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Abstract: Purpose of this study is to develop 3D printed integrated insoles fabricated using a dual-nozzle fused 

deposition modeling (FDM) 3D printing process. Polylactic acid (PLA) was employed as the sheath and insole 

material, while carbon black-filled PLA (CB-PLA) and iron-filled PLA (Fe-PLA) served as core materials. 

Initially, composite sheath-core structures were fabricated in both assembled and integrated forms with core 

diameters of 1.25, 2.50, 5.00, 7.50, and 10.00 mm and a thickness of 5.00 mm. Based on the performance 

evaluation of the composite structures, the integrated structure was selected for insole fabrication for its stable 

electrical, higher magnetic, and mechanical properties. The integrated insoles were subsequently produced with 

core diameters of 2.50, 5.00, 7.50, and 10.00 mm and thicknesses of 1.0, 2.5, and 5.0 mm. The 3D printed 

structures were characterized in terms of printing time, weight, electrical conductivity, magnetic field strength, 

and mechanical properties. The developed smart insole incorporated six sensing regions distributed across the 

primary plantar pressure zones, including the metatarsal, midfoot, and heel areas. The results demonstrated that 

larger core diameters and thinner insole structures enhanced electrical conductivity, with the integrated PLA/CB-

PLA insole containing a 10.00 mm core and 1.0 mm thickness exhibiting the highest current of 0.10 A at 24 V. In 

contrast, the integrated PLA/Fe-PLA insole with the same geometry achieved a maximum magnetic field strength 

of 351 ± 8.84 Gs. These findings suggest that the structure, core diameter, and thickness significantly influence 

the electrical, magnetic, and mechanical performance for fabricating integrated insoles. 
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Introduction 

Recent research has demonstrated that smart insoles can reliably measure plantar pressure distribution and key 

gait parameters. However, many existing designs still rely on externally mounted sensors, wired electronics, or 

layered assemblies, which can reduce comfort, limit durability, and increase system complexity. These limitations 

have driven growing interest in insoles with integrated sensing functionalities, where structural and functional 

components are combined within a single, robust structure1-7. Some nsoles have emerged as an important class of 

wearable technology for the continuous monitoring of plantar pressure, gait characteristics, and foot biomechanics. 

Unlike laboratory-based gait analysis systems such as force plates and motion capture systems, smart insoles offer 

a portable, cost-effective, and user-friendly alternative that enables long-term data acquisition in real-world 

environments. This portability allows gait and plantar pressure data to be collected during daily activities8,9. 

Despite these advancements, many existing smart insole systems still rely on externally mounted sensors, wired 

electronic components, or multi-layered assembly processes. However, these designs often suffer from reduced 

comfort, increased structural complexity, and a greater susceptibility to long-term mechanical failure10. The 

presence of external components can negatively affect durability and user experience, particularly under repeated 

loading conditions. These challenges have led to a growing research focus on developing integrated insole systems, 

where sensing functionality is directly incorporated into the structural body of the insole. 

Fused deposition modeling (FDM) has emerged as a promising fabrication technique for insole development 

due to its ability to produce complex geometries11,12. In multi-material FDM printing, sheath-core composite 

structures can be manufactured as assembled structures or as integrated structures. In assembled structures, 

individual components are printed separately and combined using adhesives, mechanical fasteners, or thermal 

bonding12-17. In this context, But the introduction of dual-nozzle FDM systems has significantly expanded the 

functionality of FDM by enabling the printing of multiple materials within a single print to create an integrated 

structure. Integrated structures are fabricated by co-printing multiple materials in a single, continuous process18,19. 

This configuration enables the functional core to provide specific properties, such as electrical conductivity or 

magnetic responsiveness, while the outer sheath maintains structural integrity and mechanical stability. 

Furthermore, the sheath-core design enhances interfacial interactions between different material phases, thereby 

improving the overall performance and durability of multifunctional devices 20-21. 

Conductive and magnetic composite filaments, such as carbon black polylactic acid (CB-PLA) and iron 

polylactic acid (Fe-PLA), offer functional properties that can be utilized for sensing applications. CB-PLA 

provides electrical conductivity through the formation of conductive networks within the polymer matrix 22-26. In 

contrast, Fe-PLA introduces magnetic functionality 27-29. The combination of these materials within a single 

printed structure allows the development of smart insoles with both electrical and magnetic capabilities. 

Integrating functional fillers into thermoplastic materials also presents several challenges in FDM printing. High 

filler content can lead to issues such as nozzle clogging, inconsistent material flow, and reduced interlayer 

adhesion, which may affect both print quality and mechanical performance 30,31. 

This study aims to develop and evaluate multifunctional sheath-core composite structures and insoles fabricated 

using dual-nozzle fused deposition modeling (FDM). Polylactic acid (PLA) was used as the sheath material, while 

carbon black-polylactic acid (CB-PLA) and iron-polylactic acid (Fe-PLA) served as functional core materials. 

Initially, assembled and integrated sheath-core composite structures with various core diameters were fabricated 
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and characterized to investigate the effects of material composition and structural configuration on electrical, 

magnetic, and mechanical performance. Based on these findings, integrated insoles with different core diameters 

and thicknesses were designed and evaluated in terms of printing time and weight, structural integrity, electrical 

conductivity, and magnetic response. The study aims to identify key design parameters for the development of 

fully integrated insoles, providing fundamental insights for future wearable sensing, gait monitoring, rehabilitation, 

and healthcare applications. 

 

 

Results and discussion 

Actual time and weight of 3D printed assembled and integrated composite structures. Figure 1a and 1b 

present the printing time and weight of assembled and integrated composites with the various core sizes. The 

assembled structures were prepared by independently fabricating the sheath and core components, followed by 

their physical assembly after printing. In contrast, the integrated configurations were printed in a single printing 

step using a dual-nozzle FDM process where both materials were simultaneously deposited to form a continuous 

sheath-core structure. PLA/CB-PLA and PLA/Fe-PLA composite structures were prepared with core diameters of 

1.25, 2.50, 5.00, 7.50, and 10.00 mm and thickness of 5.00 mm. In terms of printing time,as the assembled 

composite structures required the sheath and core components to be printed separately before assembly. Among 

the sheath samples, the sheath-1.25 required the longest printing time of 9 min 30 s, while the sheath-10.00 

required the shortest printing time of 8 min 51 s. For the core components, the 1.25 mm cores fabricated from 

CB-PLA and Fe-PLA required 32 s and 34 s, respectively. As the core diameter increased to 10.00 mm, the printing 

times increased to 2 min 49 s for CB-PLA and 2 min 56 s for Fe-PLA. Consequently, the total printing times for 

the assembled composite structures were 11 min 40 s for PLA/CB-PLA-10.00 and 11 min 47 s for PLA/Fe-PLA-

10.00. The printing time of the assembled structures increased with increasing core diameter due to the larger 

volume of functional material. The integrated composite structures showed a consistent increase in time depending 

on core sizes. The Integrated PLA/CB-PLA-1.25 took 12 m 1 s, followed by integrated PLA/CB-PLA-2.50, 

integrated PLA/CB-PLA-5.00, integrated PLA/CB-PLA-7.50, and integrated PLA/CB-PLA-10.00. The 

Integrated PLA/CB-PLA-10.00 required 13 m 13 s and the integrated PLA/Fe-PLA-10.00 took 13 m 27 s. The 

assembled composite structures required approximately 1 min less printing time than the integrated structures 

because the sheath and core components were fabricated separately and subsequently combined. 

In terms of weight, the assembled composite structures showed an increase in total weight with increasing core 

diameter. For the assembled PLA/CB-PLA samples, the total weight increased from approximately 2.8 g for 

PLA/CB-PLA-1.25 to 3.0 g for PLA/CB-PLA-10.00. Similarly, the assembled PLA/Fe-PLA structures exhibited 

a gradual increase in weight from 2.8 ± 0.1 g to 3.3 g as the core diameter increased from 1.25 mm to 10.00 mm. 

At each core size, the PLA/Fe-PLA structures were slightly heavier than the PLA/CB-PLA composite structures. 

The integrated PLA/CB-PLA-1.25 had a weight of 2.6 g. In contrast, the integrated PLA/FE-PLA-1.25 was 2.7 g. 

As the core size increased, the weight of the samples also rose. Integrated PLA/CB-PLA-10.00 measured 2.8 g, 

whereas integrated PLA/Fe-PLA-10.00 weighed 3.00 g. Overall, the assembled composite structures required less 

printing time due to the separate fabrication of the sheath and core components. However, the integrated PLA/CB-

PLA and PLA/Fe-PLA composite structures produced lighter structures than their assembled structures. 
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Electrical conductivity of 3D printed assembled and integrated composite structures. Figure 1c-f present the 

current responses of the assembled and integrated PLA/CB-PLA and PLA/Fe-PLA composite structures. All 

PLA/CB-PLA composite structures exhibited electrical conductivity, whereas the PLA/Fe-PLA composite 

structures showed negligible current flow. The structural configuration also influenced the electrical performance 

of the composites. The assembled PLA/CB-PLA structures exhibited slightly higher current values than the 

corresponding integrated structures. This behavior was attributed to the individually fabricated CB-PLA cores in 

the assembled structures. As a result, the assembled PLA/CB-PLA-10.00 sample exhibited the highest current 

value of 0.1 A at 39 V, and the integrated PLA/CB-PLA-10.00 showed a current flow of 0.1A at 45 V. Although 

both structures achieved similar maximum current values, the assembled structures reached this conductivity at a 

lower applied voltage. In contrast, the integrated structures demonstrated more uniform and stable electrical 

responses across all core sizes. On the other hand, the assembled composite structures showed less stability among 

different core sizes. Core diameters affected the conductivity of the PLA/CB-PLA composite structures. The 

integrated PLA/CB-PLA composite structures exhibited higher current values with increasing core diameter. At 

50 V, the integrated PLA/CB-PLA-1.25, PLA/CB-PLA-2.50, PLA/CB-PLA-5.00, and PLA/CB-PLA-7.50 

samples showed current values of 0.003 A, 0.02 A, 0.07 A, and 0.09 A, respectively. The integrated PLA/CB-

PLA-10.00 composite structure exhibited the highest electrical performance with a current of 0.1 A at an applied 

voltage of 45 V. These results indicated that increasing the CB-PLA core diameter enhanced the electrical 

conductivity of the integrated composite structures32. 

 

Magnetic field strength of 3D printed assembled and integrated composite structures. Figure 1g 

demonstrates the magnetic field strength of the 3D printed assembled and integrated composite structures. Both 

assembled PLA/CB-PLA and integrated PLA/CB-PLA composite structures exhibited a constant magnetic field 

range across all core sizes. But the integrated PLA/CB-PLA showed a higher magnetic field than the assembled 

PLA/CB-PLA. The magnetic field strength of the PLA/Fe-PLA composite structures increased with core diameter, 

while the integrated configurations exhibited higher values than the assembled structures across the entire range 

of core sizes. For the assembled PLA/Fe-PLA composites, the magnetic field strength increased with core diameter, 

ranging from 122.67 Gs for PLA/Fe-PLA-1.25 to 136.66 Gs for PLA/Fe-PLA-10.00. The assembled PLA/Fe-

PLA-2.50, PLA/Fe-PLA-5.00, and PLA/Fe-PLA-7.50 samples generated magnetic field strengths of 127.33 Gs, 

130.00 Gs, and 131.00 Gs, respectively. In contrast, the integrated PLA/Fe-PLA-1.25, PLA/Fe-PLA-2.50, 

PLA/Fe-PLA-5.00, PLA/Fe-PLA-7.50, and PLA/Fe-PLA-10.00 samples produced magnetic field strengths of 

144.33 Gs, 154.33 Gs, 164.00 Gs, 165.33 Gs, and 168.66 Gs, respectively. The integrated PLA/Fe-PLA composite 

structures exhibited consistently higher magnetic field strengths than the corresponding assembled structures 

across all core diameters. The integrated PLA/Fe-PLA-10.00 produced the maximum magnetic field of 168.66 

Gs. 

 

Compressive properties of 3D printed assembled and integrated composite structures. Figure 1h-k depict 

the compressive properties of 3D-printed assembled and integrated composite structures. The assembled PLA/CB-

PLA composite structures supported an average load of 8.57 ± 1.18 kN at 59.27 % strain, and the Assembled 
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PLA/Fe-PLA endured 6.52 ± 2.37 kN at 45.38 ± 14.15 % strain. For the assembled PLA/CB-PLA composite 

structures, the curves suddenly dropped after reaching 7.38 kN at 47.16% strain. A similar curve drop occurred in 

the assembled PLA/Fe-PLA after 5.25 kN at 33.91% strain. In both cases, this happened because the interfacial 

bonding between the two parts was weak. Both assembled PLA/CB-PLA composite structures and the assembled 

PLA/Fe-PLA composites showed an irregular S-S curve because of the early breakage of the composites. The 

integrated PLA/CB-PLA composite structures showed a load-bearing capacity of 8.81 ± 2.04 kN at 66.23 ± 5.48 % 

strain on average. The integrated PLA/Fe-PLA composite structures exhibited an average of 9.1 ± 1.46 kN at 

66.62 ± 5.83 % strain overall. The integrated PLA/Fe-PLA composite structures showed higher compressive 

strength and resistance to deformation. Table 1 shows the morphology image and the changed ratio of assembled 

and integrated composite structures after the compression test. The composite structures showed differences in 

their mechanical performance because of the use of different types of filaments and different printing methods. 

The integrated composite structures exhibited significantly higher load-carrying capacity and more uniform 

deformation. The enhanced performance was primarily associated with the continuous bonding formed during the 

dual-nozzle co-printing process, which facilitated efficient stress transfer across the interface and reduced the 

presence of internal voids. Morphological analysis revealed that the sheath and core remained firmly bonded in 

the integrated structures even after high compressive stress, while interfacial separation occurred in the assembled 

structures under similar loading conditions. As a result, integrated composite structures exhibited stronger 

mechanical strength and bonding quality. The assembled composite structures exhibited irregular S-S curves with 

sudden stress drops, likely from the separate fabrication of the components. Consequently, the assembled 

structures showed lower mechanical stability. In comparison, the integrated composite structures exhibited stable 

S-S curves with uniform load transfer throughout the structure. Across the various core diameters, both assembled 

PLA/CB-PLA and assembled PLA/Fe-PLA composite structures exhibited sudden drops. In contrast, the 

integrated PLA/CB-PLA composite structures showed a load-carrying capacity with increasing core diameter. 

Compressive stress increased from 5.3 kN to 9.41 kN for the integrated PLA/CB-PLA-1.25 to the integrated 

PLA/CB-PLA-10.00. On the other hand, the integrated PLA/Fe-PLA-1.25 composite structure resisted 

compressive stress of 7.54 kN, and the stress value rose with each increase in core diameter. The integrated 

PLA/Fe-PLA-10.00 showed the highest compressive stress of 10.22 kN. Overall, the results indicated that the 

integrated composite structures provided higher compressive strength, deformation stability, and bonding integrity. 

The stable behavior was caused by increased stress transfer across the interface of composite structures and gap 

reduction with the help of continuous bonding during dual-nozzle printing. The S-S curves of assembled 

composite structures showed some fluctuations and were relatively unstable. These results validated that the 

printing approach was responsible for compressive response and the dual-nozzle integrated printing facilitated 

the enhancement of structural strength. 
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Fig. 1. (a) Actual printing time of 3D printed assembled and integrated composite structures. (b) Weight of 3D 
printed assembled and integrated composite structures. (c) Electrical properties of Assembled PLA/CB-PLA. (d) 
Electrical properties of Integrated PLA/CB-PLA. (e) Electrical properties of Assembled PLA/Fe-PLA. (f) 
Electrical properties of Integrated PLA/Fe-PLA. (g) Magnetic field strength of assembled and integrated 
composite structures (h) S-S curves of Assembled PLA/CB-PLA. (i) S-S curves of  Integrated PLA/CB-PLA. (j) 
S-S curves of Assembled PLA/Fe-PLA. (k) S-S curves of Integrated PLA/Fe-PLA. 
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Core Sheath 
PLA/CB-PLA PLA/Fe-PLA 

Assembled Integrated  Assembled Integrated 

0.00 

 

- - - - 

Changed 
ratio 

Width (%) 52.00 ± 0.00 - - - - 
Length (%) 72.00 ± 0.00     

1.25 

 

    
Changed 
ratio 

Width (%)  20.50 ± 11.35 16.8 ± 11.79 14.00 ± 14.14 22.40 ± 3.58 

Length (%)  30.00 ± 15.14 40.00 ± 0.00 28.00 ± 16.97 39.20 ± 9.12 

2.50 

 

    
Changed 
ratio 

Width (%)  26.67 ± 4.61 21.60 ± 13.14 32.00 ± 0.00 36.00 ± 5.65 

Length (%)  45.33 ± 9.23 32.00 ± 5.66 52.00 ± 0.00 52.00 ± 11.31 

5.00 

 

    
Changed 
ratio 

Width (%)  36.00 ± 4.00 16.80 ± 13.38 42.00 ± 2.83 25.00 ± 5.03 

Length (%)  52.00 ± 5.56 44.00 ± 22.62 44.00 ± 22.62 44.00 ± 3.26 

7.50 

 

    
Changed 
ratio 

Width (%)  38.67 ± 14.04 20.00 ± 18.54 24.00 ± 4.00 27.20 ± 5.21 

Length (%)  62.67 ± 4.61 49.33 ± 8.32 34.67 ± 10.07 39.2 ± 3.34 

10.00 

 

    
Changed 
ratio 

Width (%)  16.00 ± 0.00 26.40 ± 12.19 37.33 ± 8.33 29.33 ± 4.61 

Length (%)  20.00 ± 0.00 50.00 ± 14.21 50.67 ± 16.16 24.00 ± 4.00 

 

Table 1. Morphology image and the changed ratio of 3D printed composite structures. 

 

Actual time and weight of 3D printed integrated insole. Based on the overall performance of the composite 

structures, the integrated fabrication strategy was adopted to develop the insoles. The integrated insoles were 

produced with core diameters of 2.50, 5.00, 7.50, and 10.00 mm and thicknesses of 1.00, 2.50, and 5.00 mm to 

evaluate the influence of geometric parameters on their functional performance. Figure 2a and 2b present the 

actual printing time and weight of integrated PLA/CB-PLA and PLA/Fe-PLA insoles. As for the integrated 

PLA/CB-2.5 with a thickness of 1.00 mm required 5 min 11 sec, and the integrated PLA/CB-PLA-10.00 with a 

thickness of 1.00 mm, needed 8 min 37 sec. As the core size increases, the printing time also increases. With the 

thickness, the integrated PLA/CB-PLA- 5.0 insoles with thickness 1.00 mm required 6 min 15 sec and with 

thickness 5.00 mm thickness 28 min 40 sec. For both integrated PLA/CB-PLA and PLA/Fe-PLA insoles, the 

printing time increased with increasing core diameter and thickness. This behavior was consistently observed 

across all thicknesses and core diameters for both integrated PLA/CB-PLA and PLA/Fe-PLA structures as 
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identical modeling and slicing parameters were employed with the core material being the only variable. The 

integrated PLA/CB-2.5 with a thickness of 1.00 mm, weighed 0.71 ± 0.01 g, and the integrated PLA/CB-PLA- 

2.5 with a thickness of 5.00 had a weight of 3.62 ± 0.01 g. The measured weights of the integrated insoles followed 

trends similar to printing time. However, the integrated PLA/Fe-PLA insoles exhibited higher weights than the 

integrated PLA/CB-PLA insoles owing to the greater density of Fe-PLA compared with CB-PLA.  

 

Electrical properties of 3D printed integrated insole. Figure 2c-j illustrates the electrical properties of the 

integrated PLA/CB-PLA and PLA/Fe-PLA insoles evaluated through I-V measurements at different core 

diameters and insole thicknesses. The PLA/CB-PLA-2.50 insole with a thickness of 1.00 mm showed a current 

value of 0.006 A and an increase in core size of 5.00 mm increased the current to about 0.009 A at 20 V. A further 

increase in core size to 7.50 mm produced current values close to 0.02 A. The highest current was observed at the 

10.00 mm core about 0.03 A at 20 V for the 1.00 mm thickness. Increasing the thickness from 1.00 mm to 5.00 

mm reduced the current. But the 2.5 mm-thick insoles generally exhibited slightly higher current values than the 

1.0 and 5.0 mm insoles across all the core sizes. For the integrated PLA/CB-PLA insole with a 2.5 mm core 

diameter, the 2.50 mm-thick insole exhibited the highest current of 0.0122 A at 20 V, followed by the 5.00 mm-

thick insole (0.0089 A) and the 1.00 mm-thick insole (0.0060 A). 

In contrast, the PLA/Fe-PLA insoles with core sizes of 2.50, 5.00, 7.50, and 10.00 mm exhibited low current flow 

across the applied voltage, remaining close to zero and within the range of 10⁻⁹ A. Increasing the thickness did 

not significantly change the current behavior. Overall, the PLA/Fe-PLA insoles exhibited negligible current 

regardless of core size or thickness. Instead, the Fe-PLA core remains electrically insulating regardless of its size 

or thickness.  

 

Magnetic field strength of 3D printed integrated insole. Figure 2k presents the magnetic field strengths of the 

integrated PLA/CB-PLA and PLA/Fe-PLA insoles, together with their corresponding regression analyses. The 

PLA/CB-PLA smart insoles showed relatively low magnetic field strength across all core sizes. The values 

remained nearly constant, around 166-170 Gs for the 5.00 mm thickness, 237-242 Gs for the 2.50 mm thickness, 

and 305-310 Gs for the 1.00 mm thickness. Changes in thickness affected the magnetic behavior of the PLA/CB-

PLA smart insoles due to the influence of the G2 magnet used to quantify the magnetic field strength. This 

indicated PLA/CB-PLA did not contribute to the magnetic field response. 

The PLA/Fe-PLA-2.50 insole showed a magnetic field strength of 315.67 ± 4.63 Gs at 1.00 mm thickness. 

Increasing the thickness to 5.00 mm at the same core size reduced the magnetic field strength to 185.15 ± 4.62 

Gs. For the PLA/Fe-PLA-10.00 insole, a magnetic field strength of 351.60 ± 8.43 Gs was observed at 1.00 mm 

thickness and with increasing thickness to 5.00 mm, it was reduced to 315.66 ± 4.63 Gs. Overall, the magnetic 

field strength of the PLA/Fe-PLA insoles increased with increasing core size from 2.50 mm to 10.00 mm, and 

decreasing thickness led to higher magnetic field strength. Thickness significantly influenced the magnetic field 

strength of the integrated PLA/Fe-PLA insoles. Thinner samples exhibited higher magnetic field strength at the 

same core size, while thicker samples showed reduced values. This reduction is mainly due to enhanced magnetic 

flux attenuation with increasing thickness, resulting in a diminished effective magnetic field33,34. Overall, the 
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regression analysis demonstrated that the integrated PLA/CB-PLA insoles showed minimal magnetic field 

strength. The integrated PLA/Fe-PLA insoles illustrated magnetic response with core diameter and thickness. 
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Fig. 2. (a) Actual printing time of 3D printed integrated insole. (b) Weight of 3D printed integrated insole. (c) 
Electrical properties of integrated insole PLA/CB-PLA- 2.50. (d) Electrical properties of integrated insole 
PLA/CB-PLA- 5.00. (e) Electrical properties of integrated insole PLA/CB-PLA- 7.50. (f) Electrical properties of 
integrated insole PLA/CB-PLA- 10.00 (g) Electrical properties of integrated insole PLA/Fe-PLA- 2.50. (h) 
Electrical properties of integrated insole PLA/Fe-PLA- 5.00. (i) Electrical properties of integrated insole PLA/Fe-
PLA- 7.50. (j) Electrical properties of integrated insole PLA/Fe-PLA- 10.00 (k) Magnetic field strength of 3D 
printed integrated insole. 
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Conclusion 

This study investigated the modeling, printing, and analysis of composite structures with various core sizes as 

well as insoles with various core sizes and thicknesses using dual-nozzle FDM printing. By adopting functional 

materials within a single printing process, this study aimed to address the limitations associated with assembly 

complexity. The integrated structures exhibited simplified fabrication while printing the samples, along with stable 

and uniform performance. 

A comparative analysis of assembled and integrated composite structures was conducted. The integrated structures 

exhibited enhanced mechanical performance with a maximum compressive strength of 9.41 kN and improved 

structural integrity. Furthermore, larger CB-PLA core diameters led to higher electrical conductivity, whereas Fe-

PLA cores produced stronger magnetic fields. Consequently, the integrated configuration was chosen for the 

development of the smart insoles. 

Based on the integrated composite structures, fully integrated insoles were successfully fabricated using dual-

nozzle FDM. Sensor regions were positioned in six biomechanically relevant areas of the insole, including the 

heel, midfoot, and metatarsal regions. The printed integrated insoles showed consistent morphology across all 

core sizes and thicknesses. The electrical results indicated that the integrated PLA/CB-PLA-10.00 insole 

demonstrated the highest conductivity, with the 2.50 mm thick insole recorded a current of 0.028 ± 0.01 A at an 

applied voltage of 20 V. The integrated PLA/Fe-PLA insoles did not demonstrate electrical responsiveness, but 

they produced a stronger magnetic field. A magnetic field strength of 351.60 ± 8.43 Gs was observed for the 

integrated PLA/Fe-PLA-10.00 insole with a thickness of 1.00 mm. Increasing core diameter improved magnetic 

field strength, whereas increasing insole thickness reduced magnetic intensity due to attenuation effects. The study 

showed that variations in core size and thickness can be controlled to achieve desired multifunctional performance 

in integrated smart insole structures. 

Finally, this study proved that dual-nozzle FDM printing of PLA-based composite filaments offers a practical and 

scalable method for producing multifunctional insoles with dependable mechanical strength and embedded 

sensing capabilities. The integrated sheath-core structures enabled improved mechanical durability, with electrical 

and magnetic properties. The methodology and insights gained from this study support the progress of FDM-

based wearable technologies and establish a base for future research on fully integrated footwear. The integrated 

structure improved suitability for wearable applications by eliminating post-printing assembly and adhesive 

bonding, thereby reducing structural complexity and simplifying the fabrication process. 

Furthermore, the integrated dual-nozzle fabrication strategy demonstrated in this study may provide future 

opportunities for industrial applications and commercialization in personalized footwear and wearable monitoring 

devices. 

 

Methods 

Materials. Three types of polylactic acid filaments were selected to fabricate composite structures and the smart 

insoles. These included polylactic acid (PLA white, Ultimaker B.V., Netherlands), carbon black-polylactic acid 

(CB-PLA, composite conductive PLA, Protopasta Co. Ltd., USA), and iron polylactic acid (Fe-PLA, composite 

Iron PLA, Protopasta Co. Ltd., USA) illustrates in Figure 3a. All filaments had a diameter of 2.85 mm. The 
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measured densities were 1.24 g/cm³ for PLA, 1.15 g/cm³ for CB-PLA, and 1.83 g/cm³ for Fe-PLA. Ultimaker S3 

(Ultimaker B.V., Netherlands) dual-nozzle FDM 3D printer was used. From the filament analysis, energy-

dispersive X-ray spectroscopy (EDS) analysis confirmed that carbon and oxygen were the primary elements in 

PLA with atomic percentages of 62.33% and 36.33%, respectively. CB-PLA also contained carbon and oxygen as 

the major elements. The carbon atomic percentage increased to 69.63%, which confirmed the presence of carbon 

black particles within the PLA matrix. In addition, Fe-PLA filament contained approximately 51% carbon, 38% 

oxygen, and 11% iron27. For the first heating cycle, PLA exhibited a Tg of 68.4 °C and a Tm of 150.5 °C, whereas 

CB-PLA showed lower thermal transition temperatures, with a Tg of 61.9 °C and a Tm of 148.5 °C. Similarly, Fe-

PLA exhibited a Tg of 61.6 °C and a Tm of 148.2 °C27. TGA analysis revealed that PLA underwent almost complete 

decomposition between 300 and 380 °C, with a residual mass of 1.8%. CB-PLA exhibited a total weight loss of 

81.2% and remained 13.0% residual mass of 18.8% due to the carbon black filler. The Fe-PLA filament contained 

approximately 51% carbon, 38% oxygen, and 11% iron27. Based on the extrusion test, 225 °C for CB-PLA and 

180 °C for Fe-PLA were identified as the optimal printing temperatures, yielding extruded filament diameters of 

414.83 ± 2.29 µm and 581.54 ± 8.02 µm, respectively. These temperatures produced filament dimensions closest 

to the nozzle diameter. 

 

Preparation of Assembled and integrated composite structures. Figure 3b presents the PLA/CB-PLA and 

PLA/Fe-PLA composite structures fabricated using a dual-nozzle FDM 3D printer (Ultimaker S3, Ultimaker B.V., 

Netherlands) under two different fabrication methods. The modeling and slicing process of the assembled 

PLA/CB-PLA, integrated PLA/CB-PLA, assembled PLA/Fe-PLA, and integrated PLA/Fe-PLA composite 

structures are also illustrated. The assembled method involves printing the sheath and core components separately 

and subsequently joining them. Secondly, the integrated method involves both materials in a single process. 

Accordingly, four types of samples were prepared, which were assembled PLA/CB-PLA, integrated PLA/CB-

PLA, assembled PLA/Fe-PLA, and integrated PLA/Fe-PLA. The sheath dimensions were maintained at a 

diameter of 25 mm and a thickness of 5.00 mm, each having core diameters of 1.25 mm, 2.50 mm, 5.00 mm, 7.50 

mm, and 10.00 mm. Modeling was done with Autodesk Fusion (Autodesk Inc., USA), and the 3D models of 

composite structures were saved in *.stl files. Ultimaker Cura 5. 9.0 software (Ultimaker B.V., Netherlands) was 

used to prepare the model slicing, where *.stl files were converted into printable *.ufp files within the slicing 

program. The printing temperatures were set to 200 °C for PLA, 225 °C for CB-PLA, and 180 °C for Fe-PLA. A 

consistent bed temperature of 60 °C was maintained to support proper adhesion during the printing process. 

Nozzle 1 was used for the sheath, and nozzle 2 was used for the core. 0.4 mm AA nozzles were used for printing. 

The print speed was set to 100 mm/s for all samples. A zigzag infill pattern with 100% infill density was applied 

across all the samples to ensure full volume and uniform material distribution. 

 

Integrated smart insoles preparation. Based on the overall performance of the composite structures, the 

integrated structure was adopted for insole fabrication due to its superior structural stability and improved 

functional properties. In Figure 3c, based on findings from our previous study, six anatomically relevant regions 

were identified for sensor integration within the insole, encompassing the metatarsal, midfoot, and heel areas. 

These regions were selected because they correspond to the major load-bearing zones of the foot, where elevated 
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plantar pressures are consistently observed during both standing and gait activities35. The integrated insoles were 

designed with four core diameters of 2.50, 5.00, 7.50, and 10.00 mm and three thicknesses of 1.00, 2.50, and 5.00 

mm to systematically examine the effects of geometric design parameters on their performance. The insoles were 

fabricated using optimized printing parameters while maintaining the same processing conditions as those used 

for the composite structures, with the exception of the infill density (10%). Furthermore, the insoles were 

manufactured without top and bottom layers to achieve the desired structural configuration. 
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Fig 3. (a) Various PLA filament samples. (b) Sample preparation method of 3D printed assembled and integrated 
composite structures. (c) 3D printed integrated smart insole preparation process. (d) 3D printed assembled and 
integrated composite structure. (e) 3D printed integrated insole. 
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Characterization  

In this study, the 3D-printed assembled and integrated composite structures were characterized using the following 

analytical methods. Actual printing time and weight. The printing time of each composite structure was recorded 

directly from the Ultimaker S3 3D printer and reported in minutes (min) and seconds (s). The weight of the printed 

composite structures was determined using an electronic balance (PAG114, OHAUS, USA). To ensure 

measurement reliability, each specimen was weighed three times, and the mean value was calculated. The average 

and standard deviation values were reported in grams (g). Electrical properties were measured using a 2450 source 

meter (Keithley 2450 Source Measure Unit, Tektronix Inc., USA) configured in a two-probe mode. The voltage 

was swept from -1 V to 50 V in 0.1 V increments. The results were analyzed to evaluate the electrical conductivity 

using the I-V curves. The magnetic field strength of the fabricated composite structures was evaluated using a 

Gauss meter (GS-100D2, LANDTEK, China). The measurement range was 0-2000 Gs, enabling detection of the 

field variation within composite structures. General magnets (G2) were used to quantify the field strength 

generated by the composite structures. G2 magnets' magnetic field ranges were 284.8 ± 39.7 Gs 27. Compressive 

properties. The compressive properties of the fabricated composite structures were measured using a universal 

testing machine (Instron 5567, Instron, USA). The test was conducted under controlled conditions with an initial 

load of 5 N and a crosshead speed of 25 mm/min. These parameters were selected to ensure stable pressure and 

accurate evaluation of the mechanical behavior of the composite structures until breakage. After the test, the 

changed ratio of length and width was calculated using the diameter of the composite structure as the baseline, as 

shown in equation (1) for the length ratio and equation (2) for the width ratio.  

                           Ratio of Length (%) = ( 
L0 - Ll 

L0 
) × 100                        (1) 

Where L0 (mm) represents the composite structure's original diameter, and L1 (mm) represents the changed 

length measurement of the composite structures. 

                           Ratio of Width (%) = ( 
W0 - Wl 

W0 
) × 100                        (2) 

Where W0 (mm) represents the composite structure's original diameter, and W1 (mm) represents changed 

width measurement of the composite structure. 

Secondly, the actual printing time, weight, and magnetic field strength of the 3D-printed integrated insoles were 

characterized using the same experimental procedures and analytical methods applied to the assembled and 

integrated composite structures. During Electrical properties measurements, the applied voltage was swept from 

0 V to 25 V in 0.1 V intervals. The measurements were performed for each 3D-printed integrated PLA/CB-PLA 

and PLA/Fe-PLA integrated insole. For each insole, all six sensor cores were measured individually, and each 

measurement was repeated three times. The average values and standard deviations were calculated. At specific 

fixed point current values were evaluated at applied voltages of 5 V, 10 V, 15 V, and 20 V for each core size and 

insole thickness. The magnetic field strength of the 3D-printed integrated insoles was evaluated using the same 

experimental procedure described for the assembled and integrated composite structures. 

 

Data availability  
The datasets used and/or analyzed during the current study available from the corresponding author S. Lee 

(shlee014@dau.ac.kr) on reasonable request. 
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