
Chapter 1 

Introduction 
1.1 Robotics actuators 

In most of robotic applications, the common actuator technology is electrical systems 

with very limited use of hydraulics or pneumatics. But electrical systems suffer from 

relatively low power/weight ratio and power/volume ratio. Electromagnetic motors 

DC motors, AC motors, stepper motors, linear motors, which are widely used in 

robotics at present fail on the requirements of weight and direct transmission. Weight 

is the major drawback of electric motors in this application. Electric motors have 

power to weight ratios in the order of magnitude of 100 W/kg, and their torque to 

weight ratios range more or less within l-10Nm/kg [1], Mean while hydraulic system 

suffer from relatively less reliability and expensiveness. Hydraulic actuators have a 

very good power to weight ratio, 2000W/kg on average and high torques at low 

speeds, but their energy source can leak due to the high operating pressures, typically 

20Mpa [1]. They can be directly connected to the robot joints, however. Compliance 

is not inherent to this type of actuation but it can be introduced by means of servo 

valve control. 

The most common pneumatic actuators are cylinders. These have power to weight 

ratios of 400W/kg [1], Pneumatic cylinders have been used for many years and are 

well adapted to simple repetitive tasks requiring only a very limited amount of system 

control [2]. They have not, however been widely applied in advance robotics due 

primarily to two interrelated problems, such as difficulty to control accurately and 

compliance (sponginess). Both of these problems are due to air compressibility. The 

human arm is not very accurate, but its lightness and joint flexibility due to the human 

musculature give it a natural capability for working in contact A novel pneumatic 

artificial muscle actuator has been regarded during the recent decades as an interesting 

alternative to hydraulic and electric actuators [3]. However, the main failure of 

pneumatic muscle actuator is non-linear behavior The present research works are 

highly focused to find out a suitable solution. Most importantly, it needs to be 

lightweight; especially in autonomous robot because adding weight to the system will 

create new faults like increasing required strength of supportive frame structure and 

energy demands. 
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Autonomous machine operation, requiring the energy source to be carried along, is a 

requirement that has not to be fulfilled in a first instance but its possibility needs to be 

present. Autonomous machine operation can then be guaranteed in a number of ways, 

e.g. by using on-board small size internal combustion engines and compressors [4], 

Now research works used to make robotic actuators to replace human muscle as much 

as possible. It was successfully progressing up to now. 

As mentioned above a new trend is to develope pneumatic actuators, which have more 

ability to replace human muscles. One of the developments was Pneumatic Artificial 

Muscle (PAM), which has a better power to weight ratio than a cylinder. Basically, 

this is a contractile device operated by pressurized gas. Its core element, the fluid 

chamber, is a deformable membrane, which is the reason of its low weight. Most of 

the existing types of PAMs use elastromeric materials for this and, hence, their 

deformation is based on material elongation. Power to weight ratios of these kinds of 

actuator exceeds values of 1 kW/kg [1], The most commonly used type, the 

McKibben Muscle, shows a moderate capacity of contraction, hysteresis as a result of 

friction between an outer sleeve and its membrane and threshold behavior. It is 

therefore difficult to control. Besides this, friction reduces the life span of this 

actuator. Other types use more or less high tensile stiffness membranes, trapped in 

netting and bulging through their meshes. Although friction is largely avoided this 

way, these types are difficult to build. Several research works are going on to meet 

following properties in order to make the pneumatic Muscles behavior excellent as 

human one [5]. 

(1) The membrane material deformation should minimize. 

(2) Minimum frictional hysteresis. 

(3) High tensile strength in the longitudinal direction. 

(4) Uniform membrane loading. 

(5) Low threshold pressure. 

(6) High maximum pressure and maximum contraction. 

From the discussion above, it is clear that material deformation should be avoided. 

This has been done using membrane rearranging in order to allow for inflation. The 

principle of rearranging was to have a membrane that in some way unfurls as it is 

inflated. When such PAMs contract their membrane's surface area do not change 

contrary to the increasing surface area of deforming membranes. 
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The basic idea of the Pleated Pneumatic Artificial Muscle (PPAM) was to do this by 

using a cylindrical membrane of a high tensile stiffness and high flexibility and 

folding it together along its central axis. The PPAM is very strong compared to other 

design which has a larger stroke and is not bothered by friction related hysteresis'. It is 

also extremely lightweight; a PPAM of less than 60 grams was seen able to pull 3500 

N [5]. In summary, PPAMs have several characteristics that are not inherent to other, 

more classical drives, and are an improvement over existing PAMs. Therefore, 

PPAMs are very suitable for range of robotic and automation applications [5] - [7]. 

For autonomous systems, it is crucial to apply lightweight actuators. For the passive 

dynamic walker, another requirement is that the actuators should not interface with 

the passive swinging motion of the legs. The geared motors or fluidic actuators used 

on most mechanical biped do not satisfy this requirement [8], By using pneumatic 

actuators, it can be achieved [9], Basically two compliant actuator technologies 

available out of it, PPAM technology use airflow to control the system. Originally it 

was developed for bipedal robot, for example LUCY bipedal walking robot uses 

PPAMs. The LUCY robot, which was made out of an aluminium alloy, all included 

weighs about 30 kg and is 150 cm tall. The robot has 12 pneumatic actuators to 

implement 6 degree of freedom [10], Presently, researchers exceed 20 DOF level 

robot hand with 186 touch sensors and 24 joint sensors, actuated by pneumatically 

driven Mckibben style muscles [11], It is very hard to control Pneumatic Muscles 

because of their non-linear and time varying behavior. Also uneven and unpredictable 

forces and pressure condition makes it highly complex. The limitations of the PAM 

manipulators have promoted research into a number of control strategies, So far, 

several advanced control strategies have been utilize to control pneumatic muscles, 

such as adoptive control method, predictive control method, gain scheduling control 

method, neural network control method and fuzzy logic based control method [12] 

[13] [14]. PPAM has gradually become a position to make use it to medical and 

industrial applications. In medical applications, it is aiming to replace body features 

with artificial features, which will help to treat patients as well as do the research on 

serious diseases. 



On the other hand in industrial application it may vary from simple muscle to 

complex working robot applications. The advantages of Pneumatic Artificial Muscle 

can be pointed out as follow. 

(1) High power to weight ratio. 

(2) High volume to weight ratio 

(3) Minimum environmental pollution. 

(4) High compactness. 

(5) Simplicity in design. 

As mentioned above each robotic actuator has relative advantages as well as 

disadvantages. Some of disadvantages can be listed as follows. 

(1) Highly nonlinear behavior. 

(2) Two different dynamic behaviors for inflation and deflation condition. 

1.2 Pneumatic artificial muscle 

Pneumatic Artificial Muscle (PAM) can be defined as contractile and linear motion 

engine operated by gas pressure. Pneumatic Muscle has lesser weight as well as high 

power to weight ratio which is around lkW/kg and it can handle more weight. For an 

example Pleated Pneumatic Artificial Muscle of less than 60 grams was seen able to 

pull 3500 N [5], Pneumatic Artificial Muscle can only obtain unidirectional linear 

motion and most of muscles operate better over pressure condition than under 

pressure condition. The reason for that was it needed higher energy consumption than 

over pressure Muscle. The characteristics of Pneumatic Artificial Muscle can be listed 

as follow; 

o Linear motion, 

o Unidirectional. 

o Over pressure operating muscle (Under pressure operating muscle are possible but 

it need more energy consumption). 

PAM usually operated at an over pressure generating and supplying compressed gas is 

easier to accomplish and, with ambient pressure mostly at about 100 kPa, a lot more 

energy can be conveyed by over pressure than by under pressure. Many kinds of fluid 

driven muscle like actuators have been developed. They can be distinguished 

according to their operation such as pneumatic or hydraulic operations, over pressure 
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or under pressure operations and according to their design such as stretching 

membrane or rearranging membrane type muscles. Few of them were discussed here. 

1.2.1 Braided muscles: 

Braided muscles Consists of Compressed gas tight elastic tube or bladder surrounded 

by a braided sleeving. Braided pneumatic actuators exhibit non-linear force-length 

properties grossly similar to a muscle, and have a high strength to weight ratio. These 

properties make them desirable for legged robot. In addition, braided muscle has a 

limitation. It can't be used at under pressure conditions [15] [16]. 

ol When pressurized 

Figure 1.1 Braided muscle 

1.2.2 Netted muscle: 

The difference between braided and netted muscle is the density of the network 

surrounding the membrane, a net being a mesh with relatively large holes and a braid 

being tightly woven. Because of this, if the membrane is of the stretching kind, it will 

only withstand low pressures. Therefore this type of fluid actuator will usually have a 

diaphragm of the rearranging kind [15]. 

1.2.3 Embedded muscle: 

The load carrying structure of this type of fluid muscles is embedded in its membrane. 

Under Pressure Artificial Muscle belongs to this category [15]. 
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(») i;b) (c) 

Figure 1.2 Embedded muscles 

1.3 Simple applications of pneumatic artificial muscle 

1.3.1 Lifting and lowering masses 

Using a single PAM, it can be obtain one degree of freedom actuator that has the 

ability of lowering and lifting the mass. The Pneumatic Muscle can handle high loads 

with a high power/weight ratio. To depict the dynamic and static behavior of single 

muscle system a mathematically derived non-liner equation can be used. The air 

pressure inside the muscle depends on the amount of air inside the muscle and 

pressure developed by the muscle will be directly inter-related with force exerted by 

the muscle[17].PAM could develop required force values by means of controlling the 

air flow rate accordingly [18]. In order to test out the practical behavior, a pressure 

sensor, pressure regulating valve, flow regulating valve and a proper interface would 

be required [19]. 

Pneumatic 
Muscle 
(inflated) 

Pneumatic 
Muscle (fully 
deflated) 

Figure 1.3 Lifting and lowering masses 
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1.3.2 Antagonistic setups 

Pneumatic artificial muscle actuators are contractile non-linear device and can 

consequently, generate motion in only one direction. However, by employing two 

muscles it can be constructed two degree of freedom actuator [20], In the case of 

rotary actuators, the angle can be controlled by means of flow and pressure regulation. 

On the other hand linear actuators can be used to control the movement of an object 

within the limits of the track. The opposite connection of the muscles to the load is 

generally referred to as an Antagonistic setup. The antagonistic coupling can be used 

for either linear or rotational motion, because the generated force of each muscle is 

proportional to the applied pressure, the equilibrium position of the effecter driven by 

the antagonistic couple will be determined by the ratio of both muscle gauge 

pressures. And only the ratio of gauge pressures will determine the equilibrium 

position [15]. 
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Figure 1.4 Antagonistic Setups 

1.3.3 Biceps and triceps configurations 

By accommodating a single pneumatic muscle, the bicep configuration of the human 

arm could be modeled. However, the controlling task of Pneumatic muscle is not 

same as an actual human arm. The muscle configuration of actual human arm will 

appeared in Figure 1.5. More researches are being carried out to find out much 

sophisticated solution [13] [21]. 



Virtually half of the human body weight is made up of the muscular system. Muscles 

are excitable, contractible organs. In order to perform movement they need to exist in 

pairs, since they can only generate and transmit tensile forces. As you can see in 

Figure 1.5, these are biceps and triceps (agonist and antagonist, muscle and counter 

muscle) [26], 

Figure 1.5 Muscle configurations in the human arm 
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1.4 Industrial applications of pneumatic artificial muscle 

By employing the above simple application, it is possible to develop many real world 

applications, of which some examples are illustrated below. 

Robotics applications: 

As shown in Figure 1.6 robot arms could be constructed using pneumatic muscles. 

Once it is possible to control the compressed air pressure, it is also possible to control 

the pneumatic robot arm. For high precision applications, the dynamic motion needs 

to be fine tuned [26]. 

Figure 1.6 Pneumatic robots 

Drive for a tab punching: 

Pneumatic muscle can be used for repetitive upward and downward motion. Therefore 

it can be used to drive a tab punching machine. 

P " 
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Figure 1.7 Pneumatic muscle applications (Drive for a tab punching). 



Emergency stop for rollers: 

The sponginess nature of Pneumatic muscles makes the muscle good in absorbing 

emergency shocks. Therefore pneumatic muscles can be used in emergency stop 

mechanisms as shown in Figure 1.8. 

Figure 1.8 Pneumatic muscle applications (Emergency stop for rollers). 

Drive for a vibratory hopper: 

To generate vibration there should be some kind of cyclic or repetitive force 

component attached with the machine. Due to the spring effect of pneumatic muscles, 

those are well applicable for these kinds of applications. 

Figure 1.9 Pneumatic muscle applications (Drive for a vibratory hopper). 
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Drive for a fatigue failure testing bench: 

To test the failure due to fatigue repetitive impact force should be applied to the 

object. Due to both spring and damping effect of pneumatic muscles those are well 

applicable for this kind of applications. 

\ \ \ \ \ > ^ \ \ \ \ \ \ 

Pneumatic 
Muscle 

Cyclic Motion 

Figure 1.10 Pneumatic muscle applications (Drive for a fatigue failure testing bench) 
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1.5 Research objective 

For several decades already, industrial robots have proved their value by obtaining 

high performance in terms of speed, accuracy and reliability. By employing high 

accurate electric and mechanical actuators robots are built that even have nanometer 

precision. This state of the art technology is reached by making the construction as 

ideal as possible. The constructions are very stiff, the behavior is almost perfectly 

linear and every degree of freedom can be independently controlled. But it has some 

negative points too. In comparison to pneumatic robot actuators, electrical and 

mechanical actuators have low power to weight ratio. Moreover, their heavy 

construction and strength makes interaction with human dangerous. Therefore, the 

robot should be in lightweight and the force generated should be restricted. As far as 

human safety and power to weight ratio is concerned, pneumatic muscle would be the 

best alternative. But the main difficulty is high non-linear behavior of the pneumatic 

muscle. Due to that it is very hard to think about the controlling function of the 

pneumatic muscle. 

This research work is mainly considered about developing and controlling of a 

pneumatic robot arm. As discussed above there are several industrial applications and 

all the applications initiate with single pneumatic muscle. By means of analyzing a 

single pneumatic muscle dynamic behavior, it could give a better view of simple 

industrial applications. Then the dynamic analysis of the pneumatic muscle will lead 

to develop the state space model for bicep configuration. More generally inversion 

technique will be utilized to tackle nonlinear situation like this. The inversion 

technique has also been applied to a number of output tracking applications such as 

precision control of flexible manipulators, aircraft control, high precision positioning 

etc. So finally, the objective is to narrow down to control a pneumatic robot arm by 

means of an inverse based tracking method. 
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1.6 Dynamic behavior of pneumatic artificial muscle 

Understanding the dynamics of the pneumatic muscle is necessary to decide 

preferable controlling task. At initial condition (fully deflated condition) force exerted 

by pneumatic muscle is equal to zero. And at final condition it is has some value and 

let's take it as F N. Where the dynamical equation describing the system of figure 3 is 

as follows [13] [25], 

Where, 

F = Force exerted on PM. 

B(x) = Give force exerted by the viscous friction action. 

K(x) = Give forces due to spring action. 

B (x) and K (x) are coefficients 

defend on whether the PM is being inflated or deflated as follows. 

At Inflation: 

F + B{x)x + K(x)x = -Mix (1.1) 

Bt(x) = 0.04x2 +1.30x + 12.60 

K: (x) = 1,6x2 +10.9x + 27.10 
(1.2) 

At Deflation: 

Bj(x) = 0 .12i 2 + 2 .49 i + 14.48 

Kd(x) = 3.6x2 + 20.7x +47.23 
(1.3) 
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