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1.Abstract  

This work presents the concept of a low-cost, light, and wearable pneumatic muscle to replace 

conventional artificial muscles such as Festo and McKibben actuators. The muscle can be used in soft 

robotics (e.g., pneumatic network actuators), rehabilitation robots, and compliant mechanical systems 

like robotic grippers and compliant mechanisms.The actuator consists of a latex balloon as the 

hyperelastic core due to the high reversibility and elasticity, and a polyethylene mesh as the outer 

framework to govern the contraction. The material of the mesh, mesh-to-balloon length ratio, nozzle 

angle, and air pressure were some of the parameters investigated to improve performance.Control was 

achieved with a 2-position 5-way pneumatic valve, cycle actuation timer, and pressure regulator to allow 

even input. Experimental trials found increased magnitude of contraction with higher air pressure but 

also with more internal stress. Motion quality varied with nozzle angle, with 0° configuration yielding 

most effective expansion. Increased loads reduced contraction, showing isotonic resistance. 

Polyethylene mesh was more efficient than foam and polyester with greater response speed and energy 

restitution.This muscle design conforms to the UN Sustainable Development Goals (SDGs): Goal 3 

(Good Health and Well-being) by affordable prosthetics, Goal 4 (Quality Education) through education-

based applications in robotics, and Goal 9 (Industry, Innovation and Infrastructure) through soft robotic 

innovation promotion. The total cost is approximately 10 times lower compared to traditional pneumatic 

actuators, making it a highly promising answer for research and practical purposes. 

.Keywords: elasticity/ stress and strain/ pressure jump across the membrane /muscle efficiency /muscle dynamics 
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2.Introduction  

2.1.Problem review  

Projected in the World Report on Disability 

released jointly by the World Health 

Organization (WHO) and the World Bank in 

2011, over 1 billion people live with disability, 

and nearly 200 million suffer from severe 

functional limitation. There has been a 10% 

increase since 1970. The projections suggest 

that there will be a need for at least one assistive 

product by more than 2 billion people 

worldwide in order to enable activities of daily 

living by 2030. In spite of the growing need, 

existing assistive technology—especially 

artificial muscles and motion-supporting 

systems—tends to be costly, heavy, or 

unavailable in low-resource environments. The 

pneumatic muscle, which reproduces the 

contraction dynamics of natural muscles 

through compressed air, provides a low-cost, 

lightweight alternative with significant 

promise. Optimal design, responsiveness, and 

dynamic performance under changing load and 

pressure conditions remain to be addressed.  

This project introduces a novel solution by 

improving the design of pneumatic muscles 

through accurate simulation and analysis of 

their dynamic behavior. Our goal is to develop 

more efficient, durable, and accessible 

actuators that can be used in prosthetics, 

rehabilitation devices, and assistive robotics. 

2.2. History 

The history of pneumatic muscles dates back to 

the 1950s, when the idea of creating artificial 

muscles was first proposed. In the 1960s, 

Joseph L. McKibben built a muscle that had 

been theorized the previous decade, and named 

it the McKibben muscle. This muscle consists 

of a cylindrical elastic cushion placed inside a 

woven mesh. When air is applied to it, the 

elastic cushion expands radially and the mesh 

contracts, making it function similarly to a 

natural muscle. In the 1970s and 1980s, 

McKibben muscles moved towards 

commercialization and use in medical 

prosthetics and the robotics industry. In the 

1990s, companies such as Festo and Shadow 

Robotics began refining and commercializing 

McKibben muscles. Since the 2000s, 

pneumatic muscles have been popular in soft 

robotics, rehabilitation devices, and haptic 

interfaces. A more advanced version of the 

McKibben muscle is the Festo Fluidic Muscle, 

which is widely used in robotics. 

Figure 1 – pneumatic muscle development  

 

2.3. Research purpose and hypothesis  

Most current pneumatic muscle systems are 

afflicted with asymmetrical pressure 

distribution because the elastic cushion inside is 

not shaped uniformly. Such non-uniform 

pressure has a tendency to cause some localized 

zones of the cushion to proportionally grow 

unevenly, resulting in asymmetric contraction. 

Overall efficiency of the actuator is negatively 

affected. In addition, the mesh fabric 

commonly employed in such muscles typically 

has very low elasticity that constrains range of 

contraction and prevents the muscle from being 

restored fully to its original shape upon 

deflation. Such limited elasticity also reduces 

long-term system performance and 

responsiveness. To mitigate these limitations, 

this paper formulates a new design and model 

for pneumatic muscles. The main hypothesis is 

to replace the traditional air-filled cushion with 

a hyperelastic spherical material that will 

distribute pressure more evenly and improve 

the resiliency of the muscle with cyclic 

contraction–relaxation. Furthermore, replacing 

the existing woven mesh with a more flexible 

and recovery-friendly polyester-based mesh 

would reduce response time and optimize the 

mechanical performance of the muscle.The 

new design has clear implications for 

individuals with upper or lower limb 

impairment. Through increased efficiency, 

responsiveness, and comfort of pneumatic 

muscles, the system can significantly increase 

users' mobility, daily functioning, and quality of 

life. 



 
1 

 

2.4.Theory  

Elasticity is used to describe the resiliency of 

pneumatic muscles. Hooke's law is used to 

calculate the resiliency of a constructed muscle. 

By that parameters such as balloon volume, 

balloon wall thickness and mess material can be 

extracted. 

Formula 1 – hook’s law formula 

 

 

Figure 2  – hook’s law in muscles 

When air is pumped into a balloon, it creates a 

movement in the balloon that is explained using 

Bernoulli's principle. Amount of air and the 

velocity of air are the related parameters to this 

theory. 

Formula 2 – Bernoulli’s principal calculation formula   

1

2
𝑢2 +

𝑃

𝜌
+ 𝑔𝑧 = 𝑐 

Figure 3 – air movement in ballon calculation formula  

 

Balloon is a hyperelastic material. These 

materials are also known as Mani Rivlin and 

have high resilience properties and are 

therefore a suitable option for replacing elastic 

cushions. The resilience of these materials is 

described by the wall pressure formula. A 

higher jump pressure in the wall will cause a 

higher reversibility that will speed up the 

contraction cycle in the muscle.  

Formula 3 – Dependance of the pressure jump across the 

membrane 

 

 

𝑑_0 and 𝑟_0 are the thickness and the radius of 

the balloon, respectively, before inflation, and 

𝑠_1 and 𝑠_ (−1) are the two constants of a 

Mooney–Rivlin material. 

Figure 4 – Dependance of the pressure jump across the membrane

 

When air enters a balloon (air cushion), its wall 

is compressed from the inside and stretched 

from the outside, which is explained and 

studied by tensile stress. There is also a 

decrease in the height of the balloon and an 

increase in its width, which is studied and 

explained by the Poisson ratio. When the stress 

and strain are higher in the balloon the 

contraction force and in result, the efficiency 

will increase. The length of net parameter is 

related to this theory. 

Formula 4 – Poisson ratio calculation formula   

 

 

Formula 5 – tensile stress for ballon calculation formula   

 

Formula 6 – tensile stress for net calculation formula   

𝜎 =
𝑝. 2𝜋𝑟𝐿

𝑁. 𝐴𝑓 . sin(𝜃)
 

Muscle contractions in the wall of the balloon 

create waves that are effective in the overall 

efficiency of the muscle and the stability of the 

contraction.  That is calculated by wave 

propagation. 

Formula 7 – tensile stress for net calculation formula   

F = πE(r 
2 

𝑟0
 − r 

2

𝑖
)(λ1 − 1) 

[𝑃𝐵](𝑟)=2𝑆1 
𝑑1

𝑟1
(
𝑟0

𝑟
 −  (

𝑟0

𝑟
)
7
)(1 −

𝑆1

𝑆−1
(
𝑟

𝑟0
)
2
) 

𝒱 = −
𝑑𝜀𝑡𝑟𝑎𝑛𝑠
𝑑𝜀𝑎𝑥𝑖𝑎𝑙

 

𝜎 =  
𝑃.  𝑟 

2𝑡
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Due to the entry of air, a change occurs in the 

wall of the balloon, which causes energy 

consumption.  

  

 

 

Properties of muscle include calculating 

efficiency and function of muscle. With the help 

of energy consumption and muscle work 

formulas, the efficiency formula is obtained and 

calculated. 

Formula 11- energy consumption calculation formula   

𝑃𝑑𝑉∫ =  𝐸 

Formula 12- muscle work calculation formula   

∆𝑥 .  𝐹𝑐𝑒 = 𝑊 

  

Formula 13- muscle efficiency calculation formula   

𝑊𝑢𝑠𝑒𝑓𝑢𝑙

𝐸𝑖𝑛𝑝𝑢𝑡
= 𝜂 

Calculating spring parameters and resentence 

The muscle is modeled with a spring and with 

formulas, the spring constant, resistance and 

contraction force can be checked. 

Formula 14 – spring parameters calculation formula   

𝑠𝑖𝑃
𝑖∑=

𝑛

𝑖=0

𝑆(𝑃) 

 

 

Formula 15 – muscle resentence calculation formula   

𝑑𝑖𝑃
𝑖∑=

𝑛

𝑖=0

𝐷(𝑃) 

Figure 5-Calculating spring parameters and resentence 

 

Muscle dynamics 

With the following formula, the relationship 

between muscle resistance and contraction 

force can be obtained. 

Formula 16 – equation of muscle motion calculation 

𝐹𝐿 − 𝐹𝑐𝑒 = 𝑆𝑥 + 𝐷𝑥̇ +𝑀𝑥̈ 

M is muscle mass , D  is resistance coefficient , 

S is spring constant , F_L ad F_ce are foreign 

force and contraction force  

With the following formula, you can compare 

the ratio of longitudinal and transverse muscle 

changes with internal pressure. 

Formula 17- equation of muscle motion calculation formula   

𝜋𝑟0
2𝑃[𝑎(1 − 𝜖)2 − 𝑏] = 𝐹𝑐𝑒 

r_0 and P are initial radius and initial pressure , 

(a,b) are mesh angle , 𝜖 is ratio of initial and 

current length  

Time-Dependent Pressure Dynamics 

Air pressure inside the muscle changes over 

time due to valve dynamics, air compressibility, 

and internal volume changes. 

Formula 18- muscle time dependent pressure dynamics 

calculation formula  

3.Material and method 

This pneumatic muscle design began with a 

series of basic experiments using a plain air 

compressor, balloon, and mesh netting. Some 

volumes of air and air flow rates were tested to 

𝜌 =  
𝜕2𝑢

𝜕𝑡2
+ (2𝜇 + 𝜆)

1

𝑟

𝜕𝜀

𝜕𝑟
 

Formula 9- muscle area deformation calculation formula   

𝐸𝑎 = 
𝑘𝑎

2
׬  (

∆𝑎

𝑎0
)
2

 𝑑𝑎 

Formula 10 _muscle thickness change calculation formula    

𝐸𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =  
𝑘𝑡
2
∫ ቆ

𝑤(𝑟) − 𝑤0

𝑤0

ቇ

2

𝑑𝑎

𝑟2

𝑟1

 

𝑃(𝑡) =
𝑄𝑖𝑛−𝑄𝑜𝑢𝑡
𝑣(𝑡)

̇
 

 

 

Formula 8-muscle bending changes calculation formula  = Helfrich 

𝐸𝑏𝑒𝑛𝑑 =  ∫(
1

2
𝑘𝑏(𝑐1 + 𝑐2 − 𝑐3)

2𝑘𝑏 − 𝑐1𝑐2)𝑑𝑎 
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a hyperelastic inner bladder, various tests were 

conducted while varying the size and wall 

thickness of the balloons. These tests were 

conducted to figure out the most suitable type 

that would display high elasticity along with 

long-term viability under repeated inflation 

cycles. Simultaneously, different net materials 

like polyethylene, polyester, and other elastic 

materials were experimented with to determine 

their elastic characteristics and structural 

performance. The objective was to select a 

mesh that is capable of providing the necessary 

external constraint with smooth and uniform 

contraction. Additional experiments were 

performed using nets of various lengths to 

explore stress distribution along the muscle 

body and to obtain symmetric and effective 

contraction. This iterative process of material 

selection and performance test was the 

foundation from which a feasible, inexpensive, 

and efficient pneumatic muscle prototype could 

be built. 

 

Figure 6– first setup design 

 
 

 

 To achieve high precision in testing, the 

applied air pressure was precisely 

controlled with a pressure regulator, and the 

cycle of the contraction time was controlled 

by a solenoid valve connected to a 

programmable timer. 

 The purpose of this experimental setup was 

to analyze the impact of various parameters 

on the new pneumatic muscle design's 

performance, in an effort to establish 

optimum operating conditions. The setup 

was also designed to test the muscle's 

capability to perform all three muscle 

contractions of biological muscles: 

concentric, eccentric, and isometric. 

 All the experiments were recorded on a 

high-definition camera at 240 frames per 

second(HD 240 FPS) to capture detailed 

motion analysis and to allow accurate data 

collection. 

 

Figure 7 – different muscle contraction setup design  

 

 

 

 

 

3-2- Experimental details 

 

Test 1: The amount of air in the balloon 

The amount of air inside the balloon effects 

the jump pressure and stress and strain. 3 tests 

were conducted for this parameter: 

1-In18𝑐𝑚3, the desired contraction does not 

occur and the efficiency is low. 

2-In54𝑐𝑚3, the stretch is excessive. 

3-In36𝑐𝑚3, we have the best condition. 
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Table1- Investigating the effect of amount of air on muscle properties 

data 

 

Test 2: The speed of air inserting the balloon 

The speed of air is effective on Bernoulli’s 

principle. When the speed is low, the air is 

spread more inside the balloon, but when the 

speed increases, the air is concentrated in 1 

point that would make the lower 

speed(3.6𝑚 𝑠⁄ ) the best condition. 

 

Table 2- Investigating the effect of air inserting speed on muscle 

properties data 

 

Test 3: Nazel angle 

Nazel angle is effective in pressure distribution 

in the balloon. 3 tests were conducted in which 

the 0 degrees was the best condition due to the 

uniform pressure distribution. 

 

Table 3- Investigating the Nazel angle on muscle properties data 

 

Test 4:- amount of weight 

By testing the amount of weight, it can be 

shown that the muscle is capable of lifting light 

and heavy weights.3 tests were conducted for 

this parameter. 

The best condition is 100g weight due to the 

lower elongation (the 50g was too light) But the 

muscle was able to lift up 200g too. 

Table4 – Investigating the effect of amount of weight on muscle 

properties data 
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Test 5:  length of net  

 The length of net effects the stress and strain.3 

tests were conducted for this parameter: 

1- At 15 cm, the net was too short and did not 

allow the desired contraction, in other words, it 

restricted the balloon. 

2- At 35 cm, the net was too long, letting the 

balloon to move freely and to become too 

unrestricted, when it should have some limits. 

3-At 25cm, the length gave a net to balloon 

ration of 5 to 1, the best condition. 

 

Table 5- Investigating the effect of length of net on muscle properties 

data

 

 

 

Test 6: Elasticity and flexibility of net 

Choosing a muscle net with higher elasticity 

makes the muscle more flexible and resilient; 

that would make the muscle contraction and 

relaxation easier. 

In the tests, 3 types of net, poly ester, poly 

ethylene and foam, were used. The best 

condition was poly ethylene, due to its higher 

elasticity compared to foam, witch tore during 

the test because of its low elasticity that 

couldn’t withstand the force of the balloon’s 

contraction, and poly ester. 

Table 6- Investigating the elasticity and flexibility of net on muscle 

properties data 

Test 7: Pressure exerted by the balloon wall 

The elasticity of the air cushion in the muscle 

affects the pressure exerted by it. As a result, it 

affects the rate of muscle contraction. 

 3 tests were conducted for this experiment in 

which the 11 inches was the best condition due 

to the higher efficiency with less air volume. 

Table 7- Investigating the Pressure exerted by the balloon wall on muscle 

properties data
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Test 8: Balloon wall thickness 

The wall thickness test is to determine the best 

thickness for the muscle fiber wall, which 

affects elasticity and jump pressure that are 

directly related to each other. In 20𝜇 test, the 

elasticity is excessive and as a result, the jump 

pressure is highly increased and due to that, the 

balloon does not inflate at all. 10𝜇 was the best 

condition in this parameter 

Table 8- Investigating the effect of balloon wall thickness on muscle 

properties data 

4. Results & Discussion 

Analysis guide: 

The diagram below shows muscle’s contraction 

and relaxation. The peak part of the graph 

shows the contraction and the zero part of the 

graph shows the relaxation of the muscle.  

Chart 1- muscle’s contraction & relaxation 

 

 

For better analysis and to show muscle 

contraction, FFT was calculated to determine 

the peak point of the graph. Due to the wall 

wave, the balloon creates noise in the system, 

which is removed from the system using FFT 

and a clearer analysis of the graphs and motion 

peaks is obtained. 

Formula 19 - FFT magnitude 

 

 

 

 

Chart 2- FFT magnitude velocity plot  

 

Chart3- Velocity data plot 

 

 

 

 

Error calculating: 

An equation was considered to calculate the 

amount of test error. 

Formula 20 _ error calculating 

Error = ±0.01 

 

Contraction  

Rest 

∆𝑄 = √(
𝜕𝑄

𝜕𝑥1
∆𝑥1)

2

+ (
𝜕𝑄

𝜕𝑥2
∆𝑥2)

2

+⋯ 
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Chart 4- error calculating plot 

 

 

Analysis 1: Investigating the effect of 

amount of air on muscle properties(charts) 

Velocity and acceleration graph:  It can 

be seen in velocity and accelerations graphs 

that as the volume of air inside the balloon 

increases, the speed of muscle movement 

decreases, but due to the density of the air 

and the capacity of the balloon, a balloon 

that is filled with 36 cm^3 of air 

experiences a higher peak. 

 

Displacement diagram: This diagram 

shows that a large volume of air 

experiences a lower peak due to the 

compression of the air inside the balloon, 

but displacement decreases as the air 

increases. 

 In this study, chromatic plots were utilized 

to visualize the distribution of key physical 

parameters such as internal pressure, 

deformation, and stress across the structure 

of the pneumatic muscle during dynamic 

simulations. These plots use color gradients 

to represent the magnitude of each 

parameter, allowing for immediate 

identification of non-uniformities or 

critical stress zones. Regions with higher 

values are typically shown in warm colors 

(e.g., red, orange), while lower values 

appear in cooler tones (e.g., blue, green). 

This visual approach enables a more 

intuitive assessment of the system’s 

performance under varying load 

conditions, and plays a vital role in 

optimizing the design by highlighting 

structural weaknesses and areas requiring 

refinement. 

 

Chromatic chart 1-Wave propagation in a radial system 

 

18 𝒄𝒎𝟑 air amount chromatic wave plot 

analysis: 

Wave Characteristics: Localized patterns with 

gradual, smooth transitions. 

Amplitude: Ranges from -4.445 to 4.445, indicating 

lower energy dissipation. 

Radial Distance: Spans from 0.204m to 0.291m. 

Interpretation: The system is less constrained, 

allowing more fluid wave motion. Reduced stiffness 

or damping is evident in significant wave 

propagation. 

 

36 𝒄𝒎𝟑 air amount chromatic wave plot 

analysis: 

Wave Characteristics: Sharper waves with well-

defined peaks and troughs, indicating higher 

frequencies. 

Amplitude: Slightly larger, ranging from -1.44 to 

1.08, suggesting more energetic motion. 

Radial Distance: Narrower, spanning 0.1 m to 0.18 

m, reflecting increased constraints. 

Interpretation: The system balances flexibility and 

tension, leading to higher frequencies and moderate 

wave energy.  

 

54 𝒄𝒎𝟑 air amount chromatic wave plot 

analysis:  

Wave Characteristics: Localized patterns with 

gradual, smooth transitions. 
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Amplitude: Ranges from -4.445 to 4.445, indicating 

lower energy dissipation. 

Radial Distance: Spans from 0.204m to 0.291m. 

Interpretation: The system is less constrained, 

allowing more fluid wave motion. Reduced stiffness 

or damping is evident in significant wave 

propagation. 

 

Analysis 2: Investigating the effect of air 

inserting velocity on muscle properties (charts) 

 

Velocity and acceleration diagram: It is 

observed in the velocity and acceleration 

diagrams that as the speed of the incoming air 

increases, the speed and acceleration of the 

muscle movement decreases and it is also 

observed that the balloon with a lower 

incoming air speed experiences a higher peak. 

Displacement diagram: As the speed of the 

incoming air increases, less displacement 

occurs and also the lower peak belongs to the 

muscle to which the air entered at a higher 

speed. 

Low velocity air inserting chromatic wave 

plot analysis: 

Wave Characteristics: Sharper waves with well-

defined peaks and troughs, indicating higher 

frequencies. 

Amplitude: Slightly larger, ranging from -1.44 to 

1.08, suggesting more energetic motion. 

Radial Distance: Narrower, spanning 0.1 m to 0.18 

m, reflecting increased constraints. 

Interpretation: The system balances flexibility and 

tension, leading to higher frequencies and moderate 

wave energy. 

 

 

 

High velocity air inserting chromatic wave 

plot analysis: 

Wave Characteristics: Localized patterns with 

gradual, smooth transitions. 

Amplitude: Ranges from -4.445 to 4.445, indicating 

lower energy dissipation. 

Radial Distance: Spans from 0.204m to 0.291m. 

Interpretation: The system is less constrained, 

allowing more fluid wave motion. Reduced stiffness 

or damping is evident in significant wave 

propagation. 

 

Analysis 3: Investigating the effect of nazel 

angle on muscle properties 

Velocity and acceleration diagram: It can be 

seen in the velocity and acceleration diagrams 

that increasing the nozzle angle increases the 

speed and acceleration of muscle movement. 

 

Displacement diagram: Increasing the nozzle 

angle results in less displacement. 

 

20 degrees nazel angle chromatic wave plot 

analysis: 

Wave Characteristics: Data shows longer 

wavelengths with smoother, widely spaced 

wavefronts. 

Amplitude: Moderate, ranging from -1.2 to 1.2, 

indicating balanced energy distribution. 

Radial Distance: Larger range, spanning from 0.1 m 

to 0.26 m, suggesting a less constrained system. 

Interpretation: The system allows for slower 

propagation and broader wave motion, likely due to 

lower stiffness or damping. 

0 degrees nazel angle chromatic wave plot 

analysis: 

Wave Characteristics: Sharper waves with well-

defined peaks and troughs, indicating higher 

frequencies. 

Amplitude: Slightly larger, ranging from -1.44 to 

1.08, suggesting more energetic motion. 

Radial Distance: Narrower, spanning 0.1 m to 0.18 

m, reflecting increased constraints. 

Interpretation: The system balances flexibility and 

tension, leading to higher frequencies and moderate 

wave energy.  

file:///E:/IGO%202025/article%20charts/analyse%202.png
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45 degrees nazel angle chromatic wave plot 

analysis: 

Wave Characteristics: Longer wavelengths with 

smoother, widely spaced wavefronts. 

Amplitude: Moderate, ranging from -1.25 to 1.00, 

indicating balanced energy distribution. 

Radial Distance: Larger range, spanning from 0.10 

m to 0.35 m, suggesting a less constrained system. 

Interpretation: The system allows for slower 

propagation and broader wave motion, likely due to 

lower stiffness or damping. 

Analysis 4: Investigating the effect of amount 

of weight on muscle properties 

Velocity and acceleration diagram: In the 

velocity and acceleration diagrams, it is 

observed that with increasing mass of the 

system, the velocity and acceleration of the 

muscle movement increases up to 100 

grams of weight, but then decreases. 

Displacement diagram: With increasing 

mass of the system, the displacement of the 

muscle decreases. 

50 g weight chromatic wave plot analysis: 

Wave Characteristics: Smooth waves with broader 

wavefronts and lower frequencies. 

Amplitude: Moderate, ranging from approximately -

1 to 1, indicating low energy dissipation. 

Radial Distance: Extensive, spanning 0.1 m to 0.35 

m, with minimal confinement. 

Interpretation: The system exhibits high flexibility 

and low internal resistance at this weight. 

Wave Characteristics: Sharper waves with well-

defined peaks and troughs, indicating higher 

frequencies. 

Amplitude: Slightly larger, ranging from -1.44 to 

1.08, suggesting more energetic motion. 

Radial Distance: Narrower, spanning 0.1 m to 0.18 

m, reflecting increased constraints. 

Interpretation: The system balances flexibility 

and tension, leading to higher frequencies and 

moderate wave energy.  

200g weight chromatic wave plot analysis: 

Wave Characteristics: Highly localized waves with 

steep, well-defined fronts. 

Amplitude: Significantly lower, ranging from -

0.0006 to 0.0006, indicating high energy dissipation. 

Radial Distance: Smallest, spanning 0.1 m to 0.2 m, 

due to considerable tension or damping. 

Interpretation: The system is highly constrained, 

with increased stiffness or damping suppressing 

wave motion. 

 

Analysis 5: Investigating the effect of length 

of net on muscle properties 

Velocity and acceleration diagram: In the 

velocity and acceleration diagrams, it is 

observed that the increase in the length of the 

net has a range when the ratio of the length of 

the net to the balloon is 3 to 1 to a ratio of 4 to 

1, the speed and acceleration trend is increasing 

and then there is a decreasing trend. 

Displacement diagram: The increase in the 

length of the net has a range when the ratio of 

the length of the net to the balloon is 3 to 1 to a 

ratio of 4 to 1, the speed and acceleration trend 

is increasing and then there is a decreasing 

trend. Also, the artificial muscle with a net 

length of 25 cm experiences a higher peak. 

 The range should be a ratio of 1 to 5. 

15 cm net length chromatic wave plot 

analysis : 

Wave Characteristics: Shorter wavelengths with 

densely packed, rapid oscillations. 

Amplitude: Higher, ranging from -1.5 to 1.5, 

reflecting greater energy in the system. 

Radial Distance: Smaller range, spanning 0.1 m to 

0.22 m, indicating a more constrained system. 

Interpretation: The system is highly constrained, 

with increased stiffness or boundary effects leading 

to faster wave propagation and higher frequency. 

25 cm net length chromatic wave plot 

analysis: 

Wave Characteristics: Sharper waves with well-

defined peaks and troughs, indicating higher 

frequencies. 
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Amplitude: Slightly larger, ranging from -1.44 to 

1.08, suggesting more energetic motion. 

Radial Distance: Narrower, spanning 0.1 m to 0.18 

m, reflecting increased constraints. 

Interpretation: The system balances flexibility and 

tension, leading to higher frequencies and moderate 

wave energy. 

35 cm net length chromatic wave net plot: 

Wave Characteristics: Longer wavelengths with 

smoother, widely spaced wavefronts. 

Amplitude: Moderate, ranging from -1.2 to 1.2, 

indicating balanced energy distribution. 

Radial Distance: Larger range, spanning 0.1 m to 

0.26 m, suggesting a less constrained system. 
 

Interpretation: The system allows for slower 

propagation and broader wave motion, likely due to 

lower stiffness or damping. 

 

Analysis 6: Investigating the effect material 

of net on muscle properties 

Velocity and acceleration diagram: It can be 

seen in the velocity and acceleration diagrams 

that as the elasticity of the mesh increases, the 

velocity and acceleration of the muscle 

movement also increase. 

Displacement diagram: Increasing the 

elasticity of the mesh increases the peak of the 

muscle movement. 

Foam net chromatic wave plot analysis: 

Wave Characteristics: Data shows longer 

wavelengths with smoother, widely spaced wave 

fronts. 

Amplitude: Moderate, ranging from -1.2 to 1.2, 

indicating balanced energy distribution. 

Radial Distance: Larger range, spanning from 0.1 m 

to 0.26 m, suggesting a less constrained system. 

Interpretation: The system allows for slower 

propagation and broader wave motion, likely due to 

lower stiffness or damping. 

Poly ethylene net chromatic wave plot 

analysis: 

 Wave Characteristics: Sharper waves with well-

defined peaks and troughs, indicating higher 

frequencies. 

Amplitude: Slightly larger, ranging from -1.44 to 

1.08, suggesting more energetic motion. 

 Radial Distance: Narrower, spanning 0.1 m to 0.18 

m, reflecting increased constraints. 

Interpretation: The system balances flexibility and 

tension, leading to higher frequencies and moderate 

wave energy.  

Poly ester net chromatic wave plot analysis: 

Wave Characteristics: Longer wavelengths with 

smoother, widely spaced wavefronts. 

Amplitude: Moderate, ranging from -1.25 to 1.00, 

indicating balanced energy distribution. 

Radial Distance: Larger range, spanning from 0.10 

m to 0.35 m, suggesting a less constrained system. 

Interpretation: The system allows for slower 

propagation and broader wave motion, likely due to 

lower stiffness or damping. 

 

Analysis 7: Investigating the effect of size of 

balloon on muscle properties 

6” ballon size chromatic wave plot analysis: 

Wave Characteristics: Longer, smoother 

wavefronts, indicating slower propagation and 

lower stiffness. 

Amplitude: Similar range (-1.44 to 1.08) with 

smoother energy distribution. 

Radial Distance: Larger range (0.10 m to 0.20 m), 

reflecting a less constrained system. 

Interpretation: A more elastic system with broader 

wave motion and lower damping. 

 

 

11” ballon size chromatic wave plot analysis: 

Wave Characteristics: Sharper waves with well-

defined peaks and troughs, indicating higher 

frequencies. 

Amplitude: Slightly larger, ranging from -1.44 to 

1.08, suggesting more energetic motion. 
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Radial Distance: Narrower, spanning 0.1 m to 0.18 

m, reflecting increased constraints. 

Interpretation: The system balances flexibility and 

tension, leading to higher frequencies and moderate 

wave energy 

16” ballon size chromatic wave plot analysis: 

Wave Characteristics: Moderate wavelength with 

sharper, closely spaced wavefronts, indicating faster 

propagation and higher stiffness. 

Amplitude: Balanced energy with a range of -1.44 to 

1.08, showing efficient energy transmission. 

Radial Distance: Limited range (0.10 m to 0.18 m), 

suggesting a more constrained system. 

Interpretation: A stiffer system with quicker wave 

propagation and strong reflections. 

 

Velocity and displacement comparison in 3 

types of contraction: 

 Chart  5 –FFT velocity plot for different contractions  

 

According to the chart above, it can be seen that the 

velocity in isometric is higher than the other two, 

likely due to the unconstrained muscle structure that 

would allow smoother and faster movement for the 

muscle. 

 

Figure 6 –FFT displacement plot for different contractions 

 

The scaffolds in the isokinetic muscle setup are 

likely the reason of the higher displacement in this 

setup, due to the extra force they exert on the muscle. 

 

 

3-2- Results  

Parameter air inserting amount: The relation 

between pressure in balloon wall (amount of 

air) and function of muscle. 

It could be seen that by increasing the volume 

of air the pressure dependence on wall would 

be increase too. 

So, contractile force (N) has negative 

relationship, work done (J) and efficiency has 

positive relationship.  

 

Parameter air inserting velocity: The relation 

between the air inserting velocity and function 

of muscle. 

It could be seen that by increasing the velocity 

of air the pressure dependence on wall would 

be decrease. 

So, contractile force (N) has positive 

relationship, work done (J) and efficiency has 

positive relationship, too.  

  

Parameter nazel angle: The relation between 

the Nazel angle and function of muscle. 

It could be seen that by increasing the nazel 

angle the pressure dependence on wall would 

be increase too. 

So, contractile force (N) has negative 

relationship, work done (J) and efficiency has 

positive relationship.  

 

Parameter over load weight: The relation 

between the amount of weight and function of 

muscle. 

It could be seen that by increasing the system 

weight up to 100 g the pressure dependence on 

wall would be decrease but after it, it would be 

increase . 

So, contractile force (N) has negative 

relationship, work done (J) and efficiency has 

positive relationship .  
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Parameter net length: The relation between 

the length of net and function of muscle. 

It could be seen that by increasing the net length 

up to 25cm the pressure dependence on wall 

would be decrease but after it, it would be 

increase. 

So, contractile force (N) has negative 

relationship, work done (J) and efficiency has 

positive relationship.  

 

Parameter net material: The relation between 

the material of net and function of muscle. 

It could be seen that by increasing the elasticity 

of the net the pressure dependence on wall 

would be increase too. 

So, contractile force (N) has negative 

relationship, work done (J) and efficiency has 

positive relationship.  

 

 Parameter balloon size: The relation between 

the balloon size and function of muscle. 

It could be seen that by increasing the elasticity 

of the net the pressure dependence on wall 

would be increase too. 

So , contractile force (N) has negative 

relationship, work done (J) and efficiency has 

positive relationship .  

 

 

5. Conclusion  

 

5-1- Checking the correctness and 

incorrectness of the hypotheses: 

The parameters that had the same value in the 

hypothesis and the result include the following 

parameters:  

 

1. The amount of air, which is the best amount 

is 36 c𝑚3.  

2. Nazel angle, the best value of which is zero 

degrees.  

3. The amount of weight that is best is 100 

grams.  

4. The length of the net, which is the best, is 

25 cm.  

5. The size of the balloon is 11 inches.  

6. The thickness of the wall, which is 10 mm. 

The parameters that had a different value in the 

hypothesis and the result include the following 

parameters:  

 

1. The speed of air inserting: the best 

condition in the hypothesis is 7.2𝑚 𝑠⁄ , but 

as a result of the tests, it was recorded as 

3.6𝑚 𝑠⁄ . 

2. Net material: the best condition is polyester 

in the hypothesis, but as a result of the tests, 

poly ethylene was registered. 

The hypothesis of the test was that in all tests 

(air amount, air inserting speed, Nazel angle, 

weight size, net length, net material, balloon 

size, wall thickness), with the increase of each 

parameter, the muscle contraction decreases, 

but the efficiency and work of the muscle 

increases. This hypothesis was correct in 7 of 

the tests, but it was wrong in the air inserting 

speed test. In this test, the contraction force has 

an inverse relationship with the speed value. 

 

5-2- Consequence 

Elasticity is defined as proteins that proteins 

and power increase but pressure and 

contraction decreases.  

Inside pressure is defined as ATP that ATP, 

pressure and power increase but the contraction 

decreases.  

Inside pressure is defined as fiber muscle that 

fiber of muscle, pressure, contraction and 

power increase.   

Best muscle condition: 

The best condition of muscle have specified 

based on parameters.  
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Table 9- best muscle condition 

 

5-3- Comparison the price of pneumatic 

muscles and the project muscle  

For building this muscle, an air compressor (20-

35 $), an air regulator (10-13$), a pneumatic 

solenoid valve (13-15$), a digital timer (6-9$), 

a latex balloon, (0.5-1$), 12v adaptor (7-9$), 2 

scaffolds (6-7$) and some fittings (8-10$) were 

used. By considering the building process cost 

(14-22$) this project is 84.5-121 dollars. Which 

is 2-4 times cheaper than Festo muscles        

(220-388$). 

 

5-4- Comparison of the SWOT of pneumatic 

muscles and the project muscle  

The Strengths of pneumatic muscles are 

accuracy in force and pressure control and 

being repairable. The strengths of the project 

muscle are having higher elasticity, lower price, 

lower weight and uniform pressure distribution. 

The Weaknesses of pneumatic muscles are the 

need for compresses air supply, having higher 

price and higher weight. The weaknesses of the 

project muscle are being sensitive to 

environmental changes and the need to be 

completely replaced if it is damaged. 

The Opportunities of pneumatic muscles 

include medical use, robotic use, automation 

use and capable for hard tasks. The 

opportunities of the project muscle includes 

experimental and educational use, using in 

simple prostheses for patients, more eco-

friendly, combining with other materials for 

better outcomes and potential for development 

in future research . 

The Threat of pneumatic muscles are high 

pressure safety risk. The threats of the project 

muscle includes competition with pneumatic 

muscles and low resistance to impact and wear. 

 

SWOT strategies: 

Strengths and opportunities that cover the 

project’s weaknesses and threats: 

1. Less durable - covered with the low 

cost and accessible materials 

2. Not suitable for long-term/industrial 

use – covered with simple construction 

and the potential of further research 

and upgrades 

3. Performance inconsistency or breakage 

– covered by low costs and the 

potential of further research and 

upgrades 

4. competition with pneumatic muscles – 

covered by the higher efficiency and 

elasticity, lower price and weight and 

potential for development in future 

research 

 

5-5- UN SDG  

This project support this parts in UN SDG. 

 

 

5-6- LCA comparison 

According to the LCA analysis of this project and 

the pneumatic muscles, the energy consumption in 

this project is lower than regular pneumatic muscles 

due to the higher efficiency. The life cycle in this 

project is shorter than pneumatic muscles, but it can 

be fixed by changing the air cushion material into 
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something more resistance-to-damage, like RTV 

(room temperature vulcanizing) silicon or cathedral 

balloons, in future researches. In recycling, both 

sides are using some non-recyclable materials, but 

the environmental effects of this project is way 

lower than the pneumatic muscles due to the more 

simple materials and low energy consumption. In 

general, this project has achieved better results in 

this comparison and could have better chances in the 

industry cycle. 

5-7- Out look  

This project is a wiser choice to be used in soft 

robotics, robotic factory arms and simple prosthesis 

than previous pneumatic muscles due to the higher 

efficiency, less cost and also, being more eco-

friendly, due to its less energy consumption.  Since 

this project is at student level further research is 

needed to reach the commercial level. Using a 

more resistance-to-damage material to replace the 

balloon, like RTV (room temperature vulcanizing) 

silicon or cathedral balloons, some weaknesses of 

this project will be fixed and the scope of its usage 

will get wider. By extensive advertising and finding 

a sponsor, this project can beat the other brands and 

take their place in this industry. 
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4GorMwGi2JuIyYK3GBxfTbG30&dib_tag=se&key
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