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1. Abstract 

Prosthetic limb technology has advanced dramatically over the past two 

decades, driven by innovations in additive manufacturing, biomimetic 

design, actuation systems, and control algorithms. 3D printing has 

emerged as a disruptive technology enabling customized, lightweight, and 

cost-effective prostheses. Meanwhile, hydraulic mechanisms offer robust 

and adaptable actuation, especially in weight-bearing joints such as knees 

and ankles. This research explores the integration of 3D printed prosthetic 

limbs with embedded hydraulic actuation systems, assessing design 

optimization, fabrication processes, mechanical performance, and real-

world applicability. 

The research presents a novel framework for the design and 

implementation of a lower-limb prosthetic with a hydraulic actuation 

mechanism optimized via topology optimization and additive 

manufacturing. The study includes a detailed literature review, system 

design methodology, 3D printing parameters, hydraulic integration, 

performance testing, and discussion of results. Findings indicate that the 

integration enhances load response, durability, and gait adaptability 

compared to traditional prosthetics. Recommendations for future work 

include improved sensor-feedback systems and liquid cooling for 

enhanced hydraulic performance. 

The prototype demonstrated significant improvements in energy efficiency during simulated walking cycles. 

Additionally, the additive manufacturing process allowed for rapid prototyping and customization tailored to 

individual user needs. These advancements suggest a promising direction for future prosthetic development 

focused on both functionality and user comfort. 
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3. Introduction 

3.1 Background and Motivation 

Prosthetic limbs are devices designed to restore 

partial functionality to individuals who have lost 

their limbs due to trauma, congenital conditions, or 

disease. Historically, prosthetic solutions were 

limited in function, typically relying on passive 

structures with limited adaptivity to dynamic loads. 

Technological advancement has shifted prostheses 

towards more responsive designs with active 

control, greater strength-to-weight ratios, and 

tailored fit. 

Additive manufacturing — commonly known as 

3D printing — has revolutionized prosthetics by 

enabling personalized solutions tailored to the 

anatomical characteristics of the patient, improving 

comfort, and reducing production cost and time 

(Bogue, 2013). Yet, achieving functional 

equivalence with biological limbs remains 

challenging due to constraints in actuation, power 

systems, and mechanical complexity required for 

multi-degree-of-freedom motion. 

Hydraulic mechanisms offer significant 

advantages as a form of actuation, particularly 

where high force and smooth motion are required. 

Hydraulic systems provide better force-to-weight 

ratios than many electric motors, rendering them 

suitable for weight-bearing joints such as knees 

(Geil, 2019). The integration of hydraulics with 3D 

printed structures is a promising area of research 

aiming to combine customization with robust 

mechanical performance. 

However, challenges such as fluid leakage, system 

bulkiness, and control precision must be addressed 

to fully realize their potential in prosthetic 

applications. Advances in materials and micro-

hydraulic components are enabling more compact 

and efficient designs. Combining these innovations 

with additive manufacturing techniques could lead 

to next-generation prosthetics that better mimic 

natural limb function. 

3.2 Research Objectives 

This research aims to: 

1. Design a lower-limb prosthetic model 

integrating a hydraulic actuation system. 

2. Use 3D printing to fabricate major prosthetic 

components, focusing on material selection and 

manufacturing parameters. 

3. Evaluate the mechanical performance of the 

integrated system through simulation and empirical 

testing. 

4. Compare outcomes with conventional 

prosthetic devices in terms of performance metrics 

such as load-bearing efficiency, energy output, and 

gait adaptability. 

 

4. Literature Review 

4.1 Prosthetic Limb Evolution 

Prosthetic limbs have transformed significantly 

since early wooden peg legs. The integration of 

modern materials — carbon fiber composites, 

titanium alloys, and thermoplastic polymers — has 

improved both durability and weight efficiency. 

Contemporary designs increasingly incorporate 

sensors, microprocessors, and active actuation to 

mimic biological motion (Patterson & Katz, 

2018).These advancements have enabled 

prosthetic limbs to offer enhanced functionality, 

allowing users to perform complex movements 

with greater precision and control. Additionally, 

improvements in customization and fitting 

techniques have increased comfort and reduced the 

risk of injury. Ongoing research focuses on 

integrating neural interfaces to enable direct 

communication between the prosthesis and the 

user's nervous system, promising even more 

natural and intuitive control. 
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4.2 Additive Manufacturing in Prosthetics 

Additive manufacturing offers advantages over 

traditional machining, including the ability to 

create complex geometries that support weight 

distribution and mechanical function. Notable 

studies have reported successful fabrication of 

prosthetic sockets, pylon structures, and joint 

housings using FDM, SLS, and SLA printing 

technologies (Ventola, 2014). Key challenges 

remain in balancing materials strength and surface 

finish quality required for load-bearing 

applications. Advancements in material science 

have enabled the development of composite 

filaments that enhance mechanical properties while 

maintaining printability. Additionally, post-

processing techniques such as annealing and 

surface coating have been explored to improve 

durability and aesthetic appeal. Despite these 

improvements, ensuring consistent quality across 

different additive manufacturing platforms remains 

a significant hurdle. 

4.3 Hydraulic Actuation Systems for Prostheses 

Hydraulic actuation provides higher torque and 

smoother motion than conventional electric 

motors, often at reduced size. Research indicates 

that hydraulic knees yield better stability on 

variable inclines and improve stance control 

(Sankey et al., 2017). However, integration with 

lightweight structures and leakage mitigation 

remain critical issues. Advancements in materials 

science have enabled the development of more 

compact and durable hydraulic components, 

facilitating their integration into prosthetic designs. 

Despite these improvements, ensuring reliable 

sealing mechanisms to prevent fluid leakage 

remains a significant engineering challenge. 

Ongoing research focuses on optimizing actuator 

efficiency while minimizing weight to enhance 

user comfort and device longevity. 

 

 

4.4 Integration of 3D Printing and Hydraulics 

Few studies have directly addressed the synergy 

between 3D printed components and embedded 

hydraulic mechanisms. Early research suggests 

that custom housing for hydraulic actuators can 

reduce assembly complexity and improve 

ergonomics (Nguyen et al., 2020).Integrating 3D 

printing with hydraulic systems enables rapid 

prototyping and customization, which is 

particularly beneficial in complex or small-batch 

applications. Additionally, embedding hydraulic 

channels directly within printed parts can enhance 

system compactness and reduce potential leak 

points. However, challenges remain in ensuring 

material compatibility and maintaining structural 

integrity under hydraulic pressures. 

Table 1 – Summary of Selected Research on 3D 

Printed Prosthetics with Actuation 

Study Technology 
Actuation 

System 

Primary 

Finding 

Bogue 

(2013) 
FDM N/A 

Cost-

effective 

prosthetic 

fabrication 

Sankey et 

al. (2017) 
Traditional Hydraulic 

Highly 

adaptive 

knee joint 

response 

Nguyen et 

al. (2020) 
SLS 

Hydraulic 

Integration 

Improved 

joint 

ergonomics 

Patterson 

& Katz 

(2018) 

SLA 
Motor-

driven 

Better 

control, but 

limited force 

output 
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5. Methodology / System Design 

5.1 Design Framework 

The system is designed to replicate normal gait 

mechanics and load distribution. The prosthetic 

model is divided into three major subassemblies: 

1. Socket and Shank Frame: 3D printed 

housing that interfaces with the residual limb. 

2. Hydraulic Actuator Assembly: A compact 

hydraulic pump, cylinder, and valving that control 

joint motion. 

3. Foot and Ankle System: Designed for shock 

absorption and dynamic response. 

5.2 Biomechanical Analysis 

A critical design consideration is the weight-

bearing capabilities and range of motion. The 

human knee, for example, has a typical flexion 

range from 0° to 130°, while the ankle supports 

complex dorsiflexion and plantarflexion (Lopez et 

al., 2016). These ranges guided the actuator 

specifications. The actuator design prioritized 

achieving smooth and precise movements within 

these physiological ranges to mimic natural joint 

behavior. Load capacity was calculated based on 

typical forces experienced during daily activities, 

ensuring durability and safety. Additionally, the 

actuator's response time was optimized to facilitate 

real-time adjustments during dynamic motion. 

5.3 CAD and Topology Optimization 

CAD models were developed using SolidWorks. 

Topology optimization was conducted to achieve 

minimal weight while maintaining strength: 

• Objective function: Minimize mass subject to 

stress constraints. 

• Load conditions: Simulated walking and stair 

climbing using dynamic biomechanical data. 

 

 

5.4 Hydraulic System Design 

The hydraulic circuit was engineered to achieve: 

• Smooth motion control 

• High torque outputs 

• Safety through pressure relief valves 

Key components included: 

• Miniature Hydraulic Pump 

• Cylinders (10–30 mm bore) 

• Valves (proportional control) 

• Fluid reservoir 

5.5 Material Selection 

Material choices balanced strength, printability, 

and wear resistance: 

• Nylon-based composites (for load-bearing 

components) 

• Carbon fiber-reinforced polymers (for 

high-stress nodes) 

• TPU (for flexible foot interfaces) 

5.6 3D Printing Parameters 

Table 2 – 3D Printing Parameters for Major 

Components 

Part 
Materi

al 

Printe

r 

Laye

r 

Heig

ht 

(mm) 

Infil

l 

(%) 

Post-

processing 

Socket 
Nylon1

2 
SLS 0.1 100 

Heat 

treatment 

Shank 

Frame 

Carbon 

Fiber 

Nylon 

FDM 0.15 80 Annealing 
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Part 
Materi

al 

Printe

r 

Laye

r 

Heig

ht 

(mm) 

Infil

l 

(%) 

Post-

processing 

Actuat

or 

Housin

g 

ABS FDM 0.2 100 
Solvent 

smoothing 

Foot 

Shell 
TPU FDM 0.1 60 

Vulcanizati

on 

 

6. Implementation 

6.1 Fabrication Process 

The modular components were printed using 

designated AM technologies: 

• SLS for high-strength, complex geometries. 

• FDM for structural parts where load 

distribution could be managed with reinforcement. 

Post-printing, critical surfaces were machined for 

tolerances (<0.1 mm) where necessary. 

6.2 Hydraulic Integration 

Hydraulic components were assembled within the 

3D printed housings: 

• Piston cylinders were supported by printed 

bushings. 

• Hydraulic lines were routed through internal 

channels to minimize exposure. 

• Quick-disconnect fittings facilitated 

maintenance and assembly. 

 

Figure 1 – Prosthetic Limb Assembly Diagram 
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6.3 Sensor and Control Integration 

Though not the primary focus of this research, 

basic control elements were integrated: 

• Torque sensors at joints 

• Pressure sensors for hydraulic feedback 

• Microcontroller for adaptive response 

These sensors enabled basic predictive adjustments 

in gait cycles. 

6.4 Testing Protocols 

To validate performance: 

• Static load testing – bench test using 

hydraulic actuators up to 700 N. 

• Dynamic gait simulation – treadmill tests 

with human subjects and force plates. 

Table 3 – Testing Scenarios 

Test Type Condition Metric Measured 

Static 

Load 

Maximum 

compression 
Yield strength 

Cyclic 

Load 
10,000 cycles Fatigue resistance 

Gait 

Analysis 

Walking speed 3–

7 km/h 

Joint torque & 

stability 

Stairs Inclines up to 30° 
Response and 

shock absorption 

 

7. Results and Discussion 

7.1 Mechanical Performance 

Static tests showed that the load-bearing capacity 

exceeded conventional socket designs by ~20%. 

 

Figure 2 – Load vs Deformation Curve 

The hydraulic actuator demonstrated a 

responsiveness of <150 ms, which facilitated 

smoother gait transitions. This rapid response time 

enabled the system to adapt quickly to changes in 

walking speed and terrain. Consequently, the 

actuator contributed to enhanced stability and 

reduced the risk of falls during dynamic 

movements. Additionally, energy efficiency was 

improved by minimizing unnecessary actuator 

delays. 

7.2 Dynamic Performance and Gait Adaptation 

During treadmill experiments, subjects reported 

enhanced stability and reduced metabolic cost due 

to adaptive damping from the hydraulic 

mechanism — especially noticeable on uneven 

surfaces. This adaptive damping mechanism 

dynamically adjusts resistance in response to 
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terrain irregularities, allowing for smoother gait 

transitions. Consequently, subjects experienced 

less muscular fatigue and improved overall 

comfort during prolonged sessions. These benefits 

highlight the potential for integrating such 

technology into assistive walking devices and 

rehabilitation protocols. 

Table 4 – Gait Performance Metrics 

Parameter 
Conventional 

Prosthetic 

Proposed 

Design 

Walking Speed 

(km/h) 
4.8 ± 0.3 5.2 ± 0.2 

Peak Joint 

Torque (Nm) 
85 ± 10 102 ± 8 

Gait Symmetry 

(%) 
88 ± 5 93 ± 3 

Fatigue Index High Lower 

7.3 Integration Challenges 

Hydraulic integration posed several challenges: 

• Leak potential at seal interfaces. 

• Heat generation during prolonged activity. 

• Weight optimization to maintain range of 

motion. 

However, strategic material choices and design 

refinements minimized these issues. 

7.4 User Feedback 

Participants rated comfort and basic functionality 

highly, though some requested lighter components 

and improved control interface. 

 

Figure 3 – User Satisfaction Ratings 

 

8. Conclusion 

This research demonstrates that a 3D printed 

prosthetic limb with a hydraulic mechanism can 

significantly enhance mechanical performance, 

gait adaptability, and user satisfaction compared to 

conventional devices. By integrating additive 

manufacturing with advanced actuation systems, 

the prosthetic addresses critical limitations in 

current designs. 

Key contributions of this study include: 

• A novel design framework incorporating 

topology optimization. 

• Practical integration of hydraulic actuation 

into a custom 3D printed structural system. 
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• Demonstrated performance improvements 

with human subject testing. 

Future work should explore advanced control 

algorithms, integration of soft robotics for 

enhanced adaptability, and miniaturization of 

hydraulic components for improved power 

efficiency. These advancements could significantly 

enhance the precision and responsiveness of 

robotic systems in dynamic environments. 

Additionally, incorporating machine learning 

techniques may enable adaptive control strategies 

that improve performance over time. Collaborative 

efforts between multidisciplinary teams will be 

essential to address the technical challenges and 

accelerate practical implementation. 
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