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The objective of this study is to evaluate the mechanical performance of natural fiber-

reinforced epoxy laminates for potential application in athletic prosthetic foot structures. 

Laminated composites based on hemp, bamboo, and sisal fibers were fabricated. In 

addition, selected hybrid laminates incorporating three carbon fiber layers at the outer 

surfaces and laminate core were produced to improve structural performance. The 

specimens were evaluated experimentally using tensile, flexural, impact, compression, 

and maximum shear stress tests to determine strength, stiffness, and energy absorption 

behavior under different loading conditions. The results showed that both fiber type and 

laminate architecture strongly influenced the mechanical performance. Hybridization 

with carbon fiber significantly enhanced all measured properties compared with the 

corresponding non-hybrid laminates. Among all investigated configurations, the 

hemp/carbon hybrid laminate (12H+3C) exhibited the highest overall mechanical 

performance, achieving a tensile strength of 127.7 MPa, tensile modulus of 5.06 GPa, 

flexural strength of 315 MPa, impact strength of 57.19 kJ/m², interlaminar shear strength 

of 26 MPa, and compressive strength of 121 MPa. In contrast, the bamboo/carbon hybrid 

laminate (12B+3C) provided the highest specific strength (91.52 MPa·cm³/g) and 

specific flexural strength (200.31 MPa·cm³/g), indicating superior weight efficiency. 

Based on the multi-metric assessment, the hemp/carbon hybrid laminate offered the most 

favorable combination of strength, stiffness, impact resistance, and structural durability 

required for athletic prosthetic foot applications, while bamboo/carbon hybrids showed 

advantages in lightweight design. These findings demonstrate the potential of tailored 

natural fiber/carbon hybrid composites as sustainable and mechanically reliable 

alternatives for high-performance sports prosthetic feet. 
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1. INTRODUCTION

In activities like springing, running, and jumping, the 

prosthesis used by athletes and highly active users is subjected 

to repetitive and complex mechanical loading, including 

bending, tension, impact, and shear. High mechanical 

reliability, energy absorption capacity, fatigue life, and low 

weight are essential requirements that are needed for these 

service requirements to ensure both safety and efficiency. That 

is why material choice plays a critical role in determining the 

functional durability and biomechanical response of sports 

prosthetic feet [1-3]. 

With the recent development of fiber-reinforced polymer 

composites, interest in natural fiber-reinforced polymer 

composites has increased as an attractive alternative for 

making structural and biomechanical demands: Their low 

density, renewability and favorable mechanical properties are 

equally important reasons why it has attracted considerable 

attention to this new kind of material [4-7]. Natural fiber 

composites also have additional advantages from ecological 

and social perspectives compared with traditional synthetic 

composites, which play such a prominent role in modern 

materials technology today [8, 9]. These materials aim to 

reduce structural weight while maintaining sufficient strength 

and rigidity under dynamic load. Therefore, they are well 

suited for the development of prosthetic feet. 

Due to their availability, mechanical capability, and 

compatibility with polymer matrices, sisal, hemp and bamboo 

fibers have been extensively examined amongst the various 

plant-based reinforcements [10-12]. The resultant composites' 

mechanical behavior can be significantly influenced by 

differences in cellulose content, fibrous structure, 

microstructural organization, and interfacial bonding 

performance [13, 14], particularly when talking about tensile 

strength, elastic modulus, impact resistance, and interlaminar 

shear strength [10, 12]. These fibers may show evident load 

transfer mechanisms and damage evolution patterns when 

combined with epoxy matrices, depending on laminate 

configuration and thickness [15, 16]. 

Hybridization strategies incorporating high-performance 

synthetic fibers such as carbon have been investigated to 

further improve mechanical performance [17-19]. Enhanced 
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stress distribution, delayed crack propagation and improved 

resistance to impact and shear-induced damage can be 

obtained by the inclusion of carbon fiber layers within natural 

fiber laminates. A promising balance between mechanical 

robustness and material effectiveness can be obtained in such 

hybrid composite systems, which is especially appropriate for 

sports prosthetic feet that operate under severe and cyclic 

mechanical requirements [20-28]. Laminate configuration and 

fiber choice significantly influence structural performance 

according to recent studies, which have also inspected the 

mechanical behavior of hybrid and natural fiber composites 

under tensile, compression, and flexural loading conditions 

[22-24]. When considering natural fiber/carbon hybrid 

composites for biomechanical uses, the studies support the 

need for systematic mechanical evaluation [25-27]. 

A comprehensive evaluation of natural-fiber-reinforced 

polymer composites was carried out by Castro-Franco et al. 

[2], who pointed out that the mechanical properties of such 

materials depend heavily on fiber type, method of processing 

and the interface properties of the fiber and matrix [4]. For 

prosthetic applications, this research focused on how the 

selection of reinforcement affects tensile, bending and shock 

forces, taking into account the basic considerations. 

Alvy et al. [29] experimentally investigated woven jute–

carbon hybrid composites with different stacking sequences. 

The study demonstrated that the arrangement of carbon and 

natural fiber layers significantly influences tensile, flexural, 

and durability performance. The authors concluded that 

optimized carbon layer placement can improve load transfer 

efficiency and overall mechanical behavior of hybrid 

laminates. 

Shah et al. [13] highlighted that the mechanical behavior of 

plant fiber composites is strongly influenced by cellulose 

content, microfibril angle, and fiber morphology, as these 

factors govern load transfer efficiency and the elastic response 

of composite systems. Therefore, direct comparisons among 

hemp, sisal, and bamboo fibers are essential for application-

oriented material selection. 

An experimental study by Del Bianco et al. [30] evaluated 

carbon, flax, and carbon/flax hybrid laminates under low-

velocity impact loading. The results showed that hybridization 

improved impact performance while maintaining a favorable 

balance between structural efficiency and weight. 

Furthermore, the stacking sequence played a critical role in 

damage tolerance and energy absorption capability. 

Mylsamy et al. [17] researched the designs for hybrid 

composites that unite natural fibers with synthetic fibers in 

order to improve performance qualities. The inclusion of high-

performance reinforcements, such as carbon fibers, enhances 

stiffness and energy absorption while keeping the lightweight; 

this is particularly beneficial in dynamic loading situations. 

In a recent experimental investigation by Liu et al. [31], 

researchers demonstrated that the impact performance of 

natural fiber-reinforced laminates can be significantly 

enhanced through hybridization and appropriate layup design. 

The study reported that placing synthetic reinforcement layers 

near the outer laminate surfaces improved impact resistance 

and structural integrity. These findings highlighted the 

importance of laminate architecture in achieving superior 

hybrid composite performance. 

Another study by Fan et al. [3] explored how to meet the 

material demands in sports prosthetic devices. They pointed 

out that materials for stiffness, elasticity and impact resistance 

should be chosen more carefully, while simultaneously 

reducing structural weight. Their findings emphasized the 

importance of combining natural and synthetic reinforcements 

in a hybrid mode to achieve optimization in performance 

functions. 

Shelly et al. [11] reported that the mechanical properties of 

bio-based fiber-reinforced polymer composites depend mainly 

on fiber characteristics and fiber-matrix adhesion. The review 

showed that natural fibers offer lightweight and sustainable 

reinforcement with promising tensile and flexural 

performance. The authors also concluded that hybridization 

and surface modification are effective approaches for 

enhancing composite durability and strength. 

Although several studies have investigated natural fiber 

composites or carbon fiber composites individually for 

biomedical and structural applications, limited research has 

comparatively evaluated hemp, bamboo, and sisal fiber 

laminates hybridized with carbon fiber under multiple loading 

conditions relevant to athletic prosthetic foot applications. 

Furthermore, the influence of hybrid stacking on tensile, 

flexural, compressive, impact, and interlaminar shear behavior 

remains insufficiently understood. Therefore, this study 

presents a comparative multi-loading characterization of 

natural and carbon-hybrid laminates fabricated using vacuum 

bagging for lightweight prosthetic foot structures. The effect 

of fiber type, laminate thickness, and hybrid reinforcement on 

key mechanical properties is systematically tested to evaluate 

the suitability of these composite systems for athletic 

prosthetic foot purposes. 

To further enhance structural performance, selected hybrid 

laminates incorporating three carbon fiber layers at the outer 

surfaces and laminate core were fabricated. The hybrid 

stacking sequence was designed by placing two carbon fiber 

layers at the outer surfaces and one carbon fiber layer at the 

laminate mid-plane. The outer carbon layers were intended to 

resist the maximum tensile and compressive stresses generated 

during bending, while the central carbon layer was introduced 

to improve load transfer through the laminate thickness and 

enhance structural integrity. This arrangement was selected to 

achieve a balance between flexural performance and 

interlaminar stability while maintaining a high proportion of 

natural fiber reinforcement. 

 

 

2. MATERIALS AND METHODS 

 

An epoxy resin system (MOVACRYL Rigid Lamination 

Resin, IB-ER, Turkey, 4.6 kg) was used as the polymer matrix. 

The epoxy resin was mixed with a hardener powder (Ottobock 

617P37, 150 g, Germany) at a ratio of 3% by weight, following 

the manufacturer's instructions to ensure proper 

polymerization and optimal mechanical performance. The 

mixture was manually mixed to a homogeneous consistency 

before the lamination process. No separate degassing stage 

was performed; air removal was achieved using the vacuum-

assisted hand lay-up technique and no post-curing treatment 

was performed. 

According to the laboratory requirements, the composite 

laminates were manufactured using the vacuum lay-up 

technique. The first step in the manufacturing process was the 

preparation of a solid gypsum mold with dimensions of 280 × 

200 × 50 mm; then, a metal tube was fixed to the base of the 

mold and aligned with the vacuum line to ensure efficient air 

removal. The mold surface was carefully leveled and polished 

to ensure uniform thickness and minimize any surface defects. 
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The mold was then wrapped in a polyvinyl alcohol (PVA) bag 

as a barrier to prevent the laminate from sticking to the gypsum 

mold surface. The bag was tightly sealed to avoid air leakage 

and maintain stable vacuum conditions during curing. 

As shown in Table 1, all natural and carbon fiber 

reinforcements were supplied in woven fabric form and were 

stacked without angular rotation between layers; therefore, all 

laminates possessed a 0°/90° fiber orientation.  No chemical 

surface treatment was applied to the fibers prior to composite 

fabrication. The fibers were used in their as‑received condition 

to evaluate the intrinsic reinforcement potential of the natural 

fibers and to enable a direct comparison between untreated 

natural fiber laminates and their carbon‑hybrid counterparts. 

To minimize moisture absorption, the fabrics were stored in a 

dry environment prior to lamination. 

Reinforcement layers were arranged according to the 

selected stacking sequence as mentioned in Table 2. The 

laminates were fabricated using a vacuum-assisted hand lay-

up process rather than resin infusion. After manual resin 

impregnation of the reinforcement fabrics, the laminates were 

enclosed in a vacuum bag and maintained under vacuum 

pressure during consolidation and curing. The layers were 

positioned carefully to ensure proper alignment and full 

surface coverage while preventing wrinkles or gaps. After 

completing the lay-up, a second PVA sheet was positioned on 

top and sealed to form a closed system. Two openings were 

prepared: one for resin inlet and the other connected to the 

vacuum line. The mold was placed vertically, and vacuum was 

applied continuously during lamination to improve fiber 

impregnation, eliminate trapped air, and improve laminate 

consolidation. Excess resin was removed through the vacuum 

bagging process, which helped improve laminate 

consolidation and reduce resin-rich regions. 

The system was left under ambient laboratory conditions 

until complete curing was achieved, after which the laminate 

was demolded and the specimens were cut according to the 

required tests. Figure 1 illustrates the fabrication process. 

 

 
 

Figure 1. Fabrication process of bio-composite materials for sport prosthetic feet 

 

Table 1. Specifications of the reinforcement materials used in the fabrication of composite laminates 

 
Reinforcement 

Material 

Fiber 

Form 
Orientation 

Areal Weight 

(gsm) 
Supplier Condition 

Hemp Fiber 
Woven 

Fabric 
0°/90° 180 

Zhejiang Jiahe Textile Co., Ltd, 

China 

As-received, no chemical 

treatment 

Bamboo Fiber 
Woven 

Fabric 
0°/90° 160 

Zhejiang Jiahe Textile Co., Ltd, 

China 

As-received, no chemical 

treatment 

Sisal Fiber 
Woven 

Fabric 
0°/90° 90 

Zhejiang Jiahe Textile Co., Ltd, 

China 

As-received, no chemical 

treatment 

Carbon Fiber 
Woven 

Fabric 
0°/90° 300 

Otto Bock SE & Co. KGaA 

Company, Germany 

As-received, no chemical 

treatment 
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Table 2. Explanations of the fabricated composite laminates 

 

Laminations Total No. of Layers 
Layers’ 

Symbol 

Lamination Layup 

Procedures 

Density 

(g/cm³) 

Volume Fraction 

(%) 

Laminate (1) Epoxy + Bamboo Fiber (3B) 3B - 1.04 29 

Laminate (2) Epoxy + Bamboo Fiber (6B) 6B - 1.065 33 

Laminate (3) Epoxy + Bamboo Fiber (9B) 9B - 1.108 37 

Laminate (4) Epoxy + Bamboo Fiber (12B) 12B - 1.171 41 

Laminate (5) 
Epoxy + Bamboo Fiber (12B) + 

Carbon Fiber (3C) 
12B+3C 1C+6B+1C+6B+1C 1.274 45 

Laminate (6) Epoxy + Hemp Fiber (3H) 3H - 1.13 31 

Laminate (7) Epoxy + Hemp Fiber (6H) 6H - 1.203 35 

Laminate (8) Epoxy + Hemp Fiber (9H) 9H - 1.262 39 

Laminate (9) Epoxy + Hemp Fiber (12B) 12H - 1.412 43 

Laminate (10) 
Epoxy + Hemp Fiber (12B) + 

Carbon Fiber (3C) 
12H+3C 1C+6H+1C+6H+1C 1.624 48 

Laminate (11) Epoxy + Sisal Fiber (3S) 3S - 1.129 30 

Laminate (12) Epoxy + Sisal Fiber (6S) 6S - 1.199 34 

Laminate (13) Epoxy + Sisal Fiber (9S) 9S - 1.24 38 

Laminate (14) Epoxy + Sisal Fiber (12S) 12S - 1.398 42 

Laminate (15) 
Epoxy + Sisal Fiber (12S) + Carbon 

Fiber (3C) 
12S+3C 1C+6S+1C+6S+1C 1.554 46 

 

2.1 Mechanical properties 

 

Athletic prosthetic feet are subjected to complex loading 

conditions during walking and running, including cyclic 

bending, compression, impact, and interlaminar shear stresses. 

Therefore, a series of mechanical tests were performed to 

evaluate the performance of the hybrid laminated composites 

developed for the prosthetic foot. All specimens were prepared 

and tested under standardized conditions. A total of 45 

specimens were tested for each mechanical property, including 

15 hemp-, 15 bamboo-, and 15 sisal-based specimens 

distributed among the investigated laminate configurations. 

Three specimens were tested for each configuration (n = 3). 

The reported values represent the average of the three 

specimens. 

 

2.1.1 Tensile testing 

Tensile testing was conducted to evaluate the load-carrying 

capability of the laminates under tensile stresses developed on 

the outer surfaces of prosthetic foot structures during bending. 

The test was conducted according to ASTM D3039 [32] using 

specimens with nominal dimensions of 250 mm × 25 mm × t, 

where t represents the laminate thickness. The gauge length 

was maintained at 150 mm, and the test was performed at a 

crosshead speed of 5 mm/min until failure. Stress–strain 

curves were generated to determine ultimate tensile strength 

(UTS), elongation at break and elastic modulus (E) [33]. 

Figure 2 shows the test specimens. 

 

 
 

Figure 2. Tensile test specimens 

 

2.1.2 Flexural testing 

Flexural testing was performed because athletic prosthetic 

feet function primarily as energy-storage-and-return devices, 

where repeated bending loads are experienced during walking 

and running. Three-point bending tests were carried out 

following ASTM D790 [34] on a Lybold Harris testing 

machine. A vertical load was applied at the specimen midpoint 

at 5 mm/min until deformation, providing load–displacement 

curves from which flexural strength and modulus were 

calculated. The specimens used in this test are shown in Figure 

3 [35]. 

 

 
 

Figure 3. Flexural test specimens 

 

2.1.3 Maximum shear testing 

Interlaminar shear testing was performed to assess the 

resistance of the athletic prosthetic foot to delamination under 

repeated service loading. Short-beam three-point bending tests 

were conducted according to ASTM D2344 using specimens 

measuring 20 mm × 6 mm × t. To assess maximum 

interlaminar shear strength. The load was applied gradually 

until failure, and shear strength was calculated from the 

maximum recorded load. Specimens used in this test are 

shown in Figure 4 [36]. 

 

 
 

Figure 4. Maximum shear test specimens 
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2.1.4 Impact testing 

Impact testing was conducted to evaluate the ability of the 

laminates to absorb sudden loads encountered during foot-

ground contact and athletic activities. Izod impact tests were 

conducted at room temperature by a pendulum apparatus 

according to ISO 180 [37]. Specimens shown in Figure 5 were 

rigidly clamped at one end and impacted on the free end. The 

energy absorbed until fracture initiation and propagation was 

measured, giving insight into resistance to sudden dynamic 

loading. 

 

 
 

Figure 5. Impact test specimens 

 

2.1.5 Compression testing 

Compression testing was conducted to simulate body-

weight loading. Compressive tests were conducted according 

to ASTM D695 using a universal testing machine. Specimens 

shown in Figure 6 were loaded at 5 mm/min up to a maximum 

of 25 kN until failure occurred.  The compressive strength of 

the materials was obtained from the compressive stress–strain 

curves [38]. 

 

 
 

Figure 6. Compression test specimens 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Tensile properties 

 

The tensile properties of the composite laminates showed a 

strong dependence on laminate thickness, fiber type, and 

carbon fiber hybridization. Figures 7-9 show the UTS results. 

Tensile strength increased progressively with increasing 

laminate thickness for all natural fiber systems. Hemp 

composites exhibited the highest tensile performance among 

the natural fiber laminates due to their excellent load-carrying 

capability and efficient stress transfer from the epoxy matrix 

to the fibers, increasing from 81 MPa for 3H to 120 MPa for 

12H. Hybridization with carbon fiber further improved the 

tensile strength to 127.7 MPa for the 12H+3C laminate, 

representing an increase of approximately 6.4% compared 

with the non-hybrid 12H laminate. Bamboo composites 

showed intermediate behaviour, while sisal laminates 

recorded the lowest tensile strength values; this behaviour can 

be attributed to the less effective fiber-matrix interaction, 

reaching 75 MPa for the hybrid configuration. 

 

 
 

Figure 7. Tensile strength values of laminated composite 

materials reinforced with hemp fibers 

 

 
 

Figure 8. Tensile strength of the laminated composite 

materials reinforced with sisal fibers 

 

 
 

Figure 9. Tensile strength of the laminated composite 

materials reinforced with bamboo fibers 

 

Figure 10 presents representative tensile fracture specimens 

after testing. The natural fiber laminates exhibited transverse 

fracture accompanied by localized matrix cracking and partial 

interfacial debonding between the fibers and epoxy matrix. In 
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some specimens, signs of interlaminar separation were 

observed, indicating the initiation of delamination during 

loading. In contrast, the carbon-hybrid laminates showed more 

consolidated fracture surfaces and retained structural integrity 

after failure, suggesting improved stress transfer and crack-

arrest capability provided by the carbon fiber layers. The 

observed failure modes are consistent with the higher tensile 

strength and stiffness obtained for the hybrid laminates. 

 

 
 

Figure 10. Tensile test specimens after failure 

 

The interpretation of failure modes was based mainly on 

visual fracture observations. Further microscopic 

characterization is recommended to confirm the proposed 

failure mechanisms and provide additional insight into the 

fracture behavior of the developed laminates. 

Young’s modulus signifies the stiffness of the composite 

laminate and characterizes its resistance to elastic deformation 

under tensile load. Higher modulus values indicate that the 

material undergoes less strain for a given stress, which gives 

consideration to a stiffer structural response. In fiber-

reinforced composites, the elastic modulus is highly affected 

by fiber type, alignment and fiber-matrix interaction. Natural 

fibers such as hemp and bamboo contribute to the stiffness of 

the laminate through their cellulose-rich structure, whereas the 

epoxy matrix manages the load transmission at low strain 

levels. 

 

 
 

Figure 11. Young’s modulus of the laminated composite 

materials reinforced with hemp fibers 

 

The addition of more reinforcement layers usually led to 

higher modulus values due to enhanced stress distribution and 

reduced matrix-dominated deformation. The addition of 

carbon fiber layers further enhanced stiffness because carbon 

fibers had a significantly higher elastic modulus than natural 

fibers, allowing them to carry a larger portion of the applied 

load in the elastic region. Higher modulus values were 

revealed in hemp and carbon hybrid laminates, showing 

increased resistance to elastic deformation. Bamboo and sisal 

composites exhibited lower modulus values, indicating greater 

flexibility. The addition of carbon fiber increased the modulus, 

which is consistent with the inherently high stiffness of carbon 

fibers [7]. Figures 11-13 present the modulus results. 

 

 
 

Figure 12. Young’s modulus values of laminated composite 

materials reinforced with sisal fibers 

 

 
 

Figure 13. Young’s modulus of the laminated composite 

materials reinforced with bamboo fibers 

 

One of the important mechanical parameters for sports 

prosthetic feet is elongation because it represents the ability of 

the material to undergo deformation before failure under 

dynamic loading. 

Adequate elongation improves safety, shock absorption, 

and resistance to catastrophic fracture during high-impact 

activities such as running and jumping. 

In this research, the elongation results indicate that sisal 

fiber composite gives the highest elongation at break within 

the investigated natural fiber, followed by bamboo. Hemp 

composites give the lowest elongation values. The higher 

percentage of elongation obtained in sisal-based laminates can 

be due to the relatively weaker fiber-matrix interfacial 

bonding, which promotes greater fiber pull-out and slippage 

throughout tensile loading. This behaviour delays final 

fracture and gives higher overall deformation before failure. 
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Figure 14. Elongation (%) of the laminated composite 

materials reinforced with hemp fibers 

 

 
 

Figure 15. Elongation (%) of the laminated composite 

materials reinforced with bamboo fibers 

 

 
 

Figure 16. Elongation (%) of the laminated composite 

materials reinforced with sisal fibers 

 

Bamboo composites give moderate elongation values, 

reflecting a more balanced behavior between fiber stiffness 

and matrix deformation. The vascular and heterogeneous 

structure of bamboo fibers promotes some degree of matrix-

dominated deformation; however, the interfacial bonding is 

stronger than in sisal composites, limiting extreme fiber pull-

out and thus lowering elongation compared to sisal. 

On the other hand, hemp composites show the lowest 

elongation, indicating a stiffer and more load-efficient 

structure resulting in efficient load transfer and higher 

resistance to deformation. This behavior indicates controlled 

deformation instead of experiencing premature brittle failure, 

which is favorable in prosthetic components exposed to 

repeated and high loads [39]. Figures 14-16 show the 

elongation results. 

 

3.2 Flexural test results 

 

The experimental results indicate that flexural strength is 

strongly affected by fiber type, laminate configuration, and the 

existence of carbon fiber reinforcement. 

Hemp-based laminates exhibited the most stable and 

reliable flexural behavior among the investigated natural 

fibers, indicating effective resistance to bending-induced 

tensile and compressive stresses. Bamboo composites gave 

moderate flexural performance in their natural form and sisal 

laminates generally exhibited lower flexural strength, which 

can be associated with weaker interfacial bonding and reduced 

load-carrying efficiency under bending loading conditions. 

Flexural strength showed the most pronounced improvement 

after carbon fiber hybridization. The flexural strength of hemp 

laminates increased from 107 MPa for 3H to 214 MPa for 12H, 

while the hybrid 12H+3C laminate achieved the highest value 

of 315 MPa, corresponding to a 47.2% increase compared with 

12H. Similar trends were observed for bamboo and sisal 

composites, where hybridization increased flexural strength 

from 138.7 to 255.2 MPa and from 92.5 to 205.33 MPa, 

respectively. 

These findings suggest that hybrid configurations are 

essential for achieving the flexural performance required for 

prosthetic feet utilized in athletic activities [6]. Figures 17-19 

show the flexural test results. 

 

 

 
 

Figure 17. Flexural strength of the laminated composite 

materials reinforced with hemp fibers 
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Figure 18. Flexural strength of the laminated composite 

materials reinforced with sisal fibers 

 

 
 

Figure 19. Flexural strength of the laminated composite 

materials reinforced with bamboo fibers 

 

3.3 Maximum shear test results 

 

The experimental results given in this study display that 

hemp fiber-reinforced laminates show the highest shear stress 

resistance among the investigated natural fibers. This 

performance may be attributed to the dense fiber structure of 

hemp and its efficient bonding with the epoxy, which 

enhanced stress transfer between neighboring layers and 

delayed interlaminar failure. Low shear stress values were 

obtained in sisal and bamboo composites, which can be likely 

due to their more porous internal structures that promote 

localized shear deformation among plies. 

A gradual increase in interlaminar shear strength was 

observed when increasing the number of reinforcement layers, 

which can be explained by the fact that those thicker laminates 

distribute shear stresses over a larger volume and minimize 

stress concentration at individual interfaces. Also, a significant 

enhancement in shear behavior was obtained by the addition 

of carbon fiber layers. Hemp laminates exhibited the highest 

interlaminar shear strength (ILSS), increasing from 3.38 MPa 

for 3H to 10.68 MPa for 12H, while the hybrid 12H+3C 

laminate reached 26 MPa. This value was approximately 

143% higher than the corresponding non-hybrid laminate, 

indicating improved load transfer and interfacial bonding. This 

improvement is particularly important for the safety and 

durability of athletic prosthetic feet  [40]. Figures 20-22 show 

the maximum shear test results. 

 

 
 

Figure 20. Maximum shear stress of the laminated composite 

materials reinforced with hemp fibers 

 

 
 

Figure 21. Maximum shear stress of the laminated composite 

materials reinforced with sisal fibers 

 

 
 

Figure 22. Maximum shear stress of the laminated composite 

materials reinforced with bamboo fibers 

536



 

 
 

Figure 23. Impact strength of the laminated composite 

materials reinforced with hemp fibers 

 

 
 

Figure 24. Impact strength of the laminated composite 

materials reinforced with sisal fibers 

 

 
 

Figure 25. Impact strength of the laminated composite 

materials reinforced with bamboo fibers 

3.4 Impact test results 

 

The impact test results showed that the fiber type and 

laminate configuration clearly affect the test results. 

Hemp‑based laminates exhibited the highest impact 

resistance among the natural fiber systems, demonstrating 

excellent capability to absorb impact energy without 

catastrophic failure due to their dense microstructure and good 

interfacial bonding. Sisal laminates showed moderate impact 

performance, while bamboo laminates displayed 

comparatively lower resistance, which can be attributed to 

their higher porosity and limited resistance to crack initiation 

under sudden loading. 

The addition of carbon fiber layers significantly improved 

the impact resistance in all fiber types, as carbon fibers 

enhance energy dissipation and limit crack propagation. From 

the obtained impact performance, the results indicate that 

hemp carbon hybrid laminates provided the best combination 

of impact resistance and structural stability for athletic 

prosthetic foot use; the highest impact resistance was achieved 

by the 12H+3C laminate (57.19 kJ/m²), which was 

approximately 74.2% higher than the corresponding non-

hybrid laminate (32.82 kJ/m²). Bamboo and sisal hybrid 

laminates also demonstrated substantial improvements, 

reaching 48.34 and 41.32 kJ/m², respectively [41]. Figures 23-

25 show the impact test results. 

 

3.5 Compression test results 

 

The experiment proves that different kinds of reinforcement 

fibers can greatly differ from one another in performance when 

it came to compressive test results. 

Hemp fiber showed the highest resistance to compression. 

This could be the result of its dense microstructure and 

reduced susceptibility to fiber buckling under compressive 

loading. More variable behavior was obtained in bamboo 

fiber, likely due to its hollow fiber morphology and internal 

voids, which can induce localized instability when subjected 

to compression. The lowest compressive resistance was seen 

in sisal fiber, indicating limited suitability for areas subjected 

to high compressive loads. 

 

 
 

Figure 26. Compression strength of the laminated composite 

materials reinforced with hemp fibers 
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Figure 27. Compression strength of the laminated composite 

materials reinforced with sisal fibers 

 
 

Figure 28. Compression strength of the laminated composite 

materials reinforced with bamboo fibers 

 

When adding carbon fiber layers, the 12H+3C laminate 

exhibited the highest compressive strength of 121 MPa 

compared with 112 MPa for 12H. Bamboo composites 

increased from 38 MPa (3B) to 113 MPa (12B+3C), whereas 

sisal composites showed lower values, reaching 62 MPa in the 

hybrid configuration [42]. Figures 26-28 show the 

compression test results. 

 

3.6 Multi-metric assessment 

 

To further evaluate the suitability of the developed 

laminates for athletic prosthetic foot applications, density-

normalized mechanical properties, including specific strength 

and specific stiffness, were calculated, as presented in Table 3. 

The highest specific strength was achieved by the 

bamboo/carbon hybrid laminate (12B+3C), reaching 91.52 

MPa·cm³/g, while the highest specific stiffness was recorded 

for the 12B laminate at 3.43 GPa·cm³/g. These parameters 

were evaluated together with the measured tensile, flexural, 

impact, interlaminar shear, and compressive properties to 

perform a multi-metric assessment of laminate performance. 

This approach provided a more realistic evaluation for 

prosthetic foot structures, where both mechanical performance 

and lightweight design are critical requirements. 

Based on the multi-metric assessment, the hemp/carbon 

hybrid laminate (12H+3C) exhibited the highest UTS (127.7 

MPa), tensile modulus (5.06 GPa), flexural strength (315 

MPa), impact strength (57.19 kJ/m²), interlaminar shear 

strength (26 MPa), and compressive strength (121 MPa) 

among all investigated configurations, indicating superior 

overall mechanical performance and structural durability. In 

contrast, the bamboo/carbon hybrid laminate (12B+3C) 

demonstrated the highest specific strength (91.52 MPa·cm³/g) 

and specific flexural strength (200.31 MPa·cm³/g), reflecting 

greater mechanical efficiency relative to weight. Therefore, 

while the bamboo/carbon hybrid laminate offers advantages in 

weight-sensitive applications, the hemp/carbon hybrid 

laminate provides the most balanced combination of strength, 

stiffness, impact resistance, interlaminar integrity, and load-

bearing capability required for high-performance athletic 

prosthetic foot applications. 

 

Table 3. Density-normalized mechanical properties of natural and hybrid composite laminates 

 

Sample 
Density 

(g/cm³) 

Ultimate Tensile 

Strength (MPa) 

Tensile Modulus 

(GPa) 

Specific Strength 

(MPa·cm³/g) 

Specific Stiffness 

(GPa·cm³/g) 

Specific Flexural 

Strength (MPa·cm³/g) 

3H 1.130 81.00 2.80 71.68 2.48 94.69 

6H 1.203 94.33 3.66 78.41 3.04 104.41 

9H 1.262 112.00 3.90 88.75 3.09 113.06 

12H 1.412 120.00 4.71 84.99 3.34 151.56 

12H+3C 1.624 127.70 5.06 78.63 3.12 193.97 

3B 1.047 56.53 2.08 53.99 1.99 90.67 

6B 1.065 71.60 2.90 67.23 2.72 116.06 

9B 1.108 80.00 3.50 72.20 3.16 115.97 

12B 1.171 87.66 4.02 74.86 3.43 118.45 

12B+3C 1.274 116.60 4.20 91.52 3.30 200.31 

3S 1.129 35.00 2.50 31.00 2.21 48.72 

6S 1.199 51.00 3.20 42.54 2.67 62.55 

9S 1.240 63.00 3.65 50.81 2.94 68.06 

12S 1.398 69.00 4.02 49.36 2.88 66.17 

12S+3C 1.554 75.00 4.10 48.26 2.64 132.13 

 

3.7 Hybridization effect and performance enhancement 

 

The improved performance of the 12H+3C laminate can be 

attributed to the synergistic interaction between hemp and 

carbon fibers. The carbon fiber layers, positioned near the 

outer surfaces of the laminate, carried a substantial portion of 
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the tensile and compressive stresses generated during bending, 

resulting in significant improvements in flexural and impact 

performance. In addition to exhibiting the highest absolute 

mechanical properties, the hybrid laminates demonstrated 

enhanced specific properties when normalized by density. The 

12H+3C laminate maintained the highest absolute stiffness, 

whereas the 12B laminate exhibited the highest density-

normalized stiffness. These results indicate that hybridization 

not only improves load-carrying capability but also enhances 

structural efficiency, which is a critical requirement for 

lightweight athletic prosthetic foot applications. 

 

 

4. CONCLUSIONS 

 

This study provides a comparative evaluation of natural 

fiber and carbon-hybrid epoxy laminates for athletic prosthetic 

foot applications. The findings improve the understanding of 

how fiber selection and laminate design influence structural 

performance and demonstrate the potential of hybrid 

composite systems as lightweight and sustainable alternatives 

for sports prosthetic feet. The outcomes of this work may 

support future material selection and design optimization for 

high-performance prosthetic structures. 

(1) The experimental results confirmed that the mechanical 

performance of the fabricated epoxy-based composite 

laminates was strongly influenced by both natural fiber type 

and laminate architecture. Variations in the intrinsic 

characteristics of hemp, bamboo, and sisal fibers resulted in 

significant differences in tensile, flexural, impact, interlaminar 

shear, and compressive properties.  

(2) Within the investigated configurations, increasing the 

number of reinforcement layers generally enhanced the 

mechanical performance of the laminates. For example, the 

tensile strength of hemp laminates increased from 81 MPa for 

3H to 120 MPa for 12H, while the flexural strength increased 

from 107 MPa to 214 MPa, demonstrating the beneficial effect 

of additional reinforcement on load transfer and structural 

integrity.  

(3) Carbon fiber hybridization significantly improved the 

overall mechanical behavior of all natural fiber systems. 

Among all investigated laminates, the hemp/carbon hybrid 

configuration (12H+3C) exhibited the highest tensile strength 

(127.7 MPa), tensile modulus (5.06 GPa), flexural strength 

(315 MPa), impact strength (57.19 kJ/m²), interlaminar shear 

strength (26 MPa), and compressive strength (121 MPa), 

indicating superior load-bearing capability and damage 

tolerance.  

(4) Density-normalized evaluation revealed that the 

bamboo/carbon hybrid laminate (12B+3C) achieved the 

highest specific strength (91.52 MPa·cm³/g) and specific 

flexural strength (200.31 MPa·cm³/g), demonstrating superior 

mechanical efficiency relative to weight. This result highlights 

the importance of considering both absolute mechanical 

performance and weight efficiency when selecting materials 

for prosthetic foot applications.  

(5) Considering both absolute and specific mechanical 

properties, the hemp/carbon hybrid laminate was identified as 

the most suitable configuration for athletic prosthetic foot 

applications, whereas the bamboo/carbon hybrid laminate may 

be preferred where lightweight design is the primary 

requirement. 

(6) For athletic prosthetic foot structures, flexural 

performance, impact resistance, structural durability, and 

lightweight characteristics are critical design requirements. 

The present results indicate that improved mechanical 

performance should be balanced against weight 

considerations, since optimal prosthetic foot performance 

depends on an appropriate combination of stiffness, 

toughness, strength, and weight rather than maximizing a 

single property.  

(7) Overall, the developed natural fiber/carbon hybrid 

composites fabricated using vacuum-assisted lay-up 

demonstrate good potential as promising alternatives for 

athletic prosthetic foot applications. However, further work is 

recommended to evaluate long-term fatigue performance and 

energy-return behavior under service-relevant loading 

conditions. 
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