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Abstract— Exoskeletons flourished in early 1960s which 

was used for heavy lifting purpose. Many exoskeletons are 

developed and are being developed for load carrying 

purpose. The major parameters to be considered are design 

and power source. This paper emphasizes about the 

approach for design of upper limb part of exoskeleton and 

analysis of the designed limb. In the ends there are 

discussions of actuators to be used and their relative force 

for actuation and also about the results and future 

developments. 
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I. INTRODUCTION 

The first exoskeleton was called as Hardiman which was 

made by general electric in 1960s.This was used for lifting 

purpose, which could carry 110 kilograms powered by 

hydraulics and electricity. Our goal was also to make an 

exoskeleton which could help humans to carry a weight at 

least above 20kgs capacity. According to research an 

average man can lift 70kgs. So to lift above 70kgs of weight 

a proper design of exoskeleton is needed. A suit which is 

ergonomic and lighter in weight is necessary for a better 

efficiency. Design of a structural frame alone is not 

sufficient to meet the goal, a proper analysis of the design 

and right choice of actuators and mechanism is very much 

required [3][9]. The movement of exoskeleton limbs should 

sync with human motions for easy mobility. So analyzing 

the motions of human arms and their moving styles are 

taken into account [7].For producing an exact motions of 

human arm, number of joints and degrees of freedom are to 

be noted [1][2].  The wearer shouldn’t feel uneasy while 

wearing it or operating the suit [11].Consideration of 

dynamics and kinematics is necessary for a power 

augmented wearable robot which is able to handle heavy 

objects [6]. We planned for designing a full body 

exoskeleton but since this is an upper limb type, the first 

focus will be on upper limbs only. This is because the load 

acts on the limbs first and transmits it further to the body. So 

we have to see whether the limb can withstand the load and 

check how the motion is produced during simulation. For an 

analysis, certain parameters are to be considered, like type 

of material, geometry, elements, type of analysis, etc. The 

further topics about the approach of design and analysis 

process are in detail. The result and calculations are 

discussed and concluded whether it is feasible and efficient 

or not. 

II. DESIGN OF UPPER LIMB EXOSKELETON 

The design of upper limb was first made in manual sketch. 

The arm measurements were taken and sketched upper limb 

portion according to it. A human arm has 6 degrees of 

freedom without considering finger movements. In the 

design of our upper limb we eliminated 2 DOF’s of wrist. 

The wrist wasn’t considered because of necessity of 

simplified system. So totally only 4 DOF’s were considered 

and designed. All 4 DOF’s are as follows: i) up and down 

motion of forearm from elbow joint, ii) left and right motion 

of forearm from elbow joint, iii) up and down motion from 

shoulder joint, iv) left to right motion from shoulder joint. 

As this is a prototype project we are using day-to-day seen 

objects in furniture and other machineries for fabrication of 

upper limb exoskeleton, which will be future part after the 

complete design and analysis. We planned to use nuts and 

bolts for multi-axis joints and a wheel holder of wheelchair 

for rotation of arm. These components were reviewed as per 

requirements and noted the measurements for designing.  

A. Model 

The drawing according to the dimensions obtained from 

components and human arm was drafted using CATIA 

V5R20 software. The hollow pipes or tubes are used for the 

anterior and posterior region of arms. A single hollow tube 

for anterior region of arm i.e., forearms and two hollow tube 

for the posterior region of arm since it’ll give a good support 

and protection. Nuts and bolts of M10 size were 

incorporated from catia library for multi-joint portion. 

Miscellaneous aiding parts like flat plates for elbow region 

and a solid rod for extension from shoulder region to the line 

of occipital region. The extended rod will be fastened to 

wheel holder component and subsequently fastened to a 

solid rod which has a length of 50mm aligned at occipital 

protuberance region (refer figure 5). This later mentioned 

rod is eliminated in design part as it is not necessary for 

analysis part. Each component as mentioned in the 

paragraph were drafted and designed according to the 

dimensions and later assembled. The detailed assembled 

part is illustrated below. 

 
Fig. 1: Assembled upper limb of exoskeleton 

The following figs are the respective views of assembled 

upper limb. 
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Fig. 2:  Front view of upper limb 

 
Fig. 3: Top view of upper limb 

 
Fig. 4: Left view of upper limb 

 
Fig. 5: Upper limb with its notations 

The above figure illustrates the following 

components: (1) wheel holder (2) plates with different 

thickness (3) hollow tube (4) solid rod (5) M10 nut. The 

above figure also depicts its different axis. As per the figure, 

the shoulder portion ends at axis ‘A’ when worn. Along axis 

‘A’ the motion is up-down, along axis ‘B’ the forearm 

moves from left to right (yawing) and vice versa. Along the 

axis ‘C’ the forearm and shoulder will have rolling motion. 

The axis ‘G’ and ‘F’ helps in pitching of whole arm. The 

Solid rod of 50 mm which will be joined with trunk frame 

will be fastened to M10 nut which is along axis ‘F’. This 

solid rod will be along occipital region line when worn. The 

fabrication of this portion will be done in future.  

III. ANALYSIS OF UPPER LIMB 

The design done with catia is incorporated into hypermesh 

software for an analysis. Finite element analysis is done for 

the product designed. This finite element analysis method 

helps in predicting how the product reacts to real-world 

forces and other physical effects. Before starting the analysis 

one has to do geometry cleanup i.e. clearing error in 

geometry if anything present. Then mid-plane surfaces are 

created for different parts. This is usually done by every 

analyst. After cleanup and surface creation, meshing is done 

to every part of the product according to the element type. 

The basic idea of finite element is to make calculations at 

only finite number of points and interpolating results for 

entire domain. 

There are different types of elements used for 

different geometries. 1D, 2D and 3D are the element 

types.1D element type is used for long shafts, beams and 

connection elements. 2D element type is used for sheet 

metal, plastic panels; etc.3D element type is used for 

transmission casing, engine blocks, etc. There are other 

element types too, for weld, gap and damping purpose. For 

our analysis we mainly use 1D,2D and other element types 

like weld and concentrated mass. Major portions of the 

product are considered to be 2D element type. This element 

type is used when two of the dimensions are very large in 

comparison. This 2D is further classified into shell and solid 

type elements. Shell is further classified as quad4 and tria3. 

Solid type is classified into hexa8 and penta6. These are the 

elements used for meshing the parts. Upper limb is meshed 

completely according to element types as mentioned. The 

complete meshed part will be as shown in the figure 6. 

 
Fig. 6:  Upper limb after meshing 

Shell type element (quad4, tria3)  is taken for tubes 

and solid type element  (hexa8, penta6)  for plates, nuts, etc. 

the gap provided for weld is treated as rigid element type i.e. 
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RBE2. The bolts and joints are taken as 1d element and 

constrained according to the D.O.F required. The RBE2 

element type for weld is as shown in figure 7. 

 
Fig. 7:  Meshed part showing RBE2 element 

Once the meshing is done different parts are 

constrained and DOF’s are defined with respect to local 

coordinate system and global coordinate system. Now the 

values are called for global output request i.e. values for 

force data, material data, etc. As said earlier the area of 

interest for analysis is only the limb part because the load 

first acts on the tip of the limb as the object is tied or fixed 

to the tip of the hollow tube (forearm part). So the load 

acting on the hollow tube is assigned and divided according 

to the number of nodes present. We have taken 6 nodes, so 

the load assigned is divided into six. We tried to find the 

positive result by applying trial and error method. Different 

forces were assigned and checked for their results. In further 

part of this section we can discuss about the results and 

errors faced analysis. The right force to be acted on the 

selected portion is 235N i.e. 39.16N on each node.  The load 

acting on the limb is as shown in the figure 8. 

 
Fig. 8: Load acting on the hollow tube 

After force data, it is the material data required to 

call. It is a very important parameter because the behavior 

and result is relied on material properties too. A material 

with good strength and endurance is required to withstand 

force produced by the load applied. 

The material we chose was steel (A106 grade ‘B’). 

It is economic and easily available in the market for 

fabrication work in future.  

Coming to analysis part, there are two analysis 

types’ i.e. linear static analysis and non linear analysis. 

Usually analysts consider linear static analysis for any 

product or structure. Why do we need linear static analysis? 

Linear static analysis is done for materials which has linear 

behavior i.e. usually ductile materials. The material used is 

a106 grade b steel. This material behaves linearly upto 

elastic limit. We only require the behavior of material up to 

elastic region. The non-linear region is eliminated for 

analysis. 

 
Fig. 9: Stress-strain graph of steel 

The basic equation of elemental analysis is: 

[F]=[K]*[U][F] = force, [K] = stiffness, [U] = 

displacement. The stiffness remains constant in linear 

material and displacement varies according to the force 

applied. We don’t want the material to fail but remain in 

elastic region only. This is the purpose of linear static 

analysis. The type of solver used in this analysis is an 

optistruct solver. It is a gradient approach optimization 

platform. It can utilize any of the analysis type available in 

the hyperworks environment. How the solver works is that it 

iterates the solution based on the responses from the existing 

model and their loads cases. As we wanted to lift a weight of 

35kgs which is average capacity when calculated for one 

limb, so we first analyzed with 343N of force. But it failed 

to produce a positive result. The region at the elbow region 

had maximum stress. So in reality it may snap easier (Refer 

figure 11). 

When examining the contact region of forearm 

hollow tube with the u-structured flat plate, we found that 

the reason behind failure was amount of contact area and 

force applied. So we had to change force and increase the 

distance of contact. 

 
Fig. 10: Region of maximum stress 

 
Fig. 11: Amount of distance in contact with plate. 
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Only 10mm of hollow tube was in contact with 

plate. This was done because we had a thought of obstacle 

causing by forearm tube to other vertical tubes (refer figure 

11). So we translocated the end part to 16mm further. This 

increases the contact area and thus transmitting the stress 

better to other parts. The load was decreased to 235N and 

analyzed. As we rectified the problem and solved, it gave a 

positive result. The displacement and stress results were 

found for the design (refer figure 12 and 13). 

 
Fig. 12: Displacement plot 

The amount of displacement produced for a force 

of 235N is 2cm. This means when a force of 235N i.e. 

approx 25kg applied to the arm it displaces 2.1cm below. 

The stress produced for the same amount of force is 192.63 

N/mm2 (refer figure 13). This time the stress wasn’t at 

elbow region. The maximum stress was at wheel holder part 

region. This isn’t a problem because it will further transfer 

the stress to nut and solid rod of trunk part. 

 
Fig. 13: Stress plot 

Now, as per the analysis the capacity to carry is 

dropped from 35kg to 25kg per limb. So if WE consider for 

two limbs together, it could withstand approximately 50 kg. 

If this is the case for steel material, can other materials give 

out better results? In search for better results we opted for 

experimenting with different materials. 

A. Analysis with Aluminium Alloy Material 

Aluminium alloy is light in weight but not economic as 

compared to steel. If aluminium is used for fabrication in 

future it could reduce the overall weight of the limb or suit. 

But what will be the withstanding capacity? So we 

experimented with aluminum alloy. The result obtained is as 

shown below in the figure. 

 
Fig. 14: Stress plot (Aluminium alloy) 

 
Fig. 15: Displacement plot (Aluminium alloy) 

The maximum stress value obtained for the upper 

limb is 192.739 N/mm2, which is almost near to the value of 

steel material. But there is a difference in displacement plot. 

It displaces 5.45cm for the same load (refer figure 15). 

B. Analysis with Cast Iron Material 

Cast iron is extremely strong and durable when used 

appropriately and protected from adverse exposure. It is 

much stronger in compression then in tension. It is 

commonly found in columns and piping applications. As it 

is durable and inexpensive we included this material too for 

analysis. The result for this material is as shown in figure 

below. 

 
Fig. 16: Stress plot (Cast iron) 

The stress value obtained from cast iron upper limb 

is 192.663 N/mm2 (figure 16).The displacement value is 

2.53 cm. Both the values are almost same as steel material. 

But when we observe the forearm tube of both steel and cast 

iron there is a difference in stress distribution. The stress 

plot of steel shows no stress (grey colour) where as cast iron 

shows little stress developed. Same case applies to 

aluminium alloy material.   
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C. Analysis with Carbon Fiber Material 

Carbon fiber reinforced polymer (CFRP) is an extremely 

strong and light fiber-reinforced plastic which contains 

carbon fibers. Carbon fiber reinforced polymers can be 

expensive to produce but are commonly used wherever high 

strength to weight ratio and rigidity are required. Though it 

is difficult to obtain as per our geometry, we experimented 

with this material to know how the outcome would be 

comparing to others. 

The result for this material is as shown in the figure below. 

 
Fig. 17: Stress plot (CFRP) 

 
Fig. 18: Displacement plot (CFRP) 

According to the figures above, the stress 

developed in upper limb is 192.85 N/mm2 and displacement 

of 2.97cm is produced. Surprisingly this material too has 

stress value nearer to steel and varies only in displacement. 

Now let’s compare all material’s properties and 

results obtained from analysis. The young’s modulus, 

poisons ratio and density are the properties necessary for the 

analysis of the design. Table 1.shows the material properties 

and Table 2. shows their result values when used as a 

material for the upper limb.    

Material 
Young’s modulus 

(Gpa) 
Poisons ratio 

Density 

(kg/m3) 

Steel 200 0.25 8.05*103 

Aluminium 

alloy 
82 0.32 2.9*103 

Cast iron 180 0.26 7.25*103 

CFRP 150 0.33 1.6*103 

Table 1: Material properties 

Material 
Stress 

(N/mm2) 

Displacement 

(cm) 

Steel 192.63 2.1 

Aluminium alloy 192.73 5.45 

Cast iron 192.663 2.53 

CFRP 192.85 2.97 

Table 2: Analysis values 

Looking at the table we can find out that though the 

there is much difference in young’s modulus, poisons ratio 

and density, their stress developed in the upper limb is 192 

N/mm2. There are variations only in decimals. But in 

displacement there is more difference. This similar stress 

value may be due to the design and load applied. 

IV. CONCLUSION 

In this project we have learnt how to approach for the 

design? How to design according to kinematics and 

dynamics of human motion? This made us to shed some 

light on degree of freedoms and how to obtain them in 

design. An exploration of different exoskeletons and their 

workings brought us more knowledge. The goal is to make a 

human lift heavier weight. The average capacity is 70kgs, 

but our design has capability of lifting 50kgs using both 

upper limbs. Though this is not up to average value, it can 

help weaker people to lift things. Is design analysis enough 

for us to prove lifting capacity? Maybe not, we have to 

consider actuator and mechanism too. 

A geared motor or stepper motor of certain torque 

i.e. at least 30-40 kg-cm should be able to lift and hold the 

arm at desired position and a pulley mechanism with single 

or double pulley should implemented for actuation of 

forearm [10][5]. The foot should also have some actuation 

for better movement. Dampers can be given for absorption 

of shocks or loads. This latter paragraph tells about the 

possible future works for our exoskeleton. According to 

analysis results we can tell that it is better to opt for steel 

which has desired requirements and is economic in cost. 

When the limb is fastened to whole suit, the stress 

developed may vary since it transmits to the foot part 

through torso. We think more improvement can be given to 

the design to obtain better results. 
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