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Abstract—Pneumatic artificial muscles (PAMs) have been 

exploited in robots utilized in various fields, including industry 

and medicine, due to their numerous advantages, such as their 

light weight; smooth, fast responses; and ability to generate 

significant force when fully extended. The actuator’s stiffness is 

important in these applications, and extensor PAMs (EPAMs) 

have a lower stiffness when compared to contractor PAMs 

(CPAMs). Because of this, this research presents the compound 

extensor PAM (CE-PAM), which is a novel actuator that has 

higher stiffness and can alter its stiffness at a fixed length or 

maintain a fixed stiffness at a variable length. This makes it 

useful in applications such as surgery robots and wearable 

robots. The CE-PAM is created by inserting the CPAM into the 

EPAM. Then, a mathematical model is developed to calculate 

the output force using several mathematical equations that 

relate the force, actuator size, and applied pressure to each 

other. The force is also calculated experimentally, and when 

comparing the mathematical with the experimental results, the 

error percentage appears greater than 20%. So the 

mathematical model is enhanced by calculating the wasted 

energy consumed by the actuator before the start of the 

bladder’s expansion, at which the force is zero because the 

pressure is consumed only for bladder expansion to touch the 

sleeve. The effect of the bladder’s thickness is calculated to 

further enhance the model by calculating the volume of air 

entering the muscle rather than the total muscle volume. To 

illustrate the effect of thickness on the actuator, experiments are 

conducted on CPAMs made of the same bladder material but 

with different thicknesses. A balloon is used in the manufacture 

of the bladder. Because it is a lightweight, thin material with a 

low thickness, it requires very low pressure to expand.  

Keywords—Soft Robot; Soft Actuator; Pneumatic Artificial 

Muscle (PAM); Modeling; Variable Stiffness. 

I. INTRODUCTION 

Pneumatic muscles are soft actuators that convert 

pneumatic energy into a pulling or pushing force [1]. The 

Bridgestone Company produced the first commercial version 

of the pneumatic artificial muscle (PAM) [2]. It is used to 

construct soft robots with several bendable joints and a high 

degree of freedom, rather than rigid robots with discrete fixed 

joints [3–7]. These robots provide safer interactions with 

humans when directly in contact with their bodies [8–12]. 

Pneumatic artificial muscle actuators are particularly useful 

in prosthetics and robotics inspired by organisms; they can be 

used as skeletal muscles’ first-order hardware models [13, 

14]. They are also widely utilized in limb rehabilitation robots 

[15–19] for people affected by strokes or other causes of 

weak limbs [20–24]. This is due to their functional 

resemblance to biological muscle in terms of contracting in 

response to activation and introducing compliance into the 

system [25–27]. The most important features of PAMs are 

summarized as follows: 

•      Lightweight [28, 29]. 

•      Low-cost production components [30–32]. 

•      A strength-to-weight ratio capable of producing high 

force under full pressure [33–36]. 

•      Easily replaceable by separating the muscle and 

actuator tubing when damaged [2, 37]. 

•       Flexible and capable of bending [20, 38]. 

•       High degree of freedom [39]. 

•       Built from soft materials. 

Richard Gaylord invented the pneumatic muscle actuator 

[40, 41], but it was made popular by Joseph L. McKibben 

[42], so it was defined as the McKibben actuator [43–45]. The 

pneumatic actuator comprises three major components: a 

rubber tube covered in a braided sleeve, with appropriate 

plastic or metal fittings fitted to both ends of the tube [28, 46–

49]. The tube and sleeve select the type of actuator by varying 

their length to produce either a contraction actuator that 

results in a pull force or an extension actuator that results in 

a push force [50–52]. Contractor PAMs (CPAMs) can 

produce higher forces than extensor PAMs (EPAMs) and are 

less prone to bending; thus, CPAMs are more widely used 

and are also referred to as contractile actuators [53–55]. The 

contraction or extension rate is determined by many 

parameters, including the inner bladder characteristics, the 

dimensions of the braided mesh, and the braided angle [56–

59]. Furthermore, increasing the pressure in the contraction 

muscle causes the diameter to expand by up to 46%, which 

limits the contraction [60]. 

Carvalho et al. [28] developed and tested twelve 

pneumatic muscles made of different materials and at 

different sizes to find the most suitable ones for their 

application: the design and development of an elbow 

exoskeleton. Experiments have shown that muscles with 

higher tensile units decelerate less and handle loads better but 

have lower contraction and force characteristics. The same 

authors previously developed and tested four muscle 
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actuators with novel end fittings to show operational 

diversity; the new end fittings assisted in creating a 

lightweight, cost-effective PAM. The authors utilised 

different diameters to show how size affects the actuator’s 

behaviour. They used styrene, which has a tensile modulus 

similar to skeletal muscle, to construct the PAMs. They also 

developed three mathematical models [61]. Koizumi et al. 

achieved a contraction rate of up to 37% by braiding the 

McKibben muscles together in the actuator, but this model 

achieved a lower contraction force [62]. 

Accurately controlling PAM-powered robots is a major 

challenge due to their nonlinear functioning [51, 63–65]. 

Thus, creating an accurate mathematical model of a PAM is 

a difficult task. The viscoelastic characteristics of the PAM’s 

bladder, the mesh shell, and the compressibility of the air all 

contribute to nonlinearities, and the inner bladder causes 

hysteresis, so the performance varies depending on the 

circumstances [66–69]. Most mathematical models for 

analysing the force of a PAM’s contraction use Chou’s model 

[14], which ignores the expansion of the threads in the sleeve 

and the friction force between the sleeve and the bladder. 

Chou's model facilitates mathematical calculations because it 

is difficult to measure the force of the friction and the 

stretching of the threads. However, the model's accuracy 

decreases because of these factors’ effects on muscle 

geometry, force, and consequence [41, 70]. 

Ensuring the robot is lightweight, highly flexible, and 

capable of achieving variable stiffness is the best way to make 

it more compatible with its required task and safer for human 

interactions. This is because a robot with variable stiffness 

can switch between resistance components and comply with 

the external force, and the increased stiffness of the robot 

makes positioning more accurate [54]. At the same time, it 

can be compliant when necessary for the task. Consequently, 

incorporating variable stiffness capability into continuum 

robots becomes important in robot design [65]. Therefore, 

many researchers are interested in achieving variable 

stiffness [71–74]. One method for this is to fill the muscles 

with high-mass coefficient liquids like water, but this 

increases the weight of these actuators’ structures [75–77]. 

Most designs aiming to achieve variable stiffness depend on 

combining contractor and extensor muscles [54, 78, 79], 

where two actuators can oppose each other and thus control 

the stiffness. However, these designs require high pressure, 

which increases the risks associated with human–robot 

interactions [65]. The stiffness depends on the applied 

pressure, which the force also depends on. With an increase 

or decrease in pressure, the length of the actuator increases or 

decreases, and thus the expansion or contraction force and the 

stiffness increase. Therefore, the stiffness cannot be altered 

without altering the force or the actuator’s length [80]. 

Because of this, Al-Fahaam’s model [8] focused on 

independently changing the length and stiffness. This was 

achieved by constructing a CPAM that was proportionally 

longer than the EPAM and inserting it inside the EPAM, 

where a bidirectional muscle was designed based on the ratio 

of the length difference between the CPAM and EPAM. 

However, this resulted in only a 15% expansion. 

 This research contributed to soft robots by presenting the 

design of a novel variable stiffness actuator that could alter 

its stiffness at a fixed length and its length at a fixed stiffness, 

resulting in a 30% expansion. This actuator can be used to 

design various robots in contact with humans, such as 

surgical, wearable, and industrial robots. The variable 

stiffness actuator is regarded as the most promising 

mechanism for enhancing robots, with capabilities similar to 

those of a human joint. This paper can be divided into two 

sections. The first section describes the CE-PAM 

mathematical model for calculating the force of the actuator 

by calculating each of the bladder variables, sleeve variables, 

and pressure applied to the actuator, followed by 

enhancements to this model and practical experiments to 

demonstrate its validity. The second section describes the 

practical experiments carried out to achieve variable 

stiffness. Fig. 1. shows the research methodology and key 

steps. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Flow chart histogram of Research Methodology 
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II. CONTRACTION PNEUMATIC ARTIFICIAL MUSCLE 

The contraction muscle is made up of an inner bladder 

and a braided sleeve of the same length and diameter. Also, 

there are two 3D-printed ends, one has a port for air to enter 

the muscle, and the other is closed.  The angle formed by the 

sleeve threads is less than 54.7 degrees. If pressure is applied, 

it causes an expansion in a radial direction on the muscle, 

increasing the angle between the threads, which leads to an 

increase in diameter and a shortening of the length of the 

muscle, resulting in Pull force as shown in Fig. 2.  

 

Fig. 2. The structure of the contraction muscle and its operation principle 

Where 𝐿0 and 𝐷0 represent the length and diameter of the 

actuator at rest, respectively, and 𝜃0 for the angle formed 

between the single sleeve thread and the central axis which 

increases as applied pressure increases to 𝜃𝑐, causing the 

length and diameter of the muscle to change to 𝐿𝑐 and 𝐷𝑐 , and 

𝑃𝑐 is the pressure applied to the contraction muscle. 

Two contracting muscles were constructed, one of which 

was the inner bladder which is made of rubber tubes, while 

the other was made of a balloon of the same length and 

diameter (the length of the muscle is 19.5 cm and the diameter 

is 5 mm). Fig. 3. illustrates the contractor tube muscle and the 

contractor balloon muscle  when the same pressure is applied 

to each of them at various degrees. 

It was noticed that the balloon muscle can contract more 

than the tube muscle at the same pressure, with the length of 

the balloon muscle reaching 14.1 cm at a pressure of 250 kPa, 

while the length of the tube muscle reaches 16.1 cm at the 

same pressure, as shown in Fig. 4. Furthermore, the 

contraction potential of the balloon muscle is large at low 

pressures since it begins to contract relatively large from 

pressure at 50 kPa and contracts clearly with a small increase 

in pressure, while the tube muscle gives a small percentage 

of contraction at low pressures and begins to contract 

gradually with an increase in pressure. This difference is 

related to the tube resistivity as it is greater than the balloon 

resistivity. 

The length of the tube muscle at its maximum contraction 

(occurring at 500 kPa pressure) was 14.3 cm, and the 

contraction ratio was 26.67%. which is less than that of the 

balloon (at 250 kPa pressure), with a contraction ratio of 

27.69%.  This difference is due to the fact that balloon muscle 

is made of thin material therefore it can contract at a good 

ratio at 250 kPa pressure. 

 

Fig. 3. The contraction tube muscle and the contraction balloon muscle at 

different pressures: (a) at pressure 0 kPa the two muscles at the same length. 

(b) at 150 kPa the balloon muscle contracts significantly while the tube 
muscle contracts only a little. (c) at 250 kPa The balloon muscle reaches its 

maximum contraction while the tube muscle contracts slightly more 

 

Fig. 4. The displacement difference between the contraction tube muscle and 

the contraction balloon muscle with increased applied pressure 

To calculate the force and consequently the stiffness, the 

balloon contraction muscle was positioned vertically where 

the air-connected end is connected to a fixation plate and a 

load of various weights was attached to the other end as 

shown in Fig. 5. Four different pressures (100 kPa, 150 kPa, 

200 kPa, and 250 kPa) were applied to the balloon muscle 

with several different weights for each pressure. The increase 

in length was recorded for each load. The stiffness is 

calculated mathematically by calculating the force for each 

load divided by the change in length and taking the average 
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of the results for these loads at a specific pressure, where the 

stiffness is the force divided by the displacement.  

 

Fig. 5. Schematic description for stiffness measurement experiment 

The stiffness increases proportionally with air pressure 

inside the muscle, reaching its maximum (727 N/m) at a 

pressure of 250 kPa. The results are shown in Fig. 6 and Fig. 

7. which show that the force-displacement curves are 

approximately linear, also the balloon contraction muscle 

stiffness increases with increasing air pressure.  

 

Fig. 6. The correlation between force and muscle displacement 

 

Fig. 7. The correlation between the pressure and the stiffness 

III. EXTENSOR PNEUMATIC ARTIFICIAL MUSCLE 

The extensor muscle is made up of an inner bladder and a 

braided sleeve that is longer than the bladder and is 

compressed axially to fit the bladder's length. As a result, the 

angle between the sleeve thread and the central axis is greater 

than 54.7 degrees. As in the contracting muscle, the two ends 

of the muscle are also closed with a 3D-printed cap. When 

the pressure was applied to the muscle, the angle decreases, 

causing the diameter to decrease and the length to increase, 

resulting in the push force as illustrated in Fig. 8.  

 

Fig. 8. The structure of the extensor muscle and its operation principle 

Where, 𝐿0 and 𝐷0 represent the length and diameter of the 

actuator at rest, respectively, and 𝜃0 the angle formed 

between the single sleeve thread and the central axis which 

decrease as applied pressure increases to 𝜃𝑒, causing the 

length and diameter of the muscle change to 𝐿𝑒 and 𝐷𝑒 , and 

𝑃𝑒 is the pressure applied to the contraction muscle. 

Like in contracting muscles, two extensor muscles were 

structured, one from the balloon and the other from the tube, 

with the same length and diameter. However, the length of 

the inner bladder of the extensor muscle (15 cm) is shorter 

than that of the bladder of the previous contraction muscles 

and its diameter (10 mm) is double the diameter of the 

bladder of the contraction muscles, while the length of the 

braided sleeve of the extensor muscle (30 cm) is double of the 

length of its inner bladder, and its diameter same as the 

diameter of the bladder (10 mm). 

Similar to the contracting muscle, the muscle made of a 

balloon expands at a much greater rate than the muscle made 

of a tube at low pressures, as shown in Fig. 9. 

The balloon muscle extends significantly at 50 kPa (its 

length reaches 19.5 cm) in contrast to the tube muscle which 

has a shorter extension (15.5 cm). There was a linear 

correlation between pressure and extension in both muscles. 

However, at 150 kPa pressure, the balloon muscle's 

expansion was very small, while the tube muscle continued 

to gradually extend up to a pressure of 300 kPa. After this 

pressure, the increase in length becomes very small. The 

length of the tube muscle reached (23.3 cm) at a pressure of 

500 kPa, and the extension ratio was 55.33%. The balloon 

muscle's pressure was stopped at 300 kPa because it had 

reached a high rate of expansion (23 cm) nearly reached the 

same rate of expansion as the tube muscle at 500 kPa, and the 

extension ratio of 53.33%. This is because it is made of a thin 

material that cannot withstand high pressures. Fig. 10. 

illustrates the expansion of both muscles with increasing 

pressures. 
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Fig. 9. The extensor tube muscle and the extensor balloon muscle at different 

pressures: (a) the two muscles at the same length at pressure 0 kPa, (b) the 

balloon muscle expands more than the tube muscle at 150 kPa, and (c) at 250 

kPa The difference becomes less between the two muscles 

 

Fig. 10. The displacement difference between the extensor tube muscle and 

the extensor balloon muscle with increased applied pressure 

To determine the stiffness, the extensor muscle 

experienced the same previous experiments in the contraction 

muscle and at the same pressures. The stiffness increases with 

the increase in air pressure inside the muscle, reaching its 

maximum (640 N/m) at a pressure of 250 kPa as Fig. 11. 

which shows that the force-displacement curves are 

approximately linear. 

Fig. 12. shows the effect of applied pressure on muscle 

stiffness. As can be seen, the muscle's stiffness is low because 

of misalignment. Accordingly, a new muscle was developed 

by combining the extensor and contraction muscles to form 

the CE-PAM with greater stiffness, which will be discussed 

in more detail in the subsequent paragraphs. 

 

 

Fig. 11. The length of the extensor muscle increase with increased attached 

loads at different amounts of supplied pressure 

 

Fig. 12. The stiffness of the extensor muscle increases with increasing 

pressure applied 

IV. NOVEL COMPOUND EXTENSOR-PNEUMATIC 

ARTIFICIAL MUSCLE (CE-PAM)  

The normal extensor muscle has little stiffness, as it is 

bent with increased air pressure inside it. Therefore, a novel 

extensor muscle was designed to overcome this limitation. 

The new muscle is characterized by: 

• The compound extensor muscle has a higher 

stiffness than the extensor muscle. 

• At fixed length, variable stiffness can be achieved. 

• At variable lengths, constant stiffness can be 

achieved. 

• With a few pressures, a good extension ratio can be 

achieved. 

V. DESIGN AND CONSTRUCTION OF THE COMPOUND 

EXTENSOR-PNEUMATIC ARTIFICIAL MUSCLE 

The CE-PAM is made up of a combination of a 

contraction muscle and an extensor muscle. The contraction 

muscle is positioned inside the extensor muscle. Both 

muscles are connected with the same 3D-printed ends. One 

end is blocked. The other end has two holes, one of which is 

central and connected to the contraction muscle so that 

compressed air can be applied to it. The other hole (side hole) 
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is supplied with compressed air and connected to the o 

extensor muscle can be seen in Fig. 13. 

 

Fig. 13. Stages of CE-PAM manufacturing: (a) Design of the endcaps, (b) 

Connect the contraction muscle to one of the endcaps, (c) The contraction 

muscle is inserted into the bladder of the extensor muscle, and (d) The CE-

PAM's final structure 

The new compound muscle was formed using the same 

measurements applied to the two previous muscles. The 

bladder of the contraction muscle is connected to the small 

inner part of one of the end caps with adhesive material, then 

it was inserted with a braided sleeve of the same length as the 

bladder. The muscle was tied with thread and adhesive 

material for fixation, then it was inserted into the bladder of 

the extensor muscle. The length of the contraction muscle 

was 30% longer than that of the extensor muscle, therefore, 

the contraction muscle is compressed inside the bladder of the 

extensor, and the other end of each of the contraction muscle 

and the bladder of the extensor muscle was connected to the 

other end cap in the same way. Finally, the compound muscle 

was inserted with a braided sleeve which has the length of the 

bladder of the extensor muscle. 

When the pressure was applied to the contraction muscle, 

it begins to contract until it reaches its maximum contraction 

rate, which was 30% of its initial length, at which the 

contractor muscle was as long as the extensor muscle (15 

cm). With the reduction of pressure on the contraction muscle 

and increase pressure on the extensor muscle, the contractor 

muscle began to reduce contraction, which means a return to 

its initial length. On the other hand, the extensor muscle 

extended causing the compound muscle to extend until it 

reaches its maximum expansion rate (19.5 cm) at pressure 

250 kPa, which is the initial length of the contraction muscle 

as the contracting muscle prevents it from more extension. 

The contraction muscle returned to its original length when 

the pressure inside it was 0 kPa. 

VI. KINEMATIC ANALYSIS OF THE COMPOUND 

EXTENSOR-PNEUMATIC ARTIFICIAL MUSCLE 

As previously mentioned in the contracting and extensor 

muscles, L and D represent the length and diameter of the 

muscle, respectively, and 𝜃 represents the angle formed by 

the single thread and the central axis, whereas b is the thread's 

length and n is the number of turns of the thread around the 

bladder. The general geometry of the muscle will be as shown 

in Fig. 14. assuming that the actuator's middle part is 

cylindrical. 

 

Fig. 14. The general geometry of PAM 

The equation (1) and (2) can be used to calculate the length 

(L), width (D) based on Fig. 14. 

𝐿 = 𝑏 cos 𝜃 (1) 

𝐷 =
𝑏 sin 𝜃

𝑛𝜋
 (2) 

By an assumption that the volume of the muscle (𝑉) is 

cylindrical in equation (3). 

𝑉 =
𝜋𝐷2𝐿

4
 (3) 

The geometrical kinematics analysis of the compound 

muscle is illustrated in Fig. 15. where the contraction muscle 

is represented in red color and the extensor muscle in blue. 

To facilitate calculations, the analysis of the compound 

muscle is based on the assumption that there are no elastic 

forces within the bladders, and absence of friction forces 

between the braid's nylon threads, the contractor muscle and 

the extensor muscle's bladder, or between the braids and the 

bladders.  

The CE-PAM is formed by using the same braid and 

bladder for both muscles, but in different sizes, as explained 

in the previous paragraphs. The contracting muscle has half 

the diameter of the extensor and is 30% longer in length. As 

the contraction muscle is longer than the extensor muscle, it 

is compressed within it.  

The equation (4) and (5) expresses the relation between 

the contraction and extensor muscle lengths. 

𝐿𝑐 = 𝐿𝑒 + 0.3 𝐿𝑒   (4) 

𝐿𝑐 = 1.3 𝐿𝑒 ,       𝐿𝑒 =
1

1.3 
𝐿𝑐  (5) 

Where 𝐿𝑐 is the contraction muscle's length and 𝐿𝑒 is the 

extensor muscle's length. 

As the length of the sleeve in the extensor is double that 

of the bladder, the relation between the length of the 

extensor’s thread (𝑏𝑒) and the length of the contractor’s 

thread ( 𝑏𝑐) will be as in equation (6). 

2𝑏𝑐 = 1.3 𝑏𝑒 ,        𝑏𝑒 =
2

1.3
𝑏𝑐  (6) 
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              (a)                   (b)                  (c)                      (d)  

Fig. 15. Kinematics of the CE-PAM: (a) The general geometry of the 

contraction muscle and extensor muscle that make up the CE-PAM, (b)  The 
braid angles and the number of turns of the two muscles, (c) Relation 

between muscles’ lengths and, (c) The design of CE-PAM 

The equation (7) can be used to calculate the number of 

turns of the extensor muscle from the contraction’s turns and 

vice versa. 

𝑛𝑐 = 1.3 𝑛𝑒 ,   𝑛𝑒 =  
1

1.3 
𝑛𝑐  (7) 

Where 𝑛𝑐 is the number of turns in the contractor’s thread and 

𝑛𝑒 is the number of turns in the extensor’s thread. 

Similar to equation (1), (2), and (3), the geometric 

parameters for both the extensor and contraction muscles 

could be determined based on Fig. 14 and Fig. 15, which are 

obtained as in equation (8) to (10) for the contraction muscle, 

and equation (11) to (13) for the extensor muscle. 

𝐿𝑐 = 𝑏𝑐 cos 𝜃𝑐  (8) 

𝐷𝑐 =
𝑏𝑐 sin 𝜃𝑐

𝜋𝑛𝑐  
 (9) 

𝑉𝑐 =
𝜋𝐷𝑐

2𝐿𝑐

4
 (10) 

Where 𝐷𝑐, 𝑉𝑐, and 𝜃𝑐 are the diameter, volume, and angle 

formed by the single thread and the central axis of the 

contraction muscle, respectively. 

𝐿𝑒 = 𝑏𝑒 cos 𝜃𝑒  (11) 

𝐷𝑒 =
𝑏𝑒 sin 𝜃𝑒

𝜋𝑛𝑒

 (12) 

    𝑉𝑒 =
𝜋𝐷𝑒

2𝐿𝑒

4
 (13) 

Where 𝐷𝑒 , 𝑉𝑒, and 𝜃𝑒 are the diameter, volume, and the angle 

formed by the single thread and the central axis of the 

extensor muscle, respectively. 

VII. MODELING THE OUTPUT FORCE OF THE 

COMPOUND EXTENSOR-PNEUMATIC ARTIFICIAL MUSCLE 

Based on PAM's cylindrical shape, Chou et al. [29] derive 

the equation (14) mathematical model of the output force. 

𝐹 = −𝑃′
𝑑𝑉

𝑑𝐿
 (14) 

Where 𝑃′ denotes the relative PAM pressure. 

As the contraction muscle is placed inside the extensor 

muscle, its relative pressure will be the difference between 

the contraction muscle's pressure (𝑃𝑐) and the extensor 

muscle’s pressure (𝑃𝑒). So we get the equation (15). 

𝑃′ = (𝑃𝑐 − 𝑃𝑒) (15) 

By substituting Eq. (15) by Eq. (14), it is possible to calculate 

the contractor force (𝐹𝑐) as equation (16). 

𝐹𝑐 = −(𝑃𝑐 − 𝑃𝑒)
𝑑𝑉𝑐

𝑑𝐿𝑐

 (16) 

Eq. (16) is differentiated with respect to 𝜃𝑐, can be seen in Eq. 

(17). 

𝐹𝑐 = −(𝑃𝑐 − 𝑃𝑒)

𝑑𝑉𝑐
𝑑𝜃𝑐

⁄

𝑑𝐿𝑐
𝑑𝜃𝑐

⁄
 (17) 

This means that the length and volume equations are 

differentiated with respect 𝜃𝑐 as shown in Eq. (18) and (19). 

𝑑𝑉𝑐

𝑑𝜃𝑐

=
𝑏𝑐

3𝑠𝑖𝑛𝜃𝑐

4𝜋𝑛𝑐
2

(3 𝑐𝑜𝑠2 𝜃𝑐 − 1) (18) 

𝑑𝐿𝑐

𝑑𝜃𝑐

= −𝑏𝑐𝑠𝑖𝑛𝜃𝑐 (19) 

As a result, the contractor force equation will be Eq. (20). 

𝐹𝑐 =
𝑏𝑐

2(𝑃𝑐 − 𝑃𝑒)

4𝜋𝑛𝑐
2

(3 𝑐𝑜𝑠2 𝜃𝑐 − 1) (20) 

It is worth mentioning that the volume of the muscle or 

cylinder refers to the volume of compressed air inside it. 

Thus, in the case of the extensor muscle, the volume of the 

cylindrical extensor muscle (𝑉𝑠) is the difference between the 

extensor muscle's volume and the contraction muscle’s 

volume. That is because the contraction muscle occupies a 

volume inside the extensor muscle. Consequently, the force 

in the extensor muscle (𝐹𝑒) will be obtained equation (21) to 

(24). 

𝐹𝑒 = 𝑃𝑒

𝑑𝑉𝑠

𝑑𝐿𝑒

= 𝑃𝑒

𝑑𝑉𝑒 − 𝑑𝑉𝑐

𝑑𝐿𝑒

= 𝑃𝑒 (
𝑑𝑉𝑒

𝑑𝐿𝑒

−
𝑑𝑉𝑐

𝑑𝐿𝑒

) (21) 

By substituting Eq. (5) by Eq. )21), obtained equation (22). 

𝐹𝑒 = 𝑃𝑒 (
𝑑𝑉𝑒

𝑑𝐿𝑒

− 1.3
𝑑𝑉𝑐

𝑑𝐿𝑐

) (22) 

By differentiating  
𝑑𝑉𝑒

𝑑𝐿𝑒
  with respect to 𝜃𝑒, and substituting 

both Eq. (18) and (19) by Eq. (22), so obtained the equation 

(23). 

𝐹𝑒 = 𝑃𝑒 (1.3 
𝑏𝑐

2(3 cos2 𝜃𝑐 − 1)

4𝜋𝑛𝑐
2

−
𝑏𝑒

2(3 cos2 𝜃𝑒 − 1)

4𝜋𝑛𝑒
2

) 

 (23) 

The same Eq. (18) and Eq. (19) are obtained when 

deriving the volume and length of the extensor muscle with 

respect to 𝜃𝑒 only by replacing 𝜃𝑐 with  𝜃𝑒 and 𝑏𝑐with 𝑏𝑒. 
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By substituting Eq. (6) and (7) by Eq. )23), obtained 

equation (24). 

𝐹𝑒 =
𝑏𝑒

2𝑃𝑒

4𝜋𝑛𝑒
2

(0.325(3 cos2 𝜃𝑐 − 1) − (3 cos2 𝜃𝑒 − 1) (24) 

The resulting force of the CE-PAM muscle is the 

difference between the extensor muscle’s force and the 

contraction muscle’s force, because the force will be opposite 

where the extensor muscle produced a pushing force while 

the contraction muscle produced a pulling force. For the 

equation can be seen in Eq. (25). 

𝐹 = (𝐹𝑒 − 𝐹𝑐) (25) 

VIII. VERIFICATION OF THE COMPOUND EXTENSOR-

PNEUMATIC ARTIFICIAL MUSCLE OUTPUT FORCE MODEL BY 

EXPERIMENTATION  

The extensor force of CE-PAM is measured by 

suspending it vertically; the air-connected end attaches to a 

mounting plate and the free end is attached to a load cell 

connected to the Arduino, which is connected to the 

computer to displays the muscle's extensor force as shown in 

Fig. 16.  A regulator controls the air pressure that enters the 

muscle.  

 

Fig. 16. Experimental setup of CE-PAM modeling: 1) CE-PAM, 2) the load 

cell, 3) the mounting plate, 4) Compressor for air pumping, 5) the air 

regulator, 6) Arduino, 7) Computer 

In the beginning, the nominal length of the muscle is 15 

cm, but with the increased pressure on contraction and the 

extensor muscles, the muscle extends. This causes a bending 

or lateral deformation of the muscle. Therefore, a rigid tube 

was used to surround the muscle to prevent such deformation 

as illustrated in Fig. 17. 

 

Fig. 17. The experimental operation to determine the CE-PAM's extension 

force: (a) CE-PAM at the beginning without pressure, (b) applying pressure 

to the CE-PAM causes a lateral bend or deformity, and (c) the CE-PAM 

surrounded by a rigid cylindrical tube to prevent deformity 

Three experiments were performed to measure the 

extensor force of the CE-PAM. In each experiment, pressure 

on the contraction muscle was increased from 0 to 250 kPa, 

keeping the pressure on the extensor muscle fixed. The 

pressure was set at 100 kPa in the first experiment, 150 kPa 

in the second experiment, and 250 kPa in the third 

experiment. Fig. 18. displays the results of these experiments 

and their comparison to those obtained mathematically. It 

also illustrates the difference between experimental and 

theoretical results. For each of these three experiments, the 

average error percentages between the results are 21.56%, 

20.24%, and 21.79%, respectively. The energy lost within the 

muscle is the cause of this error percentage. 

 

Fig. 18. Extensor force of the CE-PAM: experimental and mathematical 

results 

IX. ENHANCEMENTS TO THE MATHEMATICAL MODEL 

BASED- ON RADIAL EXPANSION PRESSURE 

One of the factors associated with energy loss is that the 

bladder is not in contact with the sleeve. Thus, initial pressure 

renders the bladder to expand radially  and contact with the 

sleeve. The output force would be equal to zero at this 

pressure. The muscle, then, contract or expand depending on 

the type of muscle [81], as depicted in Fig. 19. 

The actual pressure (𝑃𝑎) that renders the muscle to 

contract or expand is the muscle pressure (𝑃) minus the 

pressure required to expand the bladder until its contact with 

the sleeve (𝑃𝑟). For the equation can be seen in Eq. (26). 
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Fig. 19. The pressure required by the contraction and extensor muscles to 

expand the bladder 

𝑃𝑎 = 𝑃 − 𝑃𝑟  (26) 

The actual pressure for contraction and extensor muscles 

was calculated using Tsagarakis and Caldwell's pressure 

model for radial expansion, which is expressed by the 

equation (27). 

𝑃𝑟 = 𝐾𝑟(𝐷𝑜 − 𝐷𝑐  sin 𝜃) (27) 

Where 𝐷𝑜 is the actual diameter of the muscle and  𝐾𝑟 is 

the elasticity of the linearized radial actuator that obtains 

from the Eq. [82]. 

𝐾𝑟 = 2000 
𝑘𝑃𝑎

𝑚
 for 𝐷𝑐 sin 𝜃 <

𝐷𝑜

2
  

𝐾𝑟 = 500
𝑘𝑃𝑎

𝑚
 for 𝐷𝑐 sin 𝜃 >

𝐷𝑜

2
  

The extensor muscle radial pressure is represented by the 

equation (28). 

𝑃𝑟𝑒 = 𝐾𝑟(𝐷𝑜𝑒 − 𝐷𝑒  sin 𝜃𝑒) (28) 

Where 𝐷𝑜𝑒  is the actual diameter of the extensor muscle. As 

such, the actual pressure of the extensor muscle will be 

obtained in Eq. (29). 

𝑃𝑎𝑒 = 𝑃𝑒 − 𝑃𝑟𝑒  (29) 

Substitution in Eq. (24) gives the extensor force Eq. (30). 

Fe =
𝑏𝑒

2𝑃𝑎𝑒

4𝜋𝑛𝑒
2

(0.325(3 cos2 𝜃𝑐 − 1) − (3 cos2 𝜃𝑒 − 1)) 

 (30) 

Similarly, the actual pressure and the contraction force of the 

contraction muscle are calculated Eq. (31) and (32). 

𝑃𝑎𝑐 = 𝑃𝑐 − 𝑃𝑟𝑐  (31) 

𝑃𝑟𝑐 = 𝐾𝑟(𝐷𝑜𝑐 − 𝐷𝑐 sin 𝜃𝑐) (32) 

Where 𝐷𝑜𝑐  is the actual diameter of the contraction muscle. 

𝐹𝑐 =
𝑏𝑐

2 (𝑃𝑎𝑐 − 𝑃𝑎𝑒)

4𝜋𝑛𝑐
2

(3 cos2 𝜃𝑐 − 1) (33) 

Fig. 20. shows the results obtained after this enhancement 

in comparison with the experimental result. A significant 

difference was found between these results and the previous 

results, as the average error percentages for each of the three 

experiments after the enhancement was 7.08 %, 6.23%, and 

7.12%, respectively. 

 

Fig. 20. The extensor force of the CE-PAM: the results of experimental and 

mathematical with 𝑃𝑟 

X. THE EFFECT OF BLADDER THICKNESS ON MUSCLE 

CONTRACTION AND EXTENSION 

The comparative experiments between the balloon and 

tube muscles showed the effect of thickness on the 

contraction and expansion ratio which can be attributed to the 

thickness difference between the balloon and tube (the 

balloon is made of thin material and has less thickness, while 

the tube is thicker). To better clarify the impact of thickness, 

three contraction muscles were made: the bladder of the first 

muscle is made of a tube with a thickness of 2 mm, the other 

muscle with a thickness of 1.5 mm, and the third muscle with 

a thickness of 1 mm, in addition to the balloon muscle, which 

is 1 mm thickness. The four muscles have the same diameter 

(5 mm) and length (19.5 cm).  

When these muscles are pressed, the difference in 

contraction can be observed as  illustrated in Fig. 21. The 

contraction ratio for the muscle with the largest thickness is 

22.46%, 24.1% for the muscle with a thickness of 1.5, 

26.67% for the muscle with the smallest thickness, and 

27.69% for the balloon  at a pressure of 500 kPa except for the 

balloon, which is at a pressure of 250 kPa. Fig. 22. show the 

difference in the muscles’ length at these pressures. Similar 

to the effect of bladder thickness on contraction muscle, it 

also affects the extension of the extensor muscle. 

 

Fig. 21. The displacement differences between contraction muscles of 

different thicknesses 
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Fig. 22. Contraction muscles at 500 kPa pressure, and the balloon at 250 kPa 

pressure: (a) the balloon muscle with 1 mm thickness, (b) the tube muscle 
with 1 mm thickness, (c) the tube muscle with 1.5 mm thickness, and (d) the 

tube muscle with 2mm thickness 

XI. ENHANCEMENTS TO THE MATHEMATICAL MODEL 

BASED- ON ACTUATOR DIAMETER 

To reduce the percentage of error between the 

mathematical and experimental results, the thickness was 

calculated for both the bladder (𝑡𝑏) and the sleeve (𝑡𝑠). 

The thickness of the muscle affects its diameter and, as a 

consequence, its volume. Hence, the actual muscle diameter 

(𝐷𝑎) can be formulated as in the equation (34) and (35). 

𝐷𝑎 = 𝐷𝑐 − 2𝑡𝑎  (34) 

𝑡𝑎 = 𝑡𝑠 + 𝑡𝑏 (35) 

The actual extensor muscle diameter (𝐷𝑎𝑒) is obtained by the 

equation (36). 

𝐷𝑎𝑒 = 𝐷𝑒 − 2𝑡𝑎 =
𝑏𝑒 sin 𝜃𝑒

𝜋𝑛𝑒

− 2𝑡𝑎 (36) 

The actual extensor muscle volume (𝑉𝑎𝑒) is obtained by the 

equation (37). 

𝑉𝑎𝑒 =
𝜋𝐷𝑎𝑒

2𝐿𝑒

4
=

𝜋𝑏𝑒 𝑐𝑜𝑠𝜃𝑒

4
 (

𝑏𝑒
2 𝑠𝑖𝑛2𝜃𝑒 

𝜋2𝑛𝑒
2

−
4 𝑡𝑎𝑏𝑒 𝑠𝑖𝑛𝜃𝑒

𝜋𝑛𝑒

+ 4𝑡𝑎
2)      

 (37) 

The extensor force can thus be calculated using Eq. (22) can 

be obtained the equation (38). 

𝐹𝑒 = 𝑃𝑎𝑒 (
𝑑𝑉𝑎𝑒

𝑑𝐿𝑒

− 1.3
𝑑𝑉𝑐

𝑑𝐿𝑐

) (38) 

Eq. (38) is differentiated with respect to 𝜃𝑒 and 𝜃𝑐, so that the 

equations (39) to (41) is obtained. 

𝐹𝑒 = 𝑃𝑎𝑒 (

𝑑𝑉𝑎𝑒
𝑑𝜃𝑒

⁄

𝑑𝐿𝑒
𝑑𝜃𝑒

⁄
− 1.3 

𝑑𝑉𝑐
𝑑𝜃𝑐

⁄

𝑑𝐿𝑐
𝑑𝜃𝑐

⁄
) (39) 

𝑑𝑉𝑎𝑒
𝑑𝜃𝑒

⁄

𝑑𝐿𝑒
𝑑𝜃𝑒

⁄
 =

𝑏𝑒 𝑡𝑎

𝑛𝑒sin𝜃𝑒

(2𝑐𝑜𝑠2𝜃𝑒 − 1) −
𝑏𝑒

2

4𝜋𝑛𝑒
2

 (3 cos2 𝜃𝑒 − 1) + 𝜋𝑡𝑎
2   

 (40) 

𝐹𝑒 = 𝑃𝑎𝑒 [
𝑏𝑒

2

4𝜋𝑛𝑒
2

(0.325 (3 cos2 𝜃𝑐 − 1) − (3 cos2 𝜃𝑒 − 1))

+ 𝑡𝑎(
𝑏𝑒

𝑛𝑒𝑠𝑖𝑛𝜃𝑒

(2 cos2 𝜃𝑒 − 1) + 𝜋𝑡𝑎)] 

 (41) 

The thickness of the tube (𝑡𝑏) and the braid sleeve (𝑡𝑠) are 

equal in the extensor and contraction muscles. Obtained for 

the calculation as shown in the equation (42) and (43). 

𝐷𝑎𝑐 = 𝐷𝑐 − 2𝑡𝑎 =
𝑏𝑐 sin 𝜃𝑐

𝜋𝑛𝑐

− 2𝑡𝑎  (42) 

𝑉𝑎𝑐 =
𝜋𝐷𝑎𝑐

2𝐿𝑐

4
=

𝜋𝑏𝑐 𝑐𝑜𝑠𝜃𝑐

4
(

𝑏𝑐
2 𝑠𝑖𝑛2𝜃𝑐 

𝜋2𝑛𝑐
2

−
4 𝑡𝑎𝑏𝑐 𝑠𝑖𝑛𝜃𝑐

𝜋𝑛𝑐

+ 4𝑡𝑎
2)        

 (43) 

The contraction force can thus be calculated using Eq. (44). 

𝐹𝑐 = −(𝑃𝑎𝑐 − 𝑃𝑎𝑒)
𝑑𝑉𝑎𝑐

𝑑𝐿𝑐

 (44) 

By differentiating with respect to 𝜃𝑐, so obtained the equation 

(45). 

𝐹𝑐 = −(𝑃𝑎𝑐 − 𝑃𝑎𝑒)[
𝑏𝑐  𝑡𝑎

𝑛𝑐sin𝜃𝑐

(2𝑐𝑜𝑠2𝜃𝑐 − 1) −
𝑏𝑐

2

4𝜋𝑛𝑐
2

 (3𝑐𝑜𝑠2𝜃𝑐 − 1) + 𝜋𝑡𝑎
2] 

 (45) 

Fig. 23. illustrates the difference between mathematical 

and experimental thickness. The average error percentages 

for each of the three experiments after the enhancement was 

5.132%, 4.54%, and 5.15%, respectively. 

 

Fig. 23. Extensor force of the CE-PAM: experimental and mathematical 

results with 𝑡𝑎 

XII. STIFFNESS OF THE COMPOUND EXTENSOR-PNEUMATIC 

ARTIFICIAL MUSCLE 

The new CE-PAM can alter stiffness without changing its 

length or alter the length without changing the stiffness. This 

has been proved through experiments with varying pressures 

for both the contraction and extensor muscles that comprise 

the CE-PAM. 

The muscle was hung vertically, as in previous stiffness 

experiments of the contraction and extensor muscles, but this 
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time the lower end remained free. The pressure was first 

applied to the extensor muscle until it reaches a length of 17.5 

cm at a pressure of 50 kPa, then the pressure was increased 

for the contraction muscle to 75 kPa. However, the muscle 

length remains 17.5 cm.  At that point, various loads were 

applied to the free end. The force of each load is calculated 

and the length measurement is taken manually to calculate the 

change in displacement at each load, the average of these 

results is calculated using the same previous methods for 

measuring stiffness, the stiffness is the force divided by the 

displacement 

The experiment was repeated to obtain a different 

stiffness with a constant length, where a pressure of 75 kPa 

and 125 kPa was applied to the extensor and contraction 

muscles, respectively with a fixed muscle length of 17.5 cm. 

A higher stiffness was obtained this time than in the previous 

experiment. The experiment was repeated at pressures of Pe 

= 1 kPa and Pc = 175 kPa and, at Pe = 125 kPa and Pc = 250 

kPa, and the displacement results were recorded to calculate 

the force and, consequently, the stiffness. The results are 

shown in Fig. 24. Different stiffness results (552.542N/m – 

863.552N/m - 1060.361 N/m - 1387.296 N/m) were obtained 

as shown in Fig. 25. 

It is possible to achieve fixed stiffness at a variable length 

by increasing the pressure on the extensor muscle to 75 kPa, 

to reach its length of 18.5 cm, then increasing the pressure on 

the contraction muscle to 1 kPa, and holding the muscle 

length at 18.5 cm. With a gradual increasing in pressure on 

both muscles (maintaining a length of 18.5 cm) and recording 

the stiffness values at a length of 17.5 cm as Fig. 26, it was 

found that when Pe = 125 kPa and Pc = 200 kPa the stiffness 

was (1084 N/m) and it was equal to the stiffness at length 17.5 

cm when Pe =100 kPa and Pc = 175 kPa. 

 

Fig. 24. The experimental results of the CE-PAM change in length with 

various attached loads at specific amounts of supplied pressure at a length of 

17.5 cm 

In Fig. 25 and Fig. 26 the stiffness is changed by 

controlling the pressure for both the EPAM and the CPAM. 

With the increase of pressure for each of these muscles, the 

stiffness will increase. The balloon was used in these 

experiments because it gave a good expansion under low 

pressures and did not need high pressures to expand 

significantly, but if the pressure is high, this leads to a burst 

of the balloon, that is, although the low pressure gives a good 

expansion, it limits the stiffness. The same experiments can 

be repeated to obtain higher stiffness by using different 

materials with higher resistance in muscle manufacture, such 

as rubber. It can withstand high pressures, which increases 

muscle stiffness. 

 

Fig. 25. CE-PAM stiffness at length 17.5 cm at different pressures 

The muscle was manufactured and measurements were 

taken manually, this reduced the accuracy of the model. It can 

be manufactured in a factory to obtain better results.  

It is worth noting that there is only one study to change 

the stiffness in this way, but it gave only a 15% expansion. 

 

Fig. 26. CE-PAM stiffness at length 18.5 cm at different pressures 

XIII. CONCLUSION 

This paper described the design and development of the 

compound extensor PAM (CE-PAM), which achieved a 30% 

expansion capacity under low pressures. This muscle could 

change its stiffness at a specific length and maintain it at 

different lengths. 

A mathematical model was developed to describe the CE-

PAM’s output force. To validate this model, three 

experiments were performed at pressures of 100 kPa, 150 

kPa, and 250 kPa. 
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The average error between the experimental and 

mathematical models for these three experiments was 

21.56%, 20.24%, and 21.79%, respectively. The 

mathematical model was improved by calculating the amount 

of wasted energy required to radially expand the bladder until 

it contacted the sleeve before the start of the expansion. The 

average error after this enhancement was 7.08%, 6.23%, and 

7.12% at pressures of 100 kPa, 150 kPa, and 250 kPa, 

respectively. Additionally, the mathematical model was 

enhanced by calculating the bladder thickness after 

conducting experiments on muscles of various bladder 

thicknesses and demonstrating the effect of the thickness on 

the contraction ratio under the same pressure, the result shows 

that the difference in the contraction ratios reached 

approximately four percent between the largest and smallest 

thicknesses, the difference in the average error between the 

mathematical and experimental results of the three 

experiments reached 5.132%, 4.54%, and 5.15%. A balloon 

bladder was used because it could expand well under low 

pressures due to its low resistance, and it was thinner and 

lighter in weight than rubber tubes. 

The most significant limitations of this work are that the 

muscle achieved only 30% extension and was manufactured 

manually, which reduced manufacturing accuracy. 

Additionally, although building the muscle from a balloon 

was less costly and lighter in weight, it caused misalignment, 

and friction was not reduced. 

In future work, the model can be enhanced to reduce the 

error between the mathematical and experimental results by 

calculating the friction between the bladder and the sleeve 

and the friction between the sleeve threads. The model can 

also be applied to muscles of various sizes. This type of 

muscle will have useful applications in, for example, 

rehabilitation robots.  
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