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Abstract: Bionic jumping robots represent a frontier in robotics, integrating biological 

principles to enhance mobility in complex environments. This study focuses on the design 

and dynamics verification of such robots, drawing inspiration from the efficient jumping 

mechanisms of kangaroos and locusts. The research introduces a bionic tendon-spring 

composite structure and a pneumatic-motor hybrid drive system to address limitations in 

traditional robotic jumping, such as low energy efficiency and poor terrain adaptability. 

Experimental results demonstrate that the robot achieves a maximum jump height of 2.3 

meters at a 45° takeoff angle, with validated terrain adaptability across slopes and obstacles. 

However, material fatigue in bionic tendons remains a critical challenge, reducing tendon 

lifespan and robotic performance over repeated use. This work underscores the potential of 

biological mimicry in robotic design while highlighting the need for advancements in material 

science and control systems to overcome current engineering limitations.  

Keywords: Bionic Jumping Robots, Bionic Tendon-Spring Structure, Pneumatic-Motor 

Hybrid Drive, Jumping Performance. 

1. Introduction 

Robotics inspired by biological systems has emerged as a transformative approach to solving complex 

mechanical challenges, particularly in locomotion. Jumping robots are vital for applications ranging 

from search and rescue in disaster zones to environmental monitoring in rugged terrains, where 

traditional wheeled or legged robots struggle with mobility. The ability to jump endows robots with 

enhanced traversal capabilities, enabling them to overcome obstacles and navigate uneven surfaces 

efficiently. 

Biological organisms like kangaroos and locusts have evolved optimized jumping mechanisms 

that combine muscle-tendon elasticity, joint dynamics, and energy storage-releasing strategies with 

remarkable efficiency. Mimicking these mechanisms offers a pathway to improve robotic 

performance, including jump height, stability, and energy efficiency. However, translating biological 

principles into engineering solutions requires addressing key challenges, such as replicating the 

energy storage efficiency of natural tendons and integrating multi-modal drive systems for precise 

control. 

The primary goal of this study is to develop a bionic jumping robot that leverages biological 

inspirations to enhance performance metrics: jump height, landing stability, and energy efficiency. 

Specifically, the research aims to design a composite structure inspired by kangaroo and locust 

tendons to improve energy storage and release dynamics. It integrates a pneumatic-motor hybrid drive 
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system to achieve adaptive power output and rapid response during jumping and validate the robot’s 

dynamic performance through experiments, including jump height analysis, terrain adaptability tests, 

and fatigue resistance evaluation.  

2. Biological inspiration for jumping mechanisms 

2.1. Kangaroo jumping mechanism 

Kangaroos employ a unique hindlimb structure where strong leg muscles work in tandem with elastic 

tendons to achieve energy-efficient jumps. During takeoff, muscle contraction stretches the tendons, 

storing elastic potential energy akin to a compressed spring. This energy is rapidly released during 

propulsion, enabling high-velocity jumps with minimal metabolic cost. Key to this mechanism is the 

efficient transmission of force through the knee and ankle joints, which act as mechanical linkages to 

amplify energy transfer. Zhu and Li highlighted how kangaroo joints minimize energy loss during 

motion, providing a blueprint for robotic joint design that prioritizes dynamic load distribution and 

elastic recoil [1].  

Figure 1: Structure of derivatives made based on the bounce mechanism 

2.2. Locust jumping mechanism 

Locusts achieve explosive jumps through a specialized leg structure featuring elastic exoskeletal 

tissues and rapid muscle activation. Their legs store energy in resilient cuticle layers during muscle 

contraction and release it instantaneously at takeoff, generating high accelerations necessary for 

escaping predators or traversing distances. Mo et al. noted the intricate joint mechanics during locust 

jumps, where precise control over tibia-femur articulation ensures stable takeoff and trajectory 

optimization. This combination of instantaneous energy release and fine-grained joint control inspires 

the development of robotic systems that require both power and precision in motion planning [2]. 

 

Figure 2: Structure of a locust-like jumping robot 
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3. Current technological bottlenecks and potential solutions 

3.1. Limitations of traditional hydraulic drive systems 

Conventional hydraulic drives, commonly used in robotic actuation, suffer from low energy storage 

efficiency. Experimental data from Banaszek show that hydraulic systems convert only 30% of input 

energy into mechanical work during jumping, with significant losses due to fluid friction and heat 

dissipation. This inefficiency limits the robot’s jump height and operational endurance, necessitating 

frequent energy recharging and reducing practical usability in remote environments [3]. 

3.2. Complexity in maintenance and high costs associated with fluid handling 

Traditional hydraulic drive systems used in robotic actuation require a complex network of pipes, 

valves, and seals to manage the flow of hydraulic fluid. This complexity leads to increased 

maintenance requirements. Leakage is a common issue in hydraulic systems, and detecting and fixing 

leaks can be time-consuming and costly. The hydraulic fluid itself needs to be regularly monitored 

and replaced to ensure optimal system performance, adding to the operational costs. Moreover, the 

components of hydraulic systems, such as high-pressure pumps and specialized valves, are often 

expensive to manufacture and purchase. In remote or resource-constrained environments, the 

difficulty of obtaining replacement parts and the high cost of maintenance further limit the practicality 

of robots equipped with traditional hydraulic drives.  

3.3. Advantages of biological tendon-based energy storage 

Biological tendons offer a stark contrast, achieving energy storage efficiencies of up to 90%. Unlike 

hydraulic systems, tendons store energy elastically with minimal hysteresis, releasing it nearly 

losslessly during motion. This efficiency motivates the development of bionic tendon-spring 

structures, which mimic the hierarchical microstructure of natural tendons to replicate their 

mechanical properties. These structures enable robots to store and reuse energy more effectively 

during jumping cycles [4]. 

3.4. Enhanced structural integrity and durability in cyclic loading 

Biological tendons have an inherent ability to withstand numerous cyclic loading cycles without 

significant degradation in their mechanical properties over extended periods. In contrast to many 

artificial materials used in robotics, natural tendons can endure millions of cycles during an 

organism's lifetime. This property is highly desirable in bionic jumping robots. By mimicking the 

structure and composition of biological tendons, the bionic tendon-spring structures can potentially 

exhibit improved resistance to fatigue failure under repeated jumping motions. For example, the 

hierarchical arrangement of collagen fibers in biological tendons provides a self-healing and damage-

tolerant mechanism. When a small crack begins to form, the surrounding fibers can redistribute the 

load, preventing the crack from propagating rapidly. This feature can be translated into bionic designs, 

enhancing the long-term reliability of the jumping robot's energy-storage components. 

3.5. Biocompatibility and environmental friendliness 

Biological tendons are biocompatible, which means they do not cause harm to living organisms or 

the environment. In the context of bionic jumping robots, this property can be advantageous in 

applications where the robot may encounter biological systems or operate in natural environments. 

For instance, in environmental monitoring tasks, a robot with biocompatible bionic tendons would 

not pose a risk of contaminating the ecosystem. Additionally, when the robot reaches the end of its 
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lifespan, the bionic tendon-spring structures made from bio-inspired materials may be more easily 

biodegradable or recyclable compared to traditional synthetic materials used in robotics, reducing the 

overall environmental impact. 

4. Design of bionic jumping robots 

4.1. Bionic tendon-spring composite structure 

Using 3D printing technology, a tendon model was created to replicate the macro-morphology and 

micro-fibrillar arrangement of biological tendons. This structure combines a high-strength polymer 

matrix with embedded fiber reinforcements to simulate the load-bearing and elastic properties of 

natural tendons. Energy storage curve analysis revealed that the composite structure can store 85% 

of the input energy during tensile deformation, with a linear correlation between stress magnitude and 

energy storage capacity, providing a robust foundation for optimizing jump propulsion [5]. 

4.2. High-strength matrix in bionic tendon-spring composite structure 

The high-strength matrix used in the bionic tendon-spring composite structure is often a type of high-

performance engineering polymer, such as polyetheretherketone (PEEK). PEEK is a semi-crystalline 

thermoplastic polymer known for its exceptional mechanical properties.  

4.2.1. Material characteristics 

PEEK has a high tensile strength, typically ranging from 90 to 100 MPa. This allows the composite 

structure to withstand significant stretching forces during the energy-storage phase of the robot's jump. 

For example, when the bionic tendon is stretched as the robot crouches for a jump, the high-strength 

matrix resists breakage, ensuring the integrity of the structure. 

It is highly resistant to a wide range of chemicals, including acids, bases, and organic solvents. In 

the context of the bionic jumping robot, this means that the matrix can maintain its mechanical 

properties even in harsh environmental conditions. For instance, if the robot is operating in an area 

with chemical pollutants or in a damp environment, the high-strength matrix will not be easily 

degraded by chemical reactions. 

PEEK can maintain its mechanical properties at elevated temperatures, with a glass transition 

temperature around 143°C and a melting point of approximately 343°C. This thermal stability is 

crucial for the bionic tendon-spring structure, as it can prevent deformation or loss of performance 

during the heat generated by the robot's operation, especially during repeated jumping cycles. 

4.2.2. Structure and function of components 

The high-strength matrix serves as the continuous phase in the composite structure. It binds the 

embedded fiber reinforcements together, providing a cohesive structure. It distributes the load evenly 

across the fibers, ensuring that the stress is transferred effectively. For example, when an external 

force is applied to the bionic tendon, the matrix helps to spread this force so that all the fibers can 

contribute to the load-bearing capacity. 

These are often high-modulus fibers such as carbon fibers or aramid fibers. Carbon fibers, for 

example, have a high modulus of elasticity (around 230-430 GPa), which significantly enhances the 

stiffness of the composite. The fibers are responsible for carrying the majority of the tensile load. 

They are embedded in the high-strength matrix in an oriented manner, usually following the direction 

of the expected stress during the jumping motion. This alignment maximizes the load-bearing 

efficiency of the composite structure. 
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The combination of the high-strength matrix and embedded fiber reinforcements results in a 

composite structure with excellent mechanical properties. The high-strength matrix provides the 

necessary ductility and toughness to prevent brittle failure, while the fibers contribute to high stiffness 

and strength. This synergy enables the bionic tendon-spring structure to store a large amount of elastic 

potential energy during tensile deformation. As mentioned, the composite structure can store 85% of 

the input energy during tensile deformation. 

Table 1: Energy storage and release dynamics analysis 

Parameter Category Specific indicators Unit Description/Measurement Method 

Typical Value 

Reference 

(Example) 

Dynamics of the energy 

storage stage 
Strain range % 

Strain interval for effective energy 

storage (elastic deformation stage) 
50%-150% 

 Energy storage efficiency % 
The ratio of stored energy to input 

energy (consider the hysteresis effect) 
85%-95% 

 Energy storage density J/m3 

Elastic potential energy stored per 

unit volume (area under the σ-ε 

curve) 

5000-10000 

 
Stress-strain curve linear 

segment slope 
MPa 

Stiffness of elastic deformation stage 

(dσ/dε) 
15-25 

 
Nonlinear segment starting 

strain 
% 

Critical strain of collagen fibers 

starting to straighten or matrix yield 
80% 

Release stage dynamics Energy release rate N/m/s 
Stress energy released per unit time 

(dW/dt, related to strain rate) 
50-100 

 Lag loss % 

The difference between energy 

released and energy storage accounts 

for the proportion of energy storage. 

5%-15% 

 Cyclic stability % 
Energy storage efficiency declines 

after 1000 cycles. 
<10% 

 

Stress relaxation 

characteristics (the initial 

stress/relaxation time 

constant) 

MPa/s 
Release the initial stress attenuation 

rate (τ=σ₀/ln2, σ₀ is the initial stress). 
20 MPa/0.5 s 

 Strain rate sensitivity - 

The coefficient of elastic modulus 

changes with strain rate (such as the 

increase in modulus at high strain 

rate). 

+10%-20% 

(10/s strain 

rate) 

 

Figure 3: Structure of tendon-driven adaptive climbing robot 
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4.3. Pneumatic-motor hybrid drive system 

The hybrid drive system integrates a high-torque electric motor for precise motion control and a 

pneumatic actuator for instantaneous power bursts, addressing the trade-off between accuracy and 

explosive power. A dual-power collaborative control algorithm coordinates the two energy sources: 

the motor pre-tensions the bionic tendons during the crouch phase, while the pneumatic system 

rapidly releases stored pressure to amplify takeoff force. Response speed tests using a custom-built 

sensor rig showed that the system achieves a reaction time of <50 ms, critical for dynamic adjustments 

during jump execution. 

An SELDA-driven robot leg includes various parts of the body. The ankle motor provides 

rotational force to drive the movement of the ankle joint, enabling actions like dorsiflexion and 

plantarflexion. The proximal cylinder and distal cylinder are likely pneumatic cylinders. They can 

generate linear motion through the pressure of compressed air, which may be used to assist in leg 

extension or flexion movements, contributing to the robot's locomotion and jump-like actions. The 

pneumatic line transports compressed air between the cylinders and the air supply source, ensuring 

the proper operation of the pneumatic cylinders by maintaining the required air pressure. The hip 

motor supplies torque to rotate the hip joint, allowing the leg to move forward, backward, and laterally, 

which is crucial for gait generation and jump initiation. The hip joint serves as the connection point 

between the torso and the femur, enabling a range of motion for the leg in multiple planes, facilitating 

movements such as flexion, extension, abduction, and adduction. Its knee tendons are similar to 

biological tendons; it transmits the force generated by the muscles (or, in this case, the actuation 

mechanism) across the knee joint, helping to control the movement and store elastic energy during 

leg bending and straightening. Its knee spring stores and releases elastic energy during knee flexion 

and extension. It can assist in reducing the energy consumption of the actuation system and mimic 

the compliant behavior of biological knee joints. The femur, tibia, and foot are the structural 

components of the robotic leg, forming the skeletal framework. They provide support for the joints 

and other components, and their lengths and geometries determine the kinematics of the leg 

movement. The knee joint allows the leg to bend and straighten, enabling actions like crouching and 

jumping. It is a pivotal point for the transfer of forces between the femur and tibia. 

Biarticular springs span across two joints (usually the knee and ankle). It stores and releases energy 

during movements that involve coordinated motion of these two joints, enhancing the efficiency of 

leg movements such as running and jumping. The ankle joint facilitates the movement of the foot 

relative to the tibia, which is essential for maintaining balance during standing, walking, and other 

locomotive activities.  

 

Figure 4: Structure of SELDA-driven robot leg jump 
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4.4. Motor-driven energy storage integration  

The energy storage subsystem operates in tandem with the drive system, storing excess electrical 

energy during non-jump phases and delivering high-current bursts during takeoff. Signal feedback 

loops monitor motor performance (current, speed, torque) and adjust energy release in real-time, 

ensuring the motor operates within optimal efficiency bounds. Model predictive control algorithms 

further optimize energy flow, increasing overall system efficiency by 15% compared to non-

coordinated designs [6]. 

5. Experimental dynamics verification 

5.1. Jump performance analysis 

The jump performance tests revealed a peak jump height of 2.3 meters at a 45° takeoff angle, aligning 

with simulation predictions and outperforming conventional robots with pure hydraulic drives. 

Comparative analysis between experimental and simulated trajectories showed a 92% correlation, 

validating the accuracy of the dynamic model and control algorithms [7]. 

The experimental process for the bionic jumping robot began with its meticulous design and 

construction, equipping it with a coordinated energy storage and drive system inspired by biological 

tendon-spring mechanisms. The testing area was set up as a spacious, flat space, furnished with high-

speed cameras, motion capture systems, and sensors on the robot to record critical parameters like 

takeoff angle, trajectory, jump height, and motor performance. 

During the experiments, the robot was commanded to jump at a 45° takeoff angle multiple times. 

Signal feedback loops ensured real-time optimization of energy release. Collected data were analyzed, 

comparing the measured peak jump height with simulation predictions and assessing the correlation 

between experimental and simulated trajectories, which reached 92%. 

Notably, the comparison was made with conventional robots featuring pure hydraulic drives, not 

animals. Results showed that the bionic robot outperformed these traditional counterparts in jump 

height, validating its design and control algorithms.  

Figure 5 illustrates the structure for achieving a robot's vertical jumping agility through series 

elastic power modulation. At the bottom, a robotic leg structure is shown. Above it, the vertical axis 

represents "vertical jumping agility (m/s)," with a formula provided for its calculation: 

𝐻𝑒𝑖𝑔ℎ𝑡

𝑃𝑒𝑟𝑖𝑜𝑑
=

𝐻𝑒𝑖𝑔ℎ𝑡

𝑡𝑠𝑡𝑎𝑛𝑐𝑒 + 𝑡𝑎𝑝𝑜𝑔𝑒𝑒
 

Several data points are presented, each showing a combination of jump height and time 

components (stance and flight times), resulting in different agility values like 1.1 m/s, 1.7 m/s, and 

2.2 m/s. Series elastic power modulation involves elastic elements in the robot's legs that store and 

release energy during jumps. By adjusting these elements, the robot can optimize its jump 

performance, as evidenced by the measured agility values. 
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Figure 5: Structure of achieving robot vertical treaty flexibility through series elastic power 

modulation 

5.2. Terrain adaptability 

The robot demonstrated stable landings on 30° slopes and over 50 cm obstacles, with quantitative 

stability metrics (e.g., center of mass displacement, joint torque fluctuations) indicating consistent 

performance across varied terrains. Landing stability was evaluated using a combination of inertial 

measurement unit (IMU) data and computer vision, providing multi-dimensional feedback for control 

system refinement. 

To test the robot's terrain adaptability, it was placed in environments with 30° slopes and over 50 

cm obstacles. Inertial measurement units (IMUs) and high-resolution cameras were used. IMUs 

measured orientation and acceleration, while cameras captured motion. The robot traversed these 

terrains multiple times. Data on center of mass displacement and joint torque fluctuations were 

collected. Results showed stable landings on slopes and successful obstacle clearing.  

Landing stability was evaluated using IMU and computer vision data. This multidimensional 

feedback refined the control system. A study by Arevalo et al. emphasized the importance of 

understanding robot-ground interaction, validating our multi-sensor approach for better terrain 

adaptability [8]. 

6. Engineering limitations in biological simulations  

6.1. Material fatigue and longevity 

Repeated jumping cycles induced significant fatigue in bionic tendons: after 5,000 stretches, tensile 

strength decreased by 20%, and after 10,000 cycles, load-bearing capacity dropped by 40%, 

accompanied by visible micro-crack propagation. This degradation directly impacts jump height and 

trajectory consistency, highlighting the need for advanced materials with improved fatigue resistance. 

Repeated jumping causes bionic tendon performance to decline due to internal structural damage. 

Bionic tendons, composed of a high-strength polymer matrix and embedded fiber reinforcements, 

experience stress during jumps. Each jump cycle subjects the matrix to stretching forces. Over time, 

the polymer chains in the matrix start to break or lose their alignment. The embedded fibers, which 

bear most of the load, may also experience debonding from the matrix. This is because the repeated 

stress at the fiber-matrix interface weakens the bond. As a result, micro-cracks begin to form. After 

5,000 stretches, these micro-cracks reduce the tendon's tensile strength. By 10,000 cycles, more 

cracks develop and grow, severely decreasing the load-bearing capacity. These cracks act as stress 

concentrators, disrupting the normal stress distribution and ultimately affecting the robot's jump 

performance [9].  
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Figure 6: Structure of fatigue strength and elastic modulus of material [10] 

6.2. Challenges in biological accuracy 

While 3D-printed tendons mimic the macrostructure of natural tissues, replicating the hierarchical 

microfibril arrangement and viscoelastic properties of biological tendons remains technically 

challenging. Additionally, dynamic joint control algorithms, though inspired by locust and kangaroo 

mechanics, lack the adaptive reflexes of biological systems, limiting real-time error correction during 

unpredictable landings. 

7. Conclusion 

This study presents a novel bionic jumping robot design that integrates biologically inspired structures 

and hybrid drive systems. The robot achieves notable advancements in jump height (2.3 m at 45°) 

and terrain adaptability. The bionic tendon-spring composite and pneumatic-motor hybrid drive 

demonstrate superior energy efficiency compared to traditional systems, yet material fatigue and 

control precision remain critical limitations.  

Addressing these challenges can transform bionic jumping robots from laboratory prototypes into 

robust, field-deployable systems, unlocking new possibilities for autonomous mobility in complex 

environments. Future research should prioritize developing advanced composite materials for tendons 

to mitigate fatigue and extend operational lifespans, refining hybrid drive control algorithms to 

enhance real-time adaptability, integrating bio-inspired reflex mechanisms, and incorporating multi-

modal sensing (e.g., force-torque sensors and terrain cameras) for adaptive landing adjustments. It 

would also explore scalability for larger-scale robots and real-world applications, including disaster 

response and environmental exploration. 
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