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Abstract—Recent Developments in engineering and robotics 

has brought technology into the close proximity of the human 
body. The exoskeleton is a wearable technology that can assist 
the wearer with the strenuous and cumbersome operations and 
relieve stress and fatigue in the wearer. 

In this paper, we discuss the full body hybrid exoskeleton that 
is a combination of active upper body exoskeleton and passive 
lower body exoskeleton. The focus of this research work is to 
develop an exoskeleton which can be made available at a lower 
price as compared to present day exoskeleton which is still out 
of reach of masses. This paper discusses the innovative approach 
in developing the exoskeleton; Pneumatic artificial muscles are 
used in the upper body exoskeleton which provides flexibility   
to the wearer; and a lower body exoskeleton which uses passive 
mechanism for its operation. Passive lower body exoskeleton 
uses two ratchets per leg for transferring the forces to the 
ground by locking and unlocking which is controlled by a servo. 
As the lower body exoskeleton is passive it requires a minimal 
amount of energy resulting in reduced battery consumption and 
larger operational period. 

Keywords—Exoskeleton, Robotics, Pneumatic Artificial Mus- 
cles, Arduino, Wearable Technology, Finite Element Analysis 

 

I. INTRODUCTION 

Time and again human intellect have solved a plethora of 

problems and overcome many limitations. However, many 

possibilities are limited by  the  lack  of  physical  aspects  

like speed, strength and endurance. Research in wearable 

technology and robotics has led to the development of devices 

like exoskeletons. Like our skeleton, that support our body 

internally, exoskeleton aids our body externally. In the era of 

complete automation and robotization, there are still many 

tasks that require human intervention. The Exoskeletons can 

relieve the human muscles and mitigate the fatigue incurred. 

They can also help the paraplegic and disabled. Many 

researchers are working on exoskeleton technology and a few 

have succeeded in creating the exoskeleton, but it is observed 

that their operational period is low, as many of them required 

powerful servo motor actuator for their working.                          
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Such powerful actuator requires inbuilt power source which 

increases weight of the device as well as decreases the 

efficiency. So there is a major need of developing human 

exoskeleton that is flexible enough to work, has longer 

operational period and available for the masses. 

 

Fig. 1. Exoskeletons a) Hardiman b) An exoskeleton system designed for 
paraplegics by Seireg et al [1] c) HAL 

II. LITERATURE REVIEW 

Though we take walking for granted, it is an elusive dream 

for those with spinal cord injuries. ReWalk robotics, ReWalk 

exoskeleton [2] gave hope to many people, who had  no  

hope of ever standing upright again, are on their feet and 

walking. ReWalk is strapped onto the legs and torso and 

switched on with a smart wrist born controller once activated 

users are generally able to stand without assistance. When 

the user’s upper body is tilted forward, ReWalk’s motors 

respond by initiating a forward step. Repeating this motion 

causes ReWalk to generate a sequence of steps that mimics 

natural walking. Walking Canes are strapped to the forearms 

for balancing. The most widely known powered walk-assist 

device, ReWalk has been approved by the US Food and Drug 

Administration for home and community use. It has a speed 

up to 2.2 km/h and 2 h 40 min of battery life. Operation 

Modes include normal walking mode, sit–stand, stand–sit,  

up steps. It can cost upto 70k USD. 

Another company that has created an advanced life- 

changing exoskeleton is New Zealand’s Rex robotics. The 

Rex [3], walking device is a product they believe will help 

certain wheelchair users who can operate hand controls 

achieve freedom and upright mobility. Self-supporting and 

controlled by the user, Rex can help paraplegic stand, walk 

and move around with both legs, suitable for a wide range   

of uses. Using Rex, patients can attain an upright position 
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allowing them to participate in a series of robot supported 

exercises also envisioned for home and work use. Rex has 2- 

h battery life and cost 150k USD. It uses Non-invasive brain 

interface (non-risky) technique for data acquisition directly 

from the brain. 

In addition to gaining millions  of  civilian  fans  around 

the world the Iron Man movies has apparently caught the 

attention of the United States military. The EXO s2 [4], 30 

DOF powered exoskeleton from Raytheon and its subsidiary 

Sarcos in the field. The EXO s2 does the lifting for its 

operator reducing both strain, exertion and enable users to 

work much faster. According to the creators one operator    

in an exoskeleton suit can do the work of two to three 

soldiers; allowing military personnel to be assigned more 

demanding tasks. Powered by high-pressure hydraulics the 

EXO s2 employs several sensors, actuators and controllers’. 

It has Multi-axis force-moment transducers for sensing and 

control. Users can easily lift upto 200 pounds repeatedly 

without fatigue and has Large strength ratio increase of 17:1. 

Yet with all its virtues the EXO s2 is extremely agile allowing 

for more delicate movements with Speed 1.3 m/s with 68 kg 

on back. It can carry weight unto 84 kg. But it has less 

flexibility as the wearer’s feet are not allowed to bend. 

III. DESIGN OF EXOS 

The Compressed Air Powered Exoskeleton Using Flexible 

Fluidic Actuators consists of two subsystems viz: upper  

body active exoskeleton and lower body passive exoskeleton. 

Fig.2 and fig. 3  show  the  front  perspective  view  as well 

as as back perspective view of the upper body exoskeleton 

(UBE), respectively, while the full body exoskeleton’s actual 

prototype and the computer aided design can be seen in the 

Fig. 5 A and B respectively. 

A. Design of Upper Body Exoskeleton 

Upper body consist of pneumatic artificial muscles (PAM) 

on each hand which provides active power to the user. Each 

hand consists of 3 PAM actuators of length 83cm each, which 

inflate when compressed air is filled  inside  it,  providing  

the force for lifting weights or doing work. PAM works 

similar to our muscles and gives the required force upon 

contraction. It consists of a silicone rubber tube covered with 

a nylon braided mesh. When compressed air is filled inside 

the silicone tube, it inflates and starts to contract the nylon 

mesh. This provides constraint for silicone tube to expand in 

a uni directional way. Furthermore, each hand consists of 2 

ball pin joint to provide flexibility to the wearer. Complete 

structure of upper body exoskeleton is made of stainless steel 

and has a high factor of safety of 6. All accessories are 

mounted on the space frame. The architecture of UBE is 

shown in Fig. 2 

UBE has a 10l storage for compressed air. It also has an 

onboard compressor of 35 l/min mass flow rate for longer 

duration of run. It houses a pneumatic control circuit for 

 

 
 

Fig. 2.  Architecture of ULE: Oblique front view 

 
 

 

Fig. 3.  Architecture of ULE: Oblique Rear view 

 

 

controlling the air into the PAM actuator and an shut-off valve 

to retain the inflated state. All electronic circuitry is mounted 

behind the space frame and are housed in an acrylic box as 

shown in Fig. 3. A master- slave arrangement of Arduino 

Mega and uno is used to control the directional control valve 

and servos of lower body passive exoskeleton respectively. It 

also controls ON/OFF actuation of the compressor. 

The pneumatic circuit consists of a storage of compressed 

air , solenoid actuated directional control valve , a Filtration 

Regulation and Lubrication (FRL) unit and the PAM actua- 

tors. 

B. Design of Lower Body Exoskeleton 

Lower body exoskeleton (LBE) is a passive exoskeleton 

i.e. it does not uses powered actuator for gait actuation, rather 

it uses locking and unlocking arrangement, transferring the 

load to the ground.LBE has four degrees of freedom in each 

leg ,2 Dof at hip and 1 at knee and ankle each. LBE is 

attached to the users legs with help of belts and straps. It 

transmits all the forces, exerted by the payload to the ground 

and virtually no forces are exerted on the wearers body [6]. 

 
1) Joint Assembly: Each joint assembly consist of a two 

way ratchet , 3D printed attachment, an aluminum casing  

and a servo for its actuation. Servo is used as mean for 

controlling the direction of ratcheting of two way ratchet. 



Both the ratchets are bidirectional and has three positions    

in total. It allows rightward rotation while blocking left, in 

left ward rotation blocking opposite rotation and in neutral 

position it can rotate in both direction freely. The architecture 

of the ratchet joint can be seen in the Fig. 4. The rotation of 

ratchet it controlled by moving toggle knob with help of a 

servo. Servo MG996R used for this application has a torque 

of 1.2 N/m. As the servos are only used for shifting toggle 

knob it consumesa minimal amount of energy. Two joints are 

connected together by stainless steel pipe of Grade AISI 304 

[5] having outer diameter 19 mm and thickness 2mm. 

 

 

Fig. 4. Ratchet and Joint Assembly 

 

 
 

 
Fig. 5. EXOS: A) Actual Model B) CAD rendering 

 
IV. ELECTRONIC ARCHITECTURE 

For smooth Exoskeleton-Human interaction, effective com- 

munication and multithreading is essential. As using a single 

microcontroller will cause the issues with the same, a master- 

slave arrangement of Arduino Mega (master) and Uno (slave) 

is used. 

We are using Arduino Open Source Platform to operate the 

Exoskeleton in Autonomous mode. Controller on the system 

is taking feedback from the force sensor to control the joints 

at hip, knee and ankle and flex sensor (resistive type) are 

used to take feedback from the hand motion real time to 

actuate the PAM when user trying to lift the weight. The 

entire system architecture is shown in Fig. 6. 

 

 
Fig. 6. Electronics System Architecture 

 

Battery system used is Lithium polymer battery pack 12- 

volt 3 s 5200mAh. Battery will power up all the electronics 

on the system along with the Direction Control Valves, 

Microcontroller , Relay Board and Servo motors. Servo 

requires voltage of 5v for their operation but the battery 

voltage is 12 volt so in order to reduce that battery voltage to 

5 volt buck converter is used. Buck converter also supplies the 

voltage to the microcontroller. There are total 6 servo which 

require max current of 1 ampere for each servo and buck 

converter can supply only maximum 3 A current . Hence, 

two buck converter are used to operate the servos. 

V. MODELING AND SIMULATION 

The solid modeling was done in Solid Works. The model 

was simulated for various loads and loading conditions using 

Finite Element Method (FEM). The simulations were done  

in ANSYS R18.1. The effect of various standing and sitting 

postures along with bending postures was also simulated. 

Various load cases that were simulated are: 

• Joint Angle 



where, 

√ 

Σ 
− 

Σ

r = 

 (1) 

• Height of rear plate from ground 

• Load and load center 

Initially the EXOS was modeled simplistically, by approx- 

imating the ratchets with revolute joints and PAMs as beams 

joining the load and the support channels. The simplified 

model is shown if the Fig.7 
 

Fig. 7. Simplified EXOS model 

 

The load was incremented from 30kg to 90 kg and the  

load center was increased from 150mm to 300mm from the 

rear plate. The Pearsons’ correlation coefficients were found 

using the formula: 

 

N xy (x).(y) 

[N 
Σ 

x2 − (
Σ 

x)2][N 
Σ 

y2 − (
Σ 

y)2] 

N= No. of observations 

x=  x scores 

y=  y scores 

 
A. Joint angle 

The key input variables were Joint Angles at Ankle, Knee 

and Hip joints. The output parameters were Total maximum 

TABLE I 
PEARSONS’ CORRELATION COEFFICIENT MATRIX: BENDING DOE 

 

Description 
Knee An- 
gle 

Hip angle 
Ankle An- 
gle 

Knee Force Reaction X 
Axis 

0.0000 -0.9376 0.0000 

Knee Force Reaction Y 
Axis 

0.0000 0.8664 0.0000 

Knee Force Reaction Z 
Axis 

0.0000 0.4591 0.0000 

Knee Force Reaction Total 0.0000 0.8693 0.0000 

Hip Force Reaction X 
Axis 

0.0000 0.0000 0.2918 

Hip Force Reaction Y 
Axis 

0.0000 0.0000 -0.6869 

Hip Force Reaction Z 
Axis 

0.0000 -0.3765 -0.3155 

Hip Force Reaction Total 0.0000 0.0000 0.7475 

Ankle Force Reaction X 
Axis 

0.1613 0.0000 -0.5119 

Ankle Force Reaction Y 
Axis 

0.2712 0.0000 0.4150 

Ankle Force Reaction Z 
Axis 

0.1178 0.0000 0.5658 

Ankle Force Reaction To- 
tal 

0.2841 0.0000 0.5337 

Maximum Equivalent 
Stress X Axis 

0.1613 0.0000 0.9626 

Maximum Total Deforma- 
tion X Axis 

0.0000 -0.2936 0.8486 

 

 
deformation, Maximum equivalent Von-Mises stress and all 

three reaction components at each joint developed due to 

loading. The Ratcheted joints were modeled as plain revolute 

joints with same joint offset as that of ratchets, for simplicity 

in simulation. The load of 300 N in negative Y direction was 

applied at the point (0,1200,350) remotely to the points of 

harness mounting. The gravity is -9.81 m/s 2 in -Y direction. 

The solution converged after 126 iterations. The Correlation 

matrix formed using equation (1) is summerized in Table. I 

 

 
The correlation and sensitivity matrix suggests that: 

• The total deformation and maximum equivalent stress 

show a strong positive coupling of outcomes with the 

ankle joint. 

• The hip angle shows a strong negative coupling with  

the X reaction in Knee joint, while a strong positive 

coupling with the Y component and total reaction force 

in knee joint. There is a slight negative coupling between 

hip angle and Z component of reaction in Hip joint 

• The ankle angle shows a weak negative coupling with 

the Y reaction of Hip joint and weaker correlation Z 

reaction of Hip joint. However the coupling with total 

reaction force is relatively stronger and positive. 

• The Knee joint angle only shows a slight positive 

coupling on the ankle joint reactions and thus is not    

an essential criteria. 



B. Height 

Similar to bending; sitting and standing are also impor- 

tant load cases that we need to consider in designing the 

exoskeleton. The height from the ground at which we lock 

the mechanism, is expected to show correlation with the joint 

reaction forces and moments. The same are investigated in 

this DoE. The key input variable is the Height from the 

ground, while the output variables are the joint reaction forces 

and moment components along with the maximum equivalent 

stress and deformation. The correlation matrix based upon 

equation 1 is shown in Table. II 

 
TABLE II 

PEARSONS’ CORRELATION COEFFICIENT MATRIX: HEIGHT DOE 
 

Description Height 

Ankle Moment Reaction X Axis 0.0000 

Knee Moment Reaction X Axis 0.9931 

Hip Moment Reaction X Axis 0.0000 

Ankle Moment Reaction Y Axis -0.9456 

Knee Moment Reaction Y Axis -0.9929 

Hip Moment Reaction Y Axis -0.9286 

Ankle Moment Reaction Z Axis -0.8645 

Knee Moment Reaction Z Axis 0.7246 

Hip Moment Reaction Z Axis 0.7316 

Ankle Moment Reaction Total 0.0000 

Knee Moment Reaction Total 0.3726 

Hip Moment Reaction Total -0.9876 

Ankle Force Reaction X axis -0.9888 

Knee Force Reaction X axis -0.9800 

Hip Force Reaction X axis -0.9899 

Ankle Force Reaction Y axis 0.1038 

Knee Force Reaction Y axis 0.1154 

Hip Force Reaction Y axis 0.1218 

Ankle Force Reaction Z axis 0.3264 

Knee Force Reaction Z axis 0.3343 

Hip Force Reaction Z axis 0.3198 

Ankle Force Reaction Total 0.0000 

Knee Force Reaction Total 0.0000 

Hip Force Reaction Total 0.0000 

Total Maximum Deformation 0.9844 

Maximum Equilent Stress -0.6145 

 
• The height shows positive coupling, strongly with mo- 

ment along X and Z axis knee joint and Z axis of hip 

joint while, weak with Y and Z reactions of all the joints. 

• The height shows negative coupling, strongly with Y 

moments of all the three joints and X reactions forces   

of all the three joints. 

• The ankle X moment and total reaction forces are 

independent of the height 

• The total Deformation shows a strong positive corre- 

lation with height while Maximum Equivalent stress 

shows a negative coupling with height. 

 
C. load and load center 

The reactions, moments deformation and maximum stress 

are all showing an increasing trend with both load and load 

centre. This is quite expected. 

 

 
 

Fig. 8. Height Vs X Axis moment reaction plot. Axis X= Hip joint axis; 
Axis 2X= Knee Joint; 3X= Ankle Angle 

 
 

 

Fig.  9.   Stress contour 

 

 

VI. RESULT AND DISCUSSION 

 
As can it can be seen from Design of Experiments that the 

reactions and maximum deformation and stress are a strong 

relations with the ankle and hip angles while knee angle is 

not an important design parameter. It was also seen that the 

reactions are large when standing in upright positions for 

90kg load and 300mm load center. This position was thus 

investigated further and the results are shown in the Fig. 9- 

10. 

It can be seen that maximum stress is at the PAM mounting 

section and the Hip bearing casing. The PAM mountings 

stress is mostly concentrated locally and thus can be ignored. 

The structure is thus safe. 

The deformation contour is shown in Fig. 11. The maxi- 

mum deformation is at the PAM mounting sections and the 

minimum is seen near the foot region. These deformations 

are mostly in acceptable range. 



 
 

Fig. 10. Stress Contour magnified view: PAM mounting 

 

 
 

Fig. 11. Deformation Contour 

 
 

VII. CONCLUSION 

The correlation matrix bails out the knee angle as an 

important design angle. This is advantageous because, during 

operations like walking and sitting/standing knee angle is 

expected to change more often. This, however will not affect 

the reactions and deformations much. The moment reaction 

about X axis in knee joint changes the sign at height 760mm 

8, the height of the at hip bearing casing needs to be in the 

neighborhood of this value at standing upright position. As 

the mechanism is not rigidly fastened to the body, it is quite 

possible to maintain. Thus EXOS gives a good flexibility in 

the wearers’ physical dimensions. 

VIII. FUTURE SCOPE 

The current model of exoskeleton is an amalgamation of 

Active and Passive exoskeleton and thus has a both virtues 

and shortcomings of them. Due to the high prototyping value 

many components were manufactured using Acrylic material. 

this has made them susceptible to the breaking upon dropping 

 

 

 

 

 
Fig. 12. :Right Front View; Left: Rear View of actual prototype 

 

 

 
from the height. Apart from this there are many functional 

issues, which are discussed below. 

As the lower body exoskeleton is passive, there is a severe 

inability to move while carrying the payload. The ratchets 

shows different locking behaviours upon loading and unload- 

ing and there is a certain degree of backlash. to overcome 

these shortcomings, the ratchets are needed to be tailored for 

exoskeleton purpose so that there is minimal backlash and     

a close tolerance can be maintained to reduce the play and 

backlash during operation. To solve the mobility issues while 

carrying the payload we need to develop powered joints. 

However, this may add weight to the suit and thus reduce the 

gross payload, it will also add up to the battery consumption. 

To overcome this we need to develop compact motored joint 

with gearboxes implementing Advanced technologies like 

Harmonic drives and Planetary gearboxes. The Upper body 

exoskeleton having Pneumatic Artificial Muscles and thus has 

severe limitation of Stroke and force. A thorough research is 

needed for the development of PAM’s or an equally effective 

alternative needs to be found for the same purpose. 

Despite all these limitations, the success of this prototype 

lies in successful implementation of PAM’s to create a flex- 

ible yet strong Powered exoskeleton, that will not hinder the 

motion when not loaded, unlike its counterparts available in 

market. combined with a compact passive lower exoskeleton, 

the suit becomes drastically lightweight and user friendly. If 

the chassis and structural members are made with the  

lightweight composites and fibers that will also strength to 

the structure, giving it a competitive edge and thus unleashing 

its utility and commercial potential. 
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