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R E S U M E N 

Este trabajo presenta el proceso de rediseño de un exoesqueleto de miembros pélvicos, basado en optimización estructural 

y diseño para fabricación. Cada parte del exoesqueleto se rediseñó en dos pasos. En primer lugar, se aplicó la 

optimización estructural para generar partes de masa mínima y rigidez máxima, considerando los casos de carga más 

críticos. En segundo lugar, el diseño para fabricación se utilizó para producir piezas cuya geometría fuera altamente 

fabricable a pesar de sus formas orgánicas. El análisis por elementos finitos de las partes finales mostró que la 

distribución de esfuerzos de von Mises presentaba concentradores de esfuerzos de poca importancia y factores de 

seguridad superiores a 1,4. El exoesqueleto optimizado fue un 35% más ligero, sin detrimento de su rigidez. Esta mejora 

se puede traducir en una mayor eficiencia energética, una mayor facilidad en el manejo del producto, entre otros 

beneficios. 

Palabras Clave: Optimización Structural, optimización de producto, Método de los elementos finitos, Exoesqueleto, Órtesis, Estructuras orgánicas.  

A B S T R A C T 

This work presents the redesign process of an exoskeleton of pelvic members, based on structural optimization and design 

for manufacturing. Each part of the exoskeleton was redesign in two steps. First, structural optimization was applied to 

generate parts of minimum mass and maximum stiffness, considering the most critical load cases. Second, design for 

manufacturing was used to produce parts whose geometry were highly manufacturable despite their organic shapes. Finite 

element analysis of the final parts showed von Mises stress distribution without severe stress concentrators and safety 

factors higher than 1.4.  The optimized exoskeleton is 35% lighter, without detriment to its stiffness. This improvement can 

be translated into more energetic efficiency, greater ease to handle the product, among other benefits. 
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1. Introduction 

At the beginning of 21st century, orthotics field were 

completely revolutionized by the introduction of devices 

which allowed the patients with Myelopathy to have a closer 

human regular gait experience, in relation with other 

orthotics as sticks and crutches. These new devices were 

called Exoskeletons, as an analogy with the biological 

concept, since they were constituted by an external structure 

which had to be wellfitted to the body of the user. Since then 

there have been many advances in this discipline, 

specifically in the field of exoskeletons [1][2]. 

Around the world, several institutions of higher education 

are working in developing exoskeletons’ area. The Berkeley 

Lower Extremity Exoskeleton (BLEEX)[3] is a "system for 

providing soldiers, disaster relief workers, wildfire fighters, 

and other emergency personnel the ability to carry major 

loads... with minimal effort over any type of terrain for 

extended periods of time". It is considered a versatile 

transport platform for mission critical equipment, and its 

characteristics are ergonomics, high maneuverability, 

mechanical robustness, lightweight and durability. 

In the Biorobotics Lab of TU Delft, Passive and Powered 

Exoskeleton Researches are developing [4]. The mission in 

the XPED Project is to provide Passive Exoskeletons to 

make walking more efficient. Storing the braking energy 

and using it to power walking, they make the gait pattern 

more efficient. In the MINDWALKER Project a powered 

exoskeleton is designed for helping people who has lost the 

capability to control certain muscle and could not walk on 

their own anymore. They created a pair of robotic legs, 
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which utilize bio and non-bio signals to move human legs in 

a natural way. 

Some Mexican universities as the National Polytechnic 

Institute (IPN) and the Monterrey Institute of Technology 

and Higher Education (ITESM) have developed their own 

exoskeletons with the approach of reducing costs and 

improving performance [5][6]. 

Since 2010, researchers of the National Autonomous 

University of Mexico (UNAM), in collaboration with the 

National Institute of Rehabilitation (INR), funded by 

DGAPA through the IN109109 Project, are developing 

exoskeletons for helping people to walk again. After several 

iterations, an exoskeleton, whose mechanical structure is 

shown in Figure 1, was generated [7]. 

 

 

Figure 1Exoskeleton developed by UNAM and INR, first version. 

Aluminum 6061 T6 is the material for the mechanical structure. 

This exoskeleton had 4 DoF (Degrees of Freedom) in the 

hip, which allows flexion, extension, and adduction-

abduction movements, different to other designs that only 

allow flexion and extension.  

The exoskeleton presented in [7] have some improvement 

areas. Therefore, a redesign was an obvious next step. 

This work is focused on the structural redesign based on 

structural optimization and design for manufacturing. 

 

2. Exoskeleton overview 

2.1. Improvement Areas 

From a structural point of view, the exoskeleton had the 

following issues: 

• Its total weight was 40k (15kg of structure), which 

is very high, in comparison with similar orthotic systems (up 

to 25kg). 

• The geometry of its individual parts was 

inefficient; it means they were exceedingly robust.  

 

Based on this improvement areas, the exoskeleton is 

redesigned. The main objective of this work is to obtain a 

design of the exoskeleton’s structure as close as possible of 

what is known in Computational Mechanics field as an 

Optimal Design. 

 

 

 

2.2. Design process overview 

The design process was divided in the 3 traditional stages: 

Conceptual Design, Embodiment and Detailed Design 

[8][9]. In Table 1, is described deeper each of these stages: 

 

Table 1Conventional design process [8,9] 

 Conceptual Embodiment Detailed 

Objective 
Define what is 

going to be done 

Define how the 

design is going to 

work 

Define how will 

be the final 

product 

Materials All the families Specific families One material 

Tools 

Brain storming, 

Design 

Thinking, TRIZ, 

ARIZ, etc. 

CAD, CAE, FEM, 

etc. 

FEM, DFMA, 

DFX 

Tasks 

Identify 

necessities and 

requirements 

Identify and 

design the 

components 

needed for the 

main function 

Describe with 

details the 

product and its 

function. Verify 

if operational 

conditions are 

plenty fulfilled  

 

For this work the design process changes because of addition 

of structural optimization. Besides, materials were chosen 

previously [7]. Table 2 shows these changes. 
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Table 2 Design process followed in this work. 

 Conceptual Embodiment Detailed 

Objective 

Look for the 

most optimum 

and feasible 

mechanical 

design 

Obtain optimal 

topologies through 

(ESO) 

Implement DFM 

to the optimal 

topologies 

Materials 
Aluminum 6061 

T6, Carbon fiber  

Aluminum 6061 

T6 

Aluminum 6061 

T6 

Tools 

Design thinking 

to establish the 

user 

FEM, ESO DFM, FEM 

Tasks 

Define the user, 

define the design 

methodology 

Define operational 

conditions and 

optimization’s 

parameters 

Establish the 

final product 

 

2.3. Design Requirements 

Based on the improvement areas detected and obvious 

needs, the design requirements for this work are the 

following: 

Table 3 Design requirements 

Parameter Requirement 

Weight of the mechanical 

structure 
Minimum as feasible 

Ease of manufacture 
Consider advanced 

methods 

Ergonomics 
Focus more in 

anthropometrics 

Load supported (maximum adult 

human weight) 
100 kg  

 

2.4. Typical users and their context 

The target user considered for this work is a mexican adult 

man (> 60 years old), who suffers of immobility of lower 

limbs and has a mass up to 100 [kg]. The target age was thus 

defined because of statistics given by the National Institute 

of Statistics, Geography and Information Technologies 

(INEGI). These numbers indicate that this condition is more 

common in that population [10]. 

Table 4 Anthropometrical data of mass in mexican population 

between the 18 and 65 years old [11]. 

Mass [kg] Average 

Percentiles 

5 50 95 

Men 73 55.31 72.1 97.3 

Women 64 48 60.5 88 

 

On the other hand, it was remarked that ergonomic criteria 

were not well applied for the first exoskeleton, because the 

anthropometrical approach of the design was according to 

averages values instead of percentiles. Then, settling the use 

of percentile 95 is more profitable since allows us to study 

more critical operational conditions. In consequence for the 

redesign it is considered the data from the male population 

presented in Table 4, which is rounded to 100[kg] in order 

to make easier the modelling. 

 

2.5. Parts to redesign 

It is evident that every improvement area is related to 

geometry of parts of the exoskeleton, and how they interact, 

therefore the redesign consisted in modify those geometries, 

looking for the best ones that minimize weight and 

maximize structural efficiency, i.e. geometry is directly 

related to stress level in every part. For that reason, 

Evolutionary Structural Optimization was chosen to 

determine the optimal geometry of the parts [12].  

Exoskeleton’s structure is constituted by eight different 

components, made of Aluminium 6061T6 or Carbon fibre. 

Those made of carbon fibre do not have structural use; 

therefore, they were not optimized. For reasons not related 

to structural use, shaft and foot support were not optimized 

either. The complete list of parts is shown in Table 5. 
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Table 5 Parts of the original exoskeleton. Just four of them were 

optimized: lumbar support, pelvic-lumbar support, upper and 

lower pelvic links. 

Component Name Material Optimize? 

 
Lumbar 

support 

Aluminum 

6061 T6 
Yes 

 

Pelvic-

Lumbar 

support 

Aluminum 

6061 T6 
Yes 

 
Shaft 

Aluminum 

6061 T6 
No 

 

Upper 

pelvic 

link 

Aluminum 

6061 T6 
Yes 

 
Thigh 

support 

Carbon 

Fiber 
No 

 

Lower 

pelvic 

link 

Aluminum 

6061 T6 
Yes 

 
Calf 

support 

Carbon 

Fiber 
No 

 
Foot 

support 

Aluminum 

6061 T6 
No 

 

3. Aspects of redesigning based on optimization 

Before to start talking about the specific load cases of each 

of the components, is necessary to set up which are the 

relevant variables and constraints for redesigning based on 

structural optimization.  

The most obvious quantity to minimize is mass because the 

original weight of the exoskeleton is too high. Nevertheless, 

reducing mass freely could imply losing stiffness, which 

should be as high as possible for structural purpose. In 

conclusion, while mass is minimized, stiffness must be 

maximized. In addition, optimization process is constrained 

by mechanical properties. In the case of the exoskeleton, this 

means yield stress of the 6061T6 aluminum must not be 

reached. 

In practice, the steps of the optimization process depend on 

the software or algorithm being used. For this work, Altair 

HyperWorks software (Hypermesh and Optistruct) was 

used, which is a finite element analysis software that applies 

optimization algorithms very efficient.  

To avoid losing stiffness, the mass reduction is done 

gradually. A set of optimization scenarios are defined, in 

which the reduction in mass increases slightly (5% or 10%). 

During this process, the convergence of the generated 

solutions is sought. The optimum solution is one whose 

mass is the smallest, without exceeding the yield stress of 

the material. 

Besides, non-design zones must be defined. These are zones 

that have specific uses and must not be modified. Some 

examples are connection holes, contact surfaces, among 

others. 

Finally, optimization results work as guides for distribution 

of material or geometry of a part. In no way must these 

results be considered as final solutions because they must be 

modified to generate feasible geometries in terms of 

manufacturing. Hence, loads and constraints do not have to 

be extremely accurate, but just an estimation of reality. 

 

4. Exoskeleton optimization 

Each part of the exoskeleton was optimized considering 

critical load cases, i.e. those in which the forces applied to 

the parts are maximum. The contact zones with other parts 

or the floor were considered as boundary conditions or 

restrictions. 

4.1. Lumbar support optimization 

Three load cases were considered in order to optimize the 

lumbar support. 

• The weight of the user: A load of 981 N, which 

corresponds to the mass of 100 kg mentioned when the 

target user was defined. 

• The user gets up from a chair: A load of the 30% of 

the user’s weight, normal to the support’s surface. This 

percentage was determined by an iterative FEM process, 

where several cases with different percentages were 

analyzed, observing a morphological pattern in the 

optimization results. 

• The user is dropped: A load of the 100% of the 

weight applied just in one side of the support. 

For this part, non-design zones are around all the connection 

holes. 

Having established the above, the scenerios of optimization 

considered mass removal from 80% to 95%, from 85% to 

95%, from 90% to 95% and, finally, from 95% to 99%. The 

results of these sceneries are shown in Figure 2. In these the 

blue geometry corresponds to the original part and the red 

one corresponds to the optimization result. 

It is evident that the lumbar support geometry converges to 

the geometry in Figure 2d. 
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Figure 2 Optimization results considering  a mass reduction : a) from 

80% to 95%, b) from 85% to 95%, c) from 90% to 95% and, finally, 

d)  from 95% to 99%.  

4.2. Pelvic-Lumbar support optimization 

Different to other parts of the exoskeleton, pelvic-lumbar 

support is not a plane geometry, but it is a geometry in the 

form of a framing square. 

The load cases contemplated for this component are the 

same as in the previous assignment; cases a) and b) are 

applied in the lumbar side of the support, meanwhile load 

step c) is in the pelvic side of the part. This because this part 

is connected directly to the lumbar support. Non-design 

zones were defined where the joint with the lumbar support 

is. Another non-design zone was around the union edge of 

the framing square. 

The sceneries of optimization considered mass removal 

from 80% to 90%., from 85% to 95% and from 90% to 95%. 

The optimization results converged to the geometry shown 

in Figure 3. 

 

Figure 3 Optimal result for the pelvic-lumbar support. 

 

4.3. Upper pelvic link optimization 

This part works just like a human femur works. The loads 

acting on it come from the lumbar-pelvic support and the 

lower pelvic link. The load cases considered for this 

structural element are: 

•  The weight of the user: Considering that 50% of 

the total weight is transmitted in each side, is a load of 

490.5[N]. 

•  The user is dropped: A load of 200% of the weight. 

•  The user walks up the stairs: A transversal load of 

200% of the weight, applied on a lateral side of the link in 

the joint with the pelvic-lumbar support. 

For this part, non-design zones are the joints with pelvic 

lumber support and lower pelvic link.  

Optimization process was initially run considering a 

material removal from 80% to 90%, as in the other cases. 

However, almost all the material was removed, which was 

not a feasible solution (Figure 4). 

 

 
Figure 4 Optimization result for the upper pelvic link using material 

removal from 80% to 90% 

 

This result indicated a more moderate mass removal should 

be used. After some iterations a mass removal from 20% to 

50% generated the optimal solution shown in Figure 5. 

 
Figure 5 Optimization result for the upper pelvic link using material 

removal from 20% to 50%. 

 

4.4. Lower pelvic link optimization 

Due to its similarity with the upper pelvic link, this part was 

optimized using moderate mass removal. After several 

iterations, the optimal solution was reached with a material 

removal from 70% to 80% (Figure 6). 

 

 
Figure 6 Optimal solution for the lower pelvic link using a mass 

removal from 70% to 80%. 

 

5. Solutions adaptation for DFM 

In this step the geometries generated during the optimization 

process were adapted based on Design for Manufacturing 

Fundamentals (DFM). Some of the manufacture methods 

considered were laser and water cut, CNC, additive 

manufacture for metals and forging. This step can be 

understood as an oriented to manufacture interpretation or 

adaptation, where every optimized solution is used as a 

guide of material distribution. To date there is not software 

or algorithms able to do this task. Hence, this adaptation is 

done by experienced designers. Consequently, there is not 

an unique adapted solution for every optimized solution.  

The adapted solutions presented in this section were 

generated, in an iterative process, based on the authors 

experience. As for the finite element analysis, for each part 

the mesh sensitivity analysis was performed to guarantee the 
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quality of the results. Linear tetrahedral elements were used 

in all the cases. 

5.1. Adapted lumbar support 

The new lumbar support (Figure 7) has a mass of 175gr. Its 

stiffness was increased by using internal ribs. Figure 8 

shows the von Mises stress distribution for the most critical 

load case. Maximum value was 33MPa, which implies a 

safety factor of 8.4 because the yield stress of 6061T6 

aluminium is 276MPa. 

 

 
Figure 7 Front and back views of the lumbar support. Ribs are used 

as structural element, which increases the stiffness despite of material 

removal. 

 

 
Figure 8 Von Mises stress distribution of the lumbar support for the 

most critical load case. Scale in MPa. 

 

5.2. Adapted pelvic-lumbar support 

Adaptation process generated a pelvic-lumbar support, 

which mass is 501gr (Figure 9). It was proposed an 

assembly, instead of a single part, to avoid welding process. 

A hinge assembly was proposed, considering an adjustment 

H7/s6, which is the maximum admissible for interference 

fits in shafts.   

 

 
Figure 9 Adapted pelvic-lumbar support. 

 
Figure 10 shows the von Mises stress distribution for the 

most critical load case, reaching a stress of 112MPa. 

Therefore, its safety factor is 1.41. 

 

 
Figure 10 Von Mises stress distribution of the lumbar support for the 

most critical load case. Scale in MPa. 

 

5.3. Adapted upper and lower pelvic links 

Final designs of these parts are shown in the Figure 11. The 

upper link has a mass of 737gr, and the lower one 598gr. In 

the case of stress distribution, shown in Figure 12, for the 

worst load case, i.e. when the user walks up the stairs, their 

maximum von Mises stress are 102MPa and 48MPa, 

respectively, thus their safety factors are 2.7 and 5.8.  

 

Figure 11 a) Final upper pelvic link, b) final lower pelvic link 



 MEMORIAS DEL XXV CONGRESO INTERNACIONAL ANUAL DE LA SOMIM 
18 al 20 DE SEPTIEMBRE DE 2019 MAZATLÁN, SINALOA, MÉXICO 

 

 
Figure 12 Von Mises stress distribution of the upper (a) and lower (b) 

pelvic links for the most critical load case. Scale in MPa. 

 
The total mass of the optimized structural parts is 3.85 kg, 

having a minimum safety factor of 1.4. The original mass of 

the exoskeleton was 15kg, but this includes eight shafts 

(201gr each) and two foot support (2110gr each). Parts of 

carbon fiber are not considered because they are light. The 

total mass of the optimized exoskeleton is 9.68kg, which 

means a mass reduction of 35.5% (5.32kg), without 

detriment to its stiffness. Figure 13 shows the optimized 

exoskeleton structure.  

 

 

 
Figure 13UNAM-INR Exoskeleton complete assembly, optimized 

version. 

 

 

 

 

 

 

 

 

6. Conclusions 

The structure of the redesigned exoskeleton is a set of 

organic geometries, which reduced the mass of the original 

exoskeleton by 35.5%, without detriment to its stiffness. In 

practical terms, it means increases in energetic efficiency, 

decrement of motors or actuators (it implies a greater weight 

reduction), an easier to handle product, among other 

benefits. Perhaps, there is an inconvenient because of the 

cost of manufacturing. Nevertheless, the cost-benefit ratio 

justifies that increment.  
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