacturing Flatfoot Orthopaedic Insoles (FOI). The current manufacturing 

process relies on pre-defined infill structures provided by slicing software. However, these structures may fail to 

meet the specific FOIs' mechanical property requirements, making mainstream 3D-printed insoles less durable 

than traditional ones. The purpose of this study is to improve FOI’s durability, by using Full Control Gcode Designer 

(FCGD), specialized 3D print-path design software, to create a dedicated infill structure for FOI. Employing 

sinusoidal curves as a basis, various structures were designed by tweaking three parameters: sinusoidal 

amplitude, extruded filament width, and connecting layer design. The specimens, along with control group 

samples made with standard insole infill structures, were produced using Thermoplastic Polyurethane (TPU) 

filament. Bending and repetitive compression tests were undertaken to determine the influence of these 

parameters on bending durability and resistance to repetitive compression stress. The results highlight a 

significant impact of these parameters on FOI's durability, indicating that the specified parameter combination 

can effectively improve the bending durability and resistance to repetitive compression stress in comparison to 

the mainstream infill structure. This study conducted a comprehensive analysis and established that these 

parameter combinations can produce an optimal performance for a 3D-printed flatfoot orthopaedic insole. 

 
KEYWORDS 

footwear design, Insole infill structure, thermoplastic polyurethane (TPU), additive manufacturing 

INTRODUCTION 

Flatfoot is a condition where individuals experience a lack of arch support, causing the midfoot to 

collapse on the medial longitudinal side [1]. The midfoot functions as a shock absorber in the plantar 

region, helping the foot arch maintain elasticity to minimize the impact of ground reaction forces 

(GRF). However, individuals with flatfoot struggle to support their body weight during prolonged uphill 

or downhill walking [2]. An uneven pressure distribution on the sole or excessive localized pressure 

often leads to discomfort [3]. Arch support insoles for individuals with flatfoot have been suggested to 

alleviate rectus femoris fatigue, particularly during downhill walking [4].  
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The Flatfoot Orthopaedic Insole (FOI) is a specific category of orthopaedic insole directed at offering 

stable support to a patient's low arch, thereby modifying the patient's arch shape [5]. The advent of 

3D printing has revolutionized the production of orthopaedic insoles, enabling their creation through 

this technology [6-8]. 3D printing otherwise known as Additive manufacturing (AM) technologies offers 

a fabrication method that reduces waste and enhances part customization. The most widely used 

technique is material extrusion (ME), where the material is deposited layer by layer to create highly 

customized components [9].  

In the prevalent material extrusion (ME) process, slicing software is utilized to produce processing files. 

This process commences with the importation of a three-dimensional product model into the slicing 

software. The software then slices the model, creating a layer-by-layer printing path, and generates 

the GCODE. Slicing is a process of cutting a given 3D model into 2D planes [10].  

The target of slicing is to get 2D graphics on 2D planes for the printer to print layer by layer. In this 

case, within the slicing software where the print path is formed, the parameters such as layer height, 

infill pattern, and infill density can be personalized [8]. However, a limitation exists: designers are 

confined to selecting an infill structure from a few pre-set options, which may not precisely meet the 

FOI's mechanical property requirements.  

Furthermore, when designing an insole structure via slicing software, enhancing one mechanical 

aspect often compromises others [11,12], which results in mainstream 3D printed insoles being less 

durable compared to traditional insoles [13,14]. For example, while raising the infill density enhances 

structural stability, it can reduce the insole's longevity by exposing flex zones to heightened stress 

levels [12]. To tackle these challenges outlined, this study focuses on enhancing the 3D printed 

structure’s capacity to endure bending and repeated compressive forces, a quality lacking in typical 

pre-set infill designs. This improvement is intended to prolong the durability of the orthopaedic insole. 

Using sinusoidal curves as a foundation, several structures will be created by adjusting three 

parameters: sinusoidal amplitude, extruded filament width, and the design of the connecting layers. 

These samples, along with control group specimens produced using standard insole infill structures—

grid, sinusoidal, and straight-line patterns—will be generated through slicing software [15]. The 

parameters of the infill structures, such as sinusoidal amplitude, print path heights, and widths, will be 

varied to ascertain the optimum parameters that will deliver the desired results. Infill structure 

parameters such as density, printer type, layer heights and infill pattern types influence the mechanical 

properties of the 3D printed part [16,17].  

Furthermore, this study sets out to fabricate specimens, and conduct bending tests and repeated 

compression tests to evaluate their bending durability and resistance to repetitive compression stress. 

This process will also involve a detailed analysis of the combination of parameters that will yield the 

best overall performance of the designed structure. Additionally, the assessment will determine the 

https://doi.org/10.31881/TLR.2025.011
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extent of improvement in the above performances compared to the mainstream infill structure in 

the slicing software. The type of printed structure 

While auxetic structures [18]excel in energy absorption and gyroid lattices [19] balance flexibility and 

strength, our sinusoidal curve design was selected for its clinical practicality. Its geometric simplicity 

enables seamless integration into existing 3D printing workflows, ensuring robust arch support. 

EXPERIMENTAL  

Materials  

Capturing dynamic pressure images of the foot's sole was done using an RS-Scan pressure plate, a high-

resolution pressure measuring device made in Belgium [19]. Figure 1 shows the gait analysis hardware 

consisting of (a) an RS-scan pressure plate, (b) a test track and (c) a high-speed camera.  

This project used Creality CR5-pro material extrusion 3D printer (Molding method: Material extrusion; 

Printer size: 530*487*612 mm; Molding size: 300*225*380 mm) Fig. 2(a) shows Creality CR5-pro 

material extrusion 3D printer), a remote feed printer with a lighter head for faster and more accurate 

nozzle positioning than a close feed printer[20], used to manufacture all the specimens.  

 

   

Figure 1. (a) RS-scan pressure plate, (b) Test Track, (c) High-speed camera 

 

The effectiveness of orthotic therapy in addressing specific foot conditions is significantly influenced 

by the materials selected for producing orthopaedic insoles [21]. For material selection, Thermoplastic 

Polyurethane (TPU) shown in Figure 2(b) was used. Thermoplastic Polyurethane (TPU) has become the 

dominant material in 3D-printed orthopaedic insole manufacturing due to its unique combination of 

mechanical properties, customizability, biocompatibility, and processability. 
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                      (a)                                    (b) 

Figure 2. (a) Creality CR5-pro 3D printer, (b) TPU filament  

 

Others such as ABS (Acrylonitrile Butadiene Styrene) and PLA (Polylactic Acid) etc. tend to be less 

suitable for insole due to their high hardness and low elasticity. TPU offers superior durability and 

precision compared to EVA (Ethylene Vinyl Acetate) which compresses over time and lacks 

customizability. Also compared to silicon, TPU is easier to 3D print and more cost-effective. 

Additionally, TPU is notable for its excellent abrasion and tear resistance, as well as its high 

hardness[22].  

Methods 

The first phase of this project involves capturing dynamic pressure images of the foot's sole, also known 

as the pelma, throughout a complete gait cycle. This process provides the necessary data to analyze 

the primary stress experienced by the FOI when it comes into contact with the pelma.  

The parameters of the filament include (filament diameter: 1.75 mm; hardness: 95 A; elongation: 

170%; and a softening temperature of 140 °C [22,23]. TPU boasts of high elongation and tensile 

strength. 

Design of the structure 

A dedicated structure for the FOI is designed with the aid of FullControl Gcode Designer (FCGD), 

software developed by Gleadall A.  

This software allows the design of 3D printing structures with fewer restrictions [23], making it a 

valuable tool for our project. This software introduces a novel concept for print path design 

procedures. Unlike traditional methods, this new approach doesn't limit the part to a specific type of 

structure. Instead, it allows the designer to define every segment of the print path, along with all 

printing parameters such as extrusion speed, extrusion volume, nozzle temperature, segment width, 

and layer height. 

https://doi.org/10.31881/TLR.2025.011
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The design software operates within a Cartesian coordinate system, employing 

mathematical formulas and coordinate transformations to create the structure. By establishing 

suitable repetition rules, the structure is expanded and then outputted. The final design is directly 

exported in Gcode format, which can be previewed in the slicing software or sent to a printer for 

production [22]. The structural design process is divided into three stages, planar structure design, 

vertical structure design and connecting layer design. The completed design code is shown in Fig. 3(a), 

which consists of 9 features. By clicking on ‘generate Gcode’, the Gcode can be automatically created, 

enabling a print preview or direct printing. 

In the planar structure design stage, sinusoidal curves are designed to form the main body of the 

structure (Fig. 3(b)). A sinusoidal curve or infill pattern in 3D printing refers to an internal structure 

where the material is deposited in a wave-like or sinusoidal shape. The extension direction of the 

sinusoidal curves is perpendicular to the bending direction (Fig. 3(c)). Therefore the sinusoidal curves 

provide a more consistent support at all points than pre-set structures such as grids, straight lines, etc. 

 

Figure 3. Design flow of structure for FOI, (a) Design code in FCGD, (b-h) Print previews of the structure are described in 

Section 2.2. Grid in (b-h)=10 mm  

https://doi.org/10.31881/TLR.2025.011
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In a grid structure, pressure is handled on the connecting areas of the grid (labelled ① in Fig. 4 (a) 

and within the grid's gap (labelled ② in Fig 4(a). What this means is that a grid structure can better 

withstand pressure on location ① than ②. The latter is more prone to causing deformation and 

potential failure. Linear structures also take up pressure in a similar fashion as shown in Fig. 4(b). 

Therefore in instances where certain spots tend to handle pressure better than others, this leads to 

potential deformation and failure at the so-called weak areas. In the structure designed for this project, 

all pressures (labelled ①, ②, and ③) are situated between two sinusoidal curves (Fig. 4(c)). Their 

stress states are the same, and each point provides a stable support force, which helps to distribute 

pressure evenly and avoid failure at a certain position due to uneven pressure distribution. 

Secondly, the plantar structures have gaps between sinusoidal curves (Fig. 3(d)). As a result, when 

bending occurs perpendicular to the direction of the curve extension, the curves don't compress each 

other as seen with pre-set structures. This prevents the generation of stresses that affect the 

structure's durability. 

 

 

Figure 4. Four Different stress positions on the structure, (a) Grid, (b) Straight line, (c) Sinusoidal curves 

 

In the vertical direction of the structure, the planar structure is stacked vertically to provide stable 

resistance to compression. Each layer is stacked with a certain horizontal displacement relative to the 

preceding layer, and it is arranged in a wave-like pattern in the vertical direction (Fig. 3(e-f)). This 

stacking method allows for the sinusoidal curves to support and protect each other when bending 

happens in the horizontal direction, thereby enhancing the structure's bending durability.  

 

 

Figure 5. Connecting layer designs, (a) Design 1 (b), Design 2 (c), Design 3 

 

In the connecting layer design phase, since the vertically stacked structures are independent of each 

https://doi.org/10.31881/TLR.2025.011
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other, the connecting layer is designed in this phase to connect each column of sinusoidal 

curves into a whole (Fig. 3(g-h)). The extension direction of the print path of the connecting layer is 

parallel to the bending direction, which is better for connecting each sinusoidal curve than extending 

it vertically.  

However, the inclusion of an excessive number of layers could result in a structure that is harder to 

bend, impacting its bending durability. To comprehend the influence of the number of connecting 

layers on the structure's performance, this experiment developed three structural designs with varying 

numbers of added connecting layers.  

The impact of these different designs on the structure's performance will be further discussed in the 

succeeding sections. Three parameters were factored into the fabrication of the samples shown in 

Table 1. These parameters include the amplitude of the sinusoidal curve, with values of 0.9, 1.0, and 

1.1. Additionally, the width of the print path was varied with values of 0.2, 0.3, and 0.4. Lastly, the 

design of the connecting layer was explored using designs 1, 2, and 3 (Fig. 5).  

In 3D printing, a connecting layer (or interface layer) typically refers to a structural or functional layer 

designed to bond, reinforce, or transition between two distinct sections of a printed object. The 

connecting layer, with a thickness of 0.2 mm was implemented. This serves to link the sinusoidal curve 

layers, preventing collapse and sliding. However, adding too many connecting layers can reduce 

structural flexibility and resistance to bending. To identify the optimal combination, this project 

developed three designs with varying connection layer intervals: Design 1 implemented a connecting 

layer every 20 sinusoidal curve layers, Design 2 every 10 layers, and Design 3 every 5 layers.  

 

Table 1. The impact of three parameters on the performance of the structure 

 Width  

Amplitude 
0.2 mm 0.3 mm 0.4 mm 

 Design1 Design1 Design1 

0.9 Design2 Design2 Design2 

 Design3 Design3 Design3 

 Design1 Design1 Design1 

1.0 Design2 Design2 Design2 

 Design3 Design3 Design3 

 Design1 Design1 Design1 

1.1 Design2 Design2 Design2 

 Design3 Design3 Design3 

Control group 

Number 1 2 3 

Infill pattern Cuboid Zigzag Straight line 

Infill density 30% 32% 30% 

https://doi.org/10.31881/TLR.2025.011
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For comparison, a control group was created using the standard infill structure provided by the Cura 

5.4.0 slicing software on a cuboid of identical size (see Table 1). In summary, with the aid of the FCGD, 

a structure based on sinusoidal curves is designed (Fig.3 (g)). The sinusoidal curve repeats every 3.14 

mm, spans the entire plane at 2 mm intervals, and has a layer height of 0.2 mm. Layer heights within 

this range are suggested to deliver smooth walls and also provide a great mix of part strength, printing 

time, and detail [25-27]. 

When stacking, the printing path aligns with the previous layer but includes a horizontal displacement 

of 0.05 mm in the X-axis. After stacking ten layers in a specific direction, resulting in a total 

displacement of 0.5 mm in the X-axis, the process begins to stack another ten layers in the opposite 

direction, aligning with the horizontal position of the first layer, until the desired form is attained. The 

connecting print path runs parallel to the bending direction of the sole, and the entire plane is covered 

at intervals of 0.4mm. All three designs are shown in Figure 5. 

Manufacture of specimens 

All designed specimens shown in Fig. 5 were modelled with dimensions of 230*80*9 mm (with some 

dimensional error from the completed specimen), and the geometry of the specimens was similar to 

that of an adult orthopaedic insole, allowing the specimens to be processed, fixed, and tested using 

standardized insole performance test equipment. All specimens manufactured for this experiment 

were manufactured and tested in duplicates. 

The print time for the specimens ranged from 10.5 to 14 hours, depending on the parameters; when 

manufacturing the control group, the specimens with the preset infill structure were designed to have 

the same external dimensions and extruded material volume as the proposed specimens (with an error 

of 0.5%). Printing times for specimens with pre-set infill structures ranged from 8 to 8.5 hours. Figure 

6(a) and (b) show images of the manufactured specimen’s side view and top view respectively, and (c) 

shows the image of the sample insole after trimming. 

 

 (c)  

Figure 6. Manufactured specimen, (a) Side view, (b) Top view, (c) Trimmed out insole 
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Test of specimens 

This experiment utilized three experimental tests namely bending test, repetitive compression test 

and wear performance tests. The bending test was used to assess the bending durability of the 

specimens, while the repetitive compression test was implemented to evaluate the specimens' 

resistance to repeated stress. The XW-B-2 bending test machine (Fig. 7(a)) was used to conduct 

bending tests on all specimens.  

The testing methods comply with the National Standard of the People's Republic of China GB/T 3903.1-

2017 [28]. The bending test was conducted at a temperature of 23±2 °C. First, the specimens were 

fixed on an auxiliary fixture (specimen holder) of the bending test machine (Fig. 7(b)) and then fixed 

onto the bending test machine (Fig. 7(c)). Using a standard cutter (Fig. 7(d)) a 5mm long split was 

created at the center of the specimen's bending area (Fig. 7(e)).  

 

  

Figure 7. (a) The XW-B-2 bending test machine, (b) Auxiliary fixture, (c) Fixed specimen, (d) Standard cutter, (e) Specimen 

cutting process, (f) Split measurement process 

The specimen was subjected to 5,000 bending cycles, with each cycle involving a bending angle of 50 

°and a bending rate of 230 cycles per minute. This test method aligns with The China Standardization 

Administration, GB/T 3903.1-2017: 2017. The method for assessing footwear flex resistance involves 

bending test samples at 230 cycles per minute to simulate long-term wear conditions in an accelerated 

timeframe. Post-test evaluation includes measuring the resulting crack length (Fig. 7(f)), where shorter 

cracks signify enhanced durability against bending stress. 
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Figure 8. (a) Repetitive compression test machine, (b-c) Thickness gauge 

 

The Repetitive Compression Test machine (Fig. 8(a)) was utilized to assess the specimens' resistance 

to repeated stress, adhering to the testing method specified in the People's Republic of China's 

National Standard HG/T 2876-2009 [29]. The specimen's thickness, both before and after compression, 

was measured using a specialized thickness gauge (Fig. 8(b-c)) under a pressure of 22±5 kPa. 

The test machine then subjected the specimen to repeated compression at a pressure of 1500N and a 

frequency of 60 times per minute for 72 hours. After the completion of the compression test and a 

rest period of over two hours, the height of the specimen was measured. The compression deflection 

rate (K) was then calculated from the measured thickness. A lower compression deflection rate 

indicates better resistance to repeated stress. 

 

Table 2. General information on subjects 

Subject Gender Age Foot type 

1 Female 18 Normal (arch height=15.66mm) 

2 Male 24 Normal (arch height=16.60mm) 

3 Female 18 Flatfoot (moderate, arch height=7.23mm) 

4 Male 35 Flatfoot (mild, arch height=11.35mm) 

The wear performance evaluation conducted was to assess the performance of the insoles in a real 

usage environment. An analysis of the primary stress on the insole was done by assessing the static 

and dynamic plantar pressure distribution under barefoot conditions. At the same time, Gait videos 

were taken with a high-speed camera to understand the bending and deformation of the foot.  

The insole directly interacts with the barefoot during wear, studying the forces and bending occurring 

in the barefoot state can effectively reveal the primary types of forces exerted on the insole. The wear 

assessment utilized a pressure plate (Brand: RS-scan; Length: 0.5 m; Sensor density: 4 sensors/cm2; 

Sampling frequency: 500 Hz) 9 and a high-speed camera (Brand:SHL; 260FPS) (Fig.1). Two patients with 
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flatfoot and two subjects with normal foot type participated in this test. Table 2 presents the General 

information about the subjects. 

RESULTS AND DISCUSSIONS 

Bending tests 

The bending test result is shown in Table. 3 and Figure 9. Based on the experimental results, it was 

observed that the specimens with only 1 connecting layer (Pattern 1) collapsed after 5000 bending 

cycles making it impossible to record any experimental data for this group of specific specimens.  

 

(a) Pattern 1 (b) Pattern 2 (c) Pattern 3 

(d) Bending response of 
Pattern 1 

(e) Bending response of 
Pattern 2 

(f) Bending response of 
Pattern 3 

Figure 9. Schematic diagrams of 3D-printed infill patterns showing the various connection layer insert patterns and their 

corresponding bending test responses 

Designs featuring a single connecting layer during bending exhibited collapse of strings distant from 

the connecting layer, which failed to regain integrity due to insufficient structural links. Progressive 

widening of gaps between strings culminated in a complete structural failure. In the remaining results, 

it was discovered that the majority of the split lengths of the specimen of design 2 were shorter than 

the split lengths of the design 3 specimen. The difference in split length between the specimens of 

Design 2 and Design 3 could be attributed to the fact that Design 3 incorporates more connection 

layers compared to Design 2. This increased number of connection layers leads to additional stress in 

the bending area during the bending process.  

Consequently, the splits in Design 3 were more prone to tearing, resulting in a longer split length 

compared to Design 2. It was also observed that under certain amplitude ranges print path widths and 

connecting layer design, the split length of the specimen was significantly shorter when the amplitude 

of the sinusoidal curve was set to 1.0 compared to amplitudes of 0.9 or 1.1. Sinusoidal amplitude 

https://doi.org/10.31881/TLR.2025.011
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variation in 3D printing offers a versatile design tool to enhance mechanical 

performance, reduce material waste, and enable functional gradients [30-32]. 

 

        Table 3. Bending test results 

Design1 
Print path width=0.2 Print path width=0.3 Print path width=0.4 

SP#1 SP#2 Avg. SP#1 SP#2 Avg. SP#1 SP#2 Avg. 

Amplitude=0.9 / / / / / / / / / 

Amplitude=1.0 / / / / / / 12.88 / / 

Amplitude=1.1 / / / / / / / / / 

Design2 
Print path width=0.2 Print path width=0.3 Print path width=0.4 

SP#1 SP#2 Avg. SP#1 SP#2 Avg. SP#1 SP#2 Avg. 

Amplitude=0.9 14.01 12.38 13.20 8.59 8.69 8.64 5.99 6.58 6.29 

Amplitude=1.0 5.80 5.80 5.80 5.07 5.10 5.08 5.12 5.08 5.10 

Amplitude=1.1 11.95 11.20 11.58 7.97 7.81 7.89 6.00 6.01 6.01 

Design3 
Print path width=0.2 Print path width=0.3 Print path width=0.4 

SP#1 SP#2 Avg. SP#1 SP#2 Avg. SP#1 SP#2 Avg. 

Amplitude=0.9 11.98 14.83 13.41 11.39 11.73 11.56 11.01 11.18 11.10 

Amplitude=1.0 8.29 8.34 8.32 6.40 6.36 6.38 5.64 5.74 5.69 

Amplitude=1.1 13.20 13.88 13.54 12.58 13.16 12.87 10.18 9.94 10.06 

Control group 

Infill pattern/Infill 

density 

Cuboid /30% Zigzag/32% Straight line/30% 

SP#1 SP#2 Avg. SP#1 SP#2 Avg. SP#1 SP#2 Avg. 

 6.37 6,79 6.58 10.02 8.76 9.39 8.78 9.18 8.98 

SP#1=Split length of specimen 1; SP#2=Split length of specimen 2; Avg.=Average split length ((SP#1+SP#2)/2)(Unit=mm) 

Repetitive compression tests 

The repetitive compression test duration for each specimen was approximately 74 hours, to save time, 

a total of eight specimens were selected for the repetitive compression test. This included five 

specimens from the experimental group, which showed relatively good bending durability in the 

Bending test, along with all three specimens from the control group. The results of the test can be 

found in Table 4.  

By comparing the test results of the experimental group and the control group, it was observed that 

the specimens in the experimental group demonstrated significantly smaller deformation rates 

compared to the specimens in the control group. This indicates that the structures in the experimental 

group have better resistance to repetitive stress compared to the structures in the control group. 
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                                                  Table 4. Repetitive compression test result 

Specimen parameter 

combination: 

Amplitude/Print path 

width/Design number 

 H0 H K 

SP#1 SP#2 SP#1 SP#2 SP#1 SP#2 Avg. 

1.0/0.2/2 9.12 9.11 9.11 9.10 0.11% 0.11% 0.11% 

1.0/0.3/2 9.14 9.14 9.10 9,08 0.64% 0.44% 0.54% 

1.0/0.4/2 9.20 9.22 9.20 9.22 0% 0% 0% 

1.0/0.3/3 9.29 9.28 9.26 9.27 0.32% 0.11% 0.22% 

1.0/0.4/3 9.32 9.30 9.30 9.26 0.22% 0.42% 0.32% 

Control group: Infill 

pattern/Infill density 
       

Grid/30% 9.89 9.89 9.33 9.39 5.66% 5.06% 5.36% 

Zigzag/32% 9.88 9.88 9.45 9.45 4.35% 4.35% 4.35% 

Straight line/30% 9.76 9.68 9.36 9.30 4.10% 3.93% 4.01% 

H0=Original thickness; H=Post-test thickness; K=(Deformation rate=(H0-H)/H0*100%); SP#1=Thickness of specimen 1; SP#2=Thickness of 

specimen 2; Avg.=Average thickness of specimen ((SP#1+SP#2)/2)(Unit=mm) 

The average deformation rate of all the specimens in the experimental groups was found to be less 

than 0.6%. Particularly, the specimens with an amplitude of 1.0, print path width of 0.4, and utilizing 

connecting layer design 2 exhibited an average deformation rate of 0%. In contrast, within the control 

group, the straight-line structure had the smallest average deformation rate at 4.01%. The cube 

structure and zigzag structure, had average deformation rates of 5.36% and 4.35%, respectively. 

Wear performance tests 

Flatfoot patients exert uneven, repetitive stresses on insoles due to altered gait mechanics. Static 

pressure distribution images compare a normal foot (Fig. 10a) and a moderate flatfoot (Fig. 10b). The 

normal foot shows balanced pressure across the heel, lateral midfoot, and forefoot, while the flatfoot 

exhibits concentrated pressure along the medial arch (highlighted in red) due to collapsed arches. This 

imbalance informed the need for targeted arch support in the infill design. 
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Figure 10. Static pressure distribution, (a) Normal foot users, (b) Flat foot users 

This is because individuals with flat feet when in a standing position, experience increased force at the 

arch of their feet as shown in Fig10(b) compared to 10(a) where the distribution is shown at both the 

heel and forefoot. Additionally, their centre of gravity while standing tends to be closer to the medial 

side of the foot compared to individuals with a normal foot type. 

This is primarily attributed to the collapsed arch and the larger contact area between the foot and the 

ground in flat-footed individuals. Overall, there are slight variations in the pressure distribution across 

different regions of the sole. However, the overall pressure distribution appears to be uniform. For 

both normal feet and flat feet, when wearing insoles, the primary form of force exerted on the insoles 

is compressive force. 

 

 

Initial foot contact 
(IFC) 

Initial metatarsal 
contact (IMC) 

Initial forefoot flat 
contact (IFFC) 

Heel off (HO) Last foot contact (LFC) 

 

Figure 11. Dynamic pressure distribution and foot images of a gait cycle 

 

The magnitude of this pressure is nearly equal to the individual's body weight. The analysis software 

of the pressure plate categorizes a complete gait cycle into five distinct phases: Initial foot contact 

(IFC), Initial metatarsal contact (IMC), Initial forefoot flat contact (IFFC), Heel off (HO), and Last foot 

contact (LFC) 10 [18]. The dynamic pressure distribution and foot images of each phase are shown in 

Fig. 11. The IFC marks the moment when the foot initially makes contact with the ground. After that 
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phase, the metatarsal and forefoot region contacts the ground in IMC and IFFC, at the end of IFFC, 

the pressure image is similar to the static pressure image. 

During HO, the heel of the foot lifts off the ground, bending happens at the end of the metatarsal to 

push off people until final contact of the foot with the ground, which is LFC. During the majority of the 

gait cycle, it is generally observed that the forces between the foot and the contact surface are smaller 

or similar compared to the static pressure images. Except for the HO phase, where the metatarsal ends 

are bent, resulting in the biggest force in the whole gait cycle.  

When designing insole infill structures, it is crucial to consider the bending durability of the insole, as 

it needs to bend in sync with the metatarsal bones during the FO phase. The evaluation concluded that 

both bending durability and resistance to repetitive stress are the main factors affecting the durability 

of insoles, applicable to both normal foot and flatfoot subjects. To enhance these two properties of 

the FOI, a structural design was undertaken in this study. 

CONCLUSION  

In this study, the primary forces that insoles experience during use were identified as bending stress 

and repetitive compression stress. To enhance the mechanical properties and prolong the service life 

of FOIs, a structure with improved bending durability and resistance to repetitive compression stress 

was designed using the FCGD, a print path design software. The study investigated the effects of three 

main parameters (The amplitude of the sinusoidal curve, the width of the print path, and the design of 

the connecting layer) of the structure on the aforementioned properties. The proposed method could 

be used in both customized production and mass production. 

A total of 27 different parameter combinations were used to manufacture 54 specimens (2 of each). 

The control group consisted of 6 specimens, with 2 specimens each from 3 different types of commonly 

used infill structures in FOIs. A bending test and a repetitive compression test were designed 

respectively to evaluate the above two properties of the specimens. 

The results of the bending test indicated that the structure exhibited optimal bending durability when 

parameter combinations of 1.0 (amplitude), 0.3 (width), and design 2 (connecting layer design) were 

employed, as well as when combinations of 1.0, 0.4, and design 2 were used. Regarding the 

deformation rate observed during the repetitive compression tests, it was found that the parameters 

had minimal impact on the designed structure, and it was significantly lower than the lowest 

deformation rate observed in the control group. 

The designed insole significantly improved pressure redistribution in flatfoot patients, reducing medial 

arch pressure by 25% compared to pre-insole conditions. For normal feet, the insole maintained 

natural gait mechanics without overcorrection. However, the infill’s enhanced bending durability and 
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compression resistance are particularly advantageous for flatfoot patients, who experience 

40% higher repetitive stresses during gait. This differentiation highlights the insole’s adaptability to 

pathological and non-pathological conditions. 

Based on the test data presented, the designed structure demonstrates clear advantages in terms of 

bending durability and resistance to repetitive compression stress compared to the commonly used 

infill structures. These findings suggest that the new structure can be a suitable replacement for 

traditional infill structures, offering enhanced mechanical properties and durability for FOIs. 

Subsequent studies will be directed at the use of different materials for a comparative study. 

Study Limitations: This study has several limitations, primarily related to participant recruitment. Due 

to time and resource constraints—particularly restricted clinical collaboration windows—the number 

of participants was limited to ensure rigorous evaluation within the study’s scope. Additionally, ethical 

and logistical challenges inherent to orthopaedic research required strict adherence to approval 

protocols; expanding the cohort would have necessitated further ethical reviews, extending beyond 

the study’s timeline. 
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