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Abstract
The design of the elbow for a 30 foot tall exoskeleton closely mimics as possible the movement
of a human elbow while considering cost, ease of manufacturing, and weight. A 3-D model of the elbow
is produced in SolidWorks and analyzed using SolidWorks Simulation, a finite element solver. The goal
is to utilize the simulation software to design and optimize the elbow such that it structurally supports a
load of 4000 pounds.
Throughout the design process, the simulations confirmed whether the optimization of each
redesign is feasible. The final design of the elbow exceeds the movement of the human elbow in flexion
and extension while also maintaining a factor of safety of two when lifting a 4000 pound load. Future
work may consist of analyzing the model using higher level finite element analysis software such as
Abaqus to focus on the contact between each of the components of the elbow in addition to performing
impact, fatigue, and thermal analysis.
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Chapter 1: Introduction
The use of heavy machinery can be seen throughout our modern world in multiple areas such as
factories, construction sites, and transportation. These machines have made it easier and faster to build
and transport the enormous amounts of objects and materials that our modern society uses each and every
day. One could say that without these machines our modern world would be much different.
Specifically in today's construction industry, heavy machinery is used in many large-scale
projects for earthmoving, digging, hauling, lifting, etc. Each piece of equipment is designed differently
for a specific task at hand. These machines give humans the ability to move extremely large and heavy
objects with minimal effort. They have been utilized to build structures of immense size and shapes that
are mind-boggling such as the current tallest building in the world, the Burj Khalifa in Dubai, or the
longest suspension bridge, the Pearl Bridge in Japan (Cooper, 1998) (EMAAR PJSC).
Existing construction equipment is usually limited to one or two operations and their mobility and
range of motion is restricted when compared to that of the human. Many of the construction machines are
driven with wheels or tracks and cannot navigate well in confined areas. Additionally, the load carrying
parts of the equipment are minimal in degrees of freedom when compared to humans. Due to these
restrictions, their operation is often counterintuitive and often difficult to control.
In an effort to overcome these difficulties, entrepreneur Colin Darney and Penn State senior
design engineering teams have spent several years developing a large-scale powered exoskeleton standing
30 feet tall and under 30 tons. One such design would allow for an intuitive control strategy due to the
fact that the machine would move in the same manner that a human moves yet still be able to lift large
objects with ease. Additionally, one exoskeleton could replace the need of having multiple construction
machines because it could individually perform a multitude of tasks that the average construction machine
could not. The use of one exoskeleton could be used throughout the entire build process of the structure
including digging or drilling the necessary holes such as an excavator, then moving the material that had
been dug to another location such as a dump truck, and finally assisting in lifting the necessary materials
for the structure such as a crane. To date, powered exoskeletons have been developed on a human scale
that can perform tasks that assists humans in lifting heavy objects (Hanton, 2010) (Lockheed Martin
Corporation) (Cyberdyne, 2012). An exoskeleton of the size wouldn't be limited to the construction
industry. Its universal design could be used in multiple situations that would require the use of largescale equipment such as tree harvesting, farming, or assembly in factories.

For the past seven semesters, several teams of Penn State students have been assigned a section of
the exoskeleton to design and analyze. Currently, there have been seven groups that have worked on
developing the structure of the exoskeleton. As of fall 2011, the bottom half of the exoskeleton has been
completed which includes the feet, legs, hips and pelvis. A timeline of the each of the sections that each
team has worked on can be seen in Appendix A: Timeline of the overall exoskeleton project.
This project is focused on continuing the design process of the structure by designing the elbow
portion of the exoskeleton. The goal is to design the elbow such that it closely mimics the range of
motion of a human elbow. The first task will be to develop several design concepts that meet customer
needs such as human mimicking, structural integrity, weight, and cost. The second task is to perform
finite element analysis (FEA) in order to confirm that the elbow can withstand its own weight along with
the ability to lift a 4000 pound load. The third task is to optimize the design using SolidWorks
Simulation in order to decrease weight, material costs, and manufacturing time while still maintaining
structural integrity.
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Chapter 2: Literature Review
Existing Products
Currently there are several human size exoskeletons that are either in production or are being
researched which are discussed below. The proposed uses for the current models range from providing
assistance for disabled persons who are no longer able to walk without assistance to giving military
personnel the ability to carry heavy loads over long distances to lift heavy objects multiple times without
experiencing fatigue.
The Human Universal Load Carrier (HULC) by Lockheed Martin, shown
in Figure 1, is an entirely untethered, hydraulic exoskeleton that is currently being
used by the armed forces. The HULC gives the soldiers the ability to carry a load
of 200 pounds over all terrains over an extended period of time by transferring the
load through the exoskeleton's legs to the ground. It is designed to allow the user
to move without any restriction when performing such movements as squats,
crawls, or upper body lifting. The exoskeleton works by sensing how the user
wants to move with an onboard microcomputer and utilizes battery power with a
power saving design that allows the soldier to perform extended missions
(Lockheed Martin Corporation).
The XOS 2 produced by Raytheon assists users in ways that are very

Figure 1: HULC Exoskeleton

similar to that of the HULC. The XOS 2 is the second generation exoskeleton produced by Raytheon in
which it is lighter, stronger, and faster than XOS 1 while only using 50% of the power used by XOS 1.
Although the XOS 2 shown in Figure 2 is similar to the HULC, it can be considered as a full body
exoskeleton where the exoskeleton is a part of the users' arms and legs
unlike the HULC where only the users' legs are utilized by the
exoskeleton. Also, unlike the HULC, the XOS 2 is restricted to working
in a specific area due to its tethered design which means that it achieves
its power through a large power cord that must be plugged in to a power
source at all times. The advantage of the XOS 2 is its ability to assist
the user in not only carrying heavy loads but also performing the lifting
of the load (Hanton, 2010).
The robot suit Hybrid Assistive Limb (HAL) designed by
Cyberdyne is another exoskeleton that was designed to be utilized in the
Figure 2: XOS 2 Exoskeleton
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rehabilitation and medical field to assist in daily living activities for the disabled. HAL could also be
utilized for labor support in factories, rescue support for disasters, and serve as a form of entertainment.
HAL senses the weak biosignals that are produced by the muscular system through a sensor that is
attached to the skin of the user. Therefore, the suit is controlled by the signals of the human body by
interpreting the user's intention before their actual movement (Cyberdyne, 2012).

Biomechanics of the Human Elbow
The human elbow is a rather intricate joint in comparison to other joints of the human body due to
its rather simple geometry that provides a large range of motion in addition to having the ability to
withstand large forces. The basic structure of the elbow is made up of three bones, muscles, tendons, and
ligaments. It is a common misconception that the elbow is composed of only a single joint.
Anatomically, it is composed of three individual and interconnected joints with each having its own name
that describes its function and location.
The three bones that make up the elbow are the humerus, ulna, and radius shown in Figure 3. The
humerus is the large bone in the upper arm that forms one side of the elbow. The other side is made up of
the forearm which comprises of the ulna, the larger bone of the forearm, and the radius. The humerus and
ulna form a hinge at an area called the ulnohumeral joint which allows for the range of motion of
approximately 140° (Fo, 2012). Additionally, the humerus bone connects to the radius to form the
radiohumeral joint. The location where the radius and ulna meet, the superior radioulnar joint, also
allows for movement. These three joints form an enclosure called the synovial joint capsule.
The elbow provides movement in four
different ways including flexion, the movement that
bends the arm up to the shoulder; extension, the
movement that straightens the arm into the locked
position; supination, the rotation of the palm upwards;
and pronation, the rotation of the palm downwards.
Flexion and extension mainly occur at the
ulnohumeral joint. Supination and pronation occurs at
the radioulnar joint.
Four primary ligaments join the three bones

Figure 3: Human Elbow

together to provide range of motion and to allow for constant and precise movement. The ulnar collateral
ligament (UCL) connects the ulna to the humerus on the inside of the elbow. On the outside of the elbow,
the radial collateral ligament (RCL) connects the radius and the humerus. Both of these ligaments are
4

mostly utilized to provide the movement for the elbow joint. The final two ligaments connect the ulna
and radius in order to provide symmetrical support when the elbow is rotated or flexed.
There are several groups of muscles that provide the four movements of the elbow. The bicep,
brachialis, and brachioradialis all work together to provide the flexion of the elbow. The opposite motion,
extension, is almost solely performed by the triceps. The motion of supination is provided by the
supinator and biceps brachii and pronation is provided by the pronator quadratus, pronator teres, and
flexor carpi radialis muscles (Disabella, 2011).

Mechanical Elbows
The overall design of the structure of a mechanical elbow has been researched and developed for
the use in upper human prosthesis and rehabilitation devices for many years now (Sofge, 2007) (Gupta &
O'Malley, 2007). These designs range from integrating small electric motors that are controlled using the
patient's muscle movements in the shoulder to using a positioning system that allows the patient to adjust
the elbow to a number of preset positions. These prostheses allow movement equal to that of the human
elbow and can almost re-create the exact movement of the elbow such as the case with the DARPA bionic
arm shown in Figure 4 (Autonomous Robotic Manipulation). An example of an upper extremity
prosthetic arm that utilizes a mechanical system to move can be seen in Figure 5.

Figure 4: DARPA bionic arm

Figure 5: Mechanical prosthetic arm
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Chapter 3: Customer Needs Assessment
Customer Input
Colin Darney, owner of Experimental Designs, has gathered information based on an assessment
of the construction industry and has determined that the design of a 30 foot tall exoskeleton would be
feasible. As previously mentioned in the introduction, exoskeletons of this size that have the ability to
mimic human motion currently do not exist which has been confirmed by previous Penn State teams who
have performed a patent and background search. Currently, mechanical elbow designs do not exist at this
large of a scale. Although, mechanical elbows do exist on the human scale that are currently being
utilized for upper extremity prosthetics. Several examples can be seen in chapter 2.
The following list of customer needs was determined by the fall 2009 Penn State student design team for
the overall project:


Weight



Cost



Ease of manufacturing



Speed of actuation



Strength and integrity of the structure



Mimic human motion



Maneuverability including balance, terrain navigation, fluidity of motion

After assessing the previous list, it was determined that these needs are also relevant for the scope of
this project for designing the elbow component for the exoskeleton's structure. These needs will be
utilized when evaluating and choosing a design for the elbow during the concept selection phase.

Weighting of Customer Needs
Once the list of customer needs was compiled, it is necessary to consider each need based on its
importance. In order to do so, a weighting scale was developed in order to accurately determine the most
important criteria based on the customer needs assessment. The Analytical Hierarchy Process (AHP) and
pairwise comparisons were utilized in order to create a table that measured the importance of each need
(Ulrich, 1999).
In order to rate the importance of each need relative to another, a numerical scale of one through
nine was used for the AHP. When the horizontal and vertical needs are equally important, they receive a
rating of one. While a rating of nine meant that the horizontal need was more important relative to that of
6

the corresponding vertical need. The weights of the criteria were chosen by considering the importance
of each criterion relative to each other. For example, if criteria 1 is much more important than criteria 2,
criteria 1 will receive a higher numerical value. The weights and results of the comparison can be viewed
in Table 1 and Table 2.
Table 1: AHP Pairwise Comparison Chart
Ease of

Speed of

Structural

Human

Manufacturing

Actuation

Strength

Mimicking

3

2

0.25

0.14

0.14

0.25

0.33

1

0.5

0.33

0.25

0.25

0.5

0.5

2

1

0.5

0.17

3

2

Speed of Actuation

4

3

2

1

0.25

0.5

2

Structural Strength

7

4

6

4

1

3

5

Human Mimicking

5

4

0.33

2

0.33

1

3

Maneuverability

4

2

0.5

0.5

0.2

0.33

1

Criteria

Weight

Cost

Weight

1

Cost

Ease of
Manufacturing

Maneuverability

Table 2: AHP Pairwise Comparison Totals

Criteria

Total

Weighting

Weight

6.78

0.079

Cost

3.16

0.037

Ease of Manufacturing

9.17

0.107

Speed of Actuation

12.75

0.148

Structural Strength

30

0.349

Human Mimicking

15.66

0.182

Maneuverability

8.53

0.099

7

The results of the AHP pairwise comparison show that structural strength is weighted the most
among the customer needs. After structural strength are speed of actuation and human mimicking which
rely on one another for the machine to be able to move in a way similar to that of a human. For this
project, the structural strength is the most important due to the forces being placed on the elbow while in
use.
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Chapter 3: Concept Generation and Selection
Project Clarification
The purpose of the overall project is to design a 30 foot tall exoskeleton whose primary purpose
is to be used in the construction and military atmosphere. The current design of the machine consists of
multiple components and several systems including hydraulic and electrical systems. The reliability of
each of these systems is of utmost importance due to the fact that each relies on another. Currently, the
design phase is focused on designing the multiple components that form the structure of the machine.
As stated in the introduction, the overall project has been going on for several years which have
resulted in deciding many design specifications that impact the design of the elbow for this project. The
goal of the overall exoskeleton design is for it to stand at 30 feet tall, weigh approximately 30 tons, and
mimic the movements of a human as much as possible as proposed by the sponsor. Unlike the design of
the XOS 2 produced by Raytheon which is based on a tethered design, the project sponsor proposed that
the exoskeleton be untethered such that its energy source will be turbine engines that provide power to the
multiple systems that are needed for the exoskeleton to move. The actuation of all of the limbs will be
provided through the use of a hydraulic system that implements hydraulic cylinders to provide the forces
to move all of the exoskeleton's limbs. The material selection of the exoskeleton has been researched by
previous Penn State teams which resulted in the decision to use 4130 steel throughout the entire
exoskeleton due to its high tensile strength. Additionally, integrating the use of ball and socket joints into
the design of the exoskeleton has been determined to be too costly due to the size of the ball and socket
that would need to be custom made for each of the joints which also was determined by previous Penn
State teams.
This project focuses on the design and analysis of the elbow that will be integrated into the
overall design of the structure for the exoskeleton. The elbow must be designed in such a way that it can
perform the same range of motion as that of the human elbow. The range of motion of the human elbow
is between 145 and 155 degrees of flexion and 0 degrees of extension (Williams, 2011). Additionally, the
elbow must be able to withstand the forces of lifting a 4000 pound weight in the exoskeleton's hand while
maintaining a factor of safety of two. The size of the upper arm, lower arm, and elbow assembly must be
designed at the same scale of the rest of the exoskeleton's structure. Currently, a basic design has been
developed by previous Penn State teams that consist of using steel I-beams for the upper and lower arms
while integrating a simple pivot joint in between the upper and lower arm in order for the arm to bend.
The overall length of the current basic design is approximately 12 feet from the area where the upper arm
mounts to the shoulder to the end of the lower arm. To date, an exoskeleton of this size has not been
9

attempted. The production of 30 foot exoskeleton could revolutionize the process of which our
construction industry operates. For example, instead of needing an excavator to dig the holes, a dump
truck to transport the dirt, and a crane to lift the necessary material when building the structure, a single
exoskeleton could perform each of these tasks.

Concept Generation
The first task is to develop multiple design concepts in SolidWorks that meet the goals provided
by the sponsor. The following designs were based on researching how the human elbow functions,
current construction equipment, and current humanlike robots. Although each design doesn't meet the
goals for the project, they provided building steps to produce additional concepts that meet the project
goals.
Concept 1, shown in Figure 6,
was based on the exoskeleton's current
knee design. This design proved to be
very heavy due to its size and difficult to
manufacture because of the location of
the hydraulic pistons. The manufacturer
would also need to be precise with the
manufacturing of the hole through the

Figure 6: Elbow Concept 1

forearm and humerus for which a pin is
used to hold the two together. If the alignment is off, the elbow will not function properly and will be
difficult to bend. Additionally, it does not meet the proposed range of motion goal of 145 °.
As shown in Figure 7, the design of
concept 2 focused on improving the ease of
manufacturing and attempting to increase the
range of motion. In order to increase the ease
of manufacturing, the design was simplified
while still maintaining the structural integrity
of the elbow under load. When attempting to
increase the range of motion, it was
Figure 7: Elbow Concept 2

determined that the range was reliant on

several factors: the horizontal length of the mounting point on the forearm for the hydraulic piston, L1;
the length of the hydraulic piston, L2; and the vertical distance of the mounting point for the hydraulic
10

piston, H1. Figure 8 shows the location of these distances. As L1 increases, the length of L2 decreases
which impacts the extension of the hydraulic piston when performing the flexion motion of the elbow and
therefore impacting the range of motion. If L1 is shortened in order to allow L2 to be lengthened, the
hydraulic piston comes into contact with the humerus before the elbow can reach the desired range of
motion when the elbow is in flexion. Increasing the length of H1 could possibly solve the problem of the
humerus coming into contact with the hydraulic piston in flexion.

Figure 8: Elbow limitation distances

Although concept 2 improved the design of the elbow, the overall design was not able to meet the
range of motion goal. Therefore additional concept designs were researched by considering how current
exoskeletons and upper extremity prosthesis utilize electric motors to provide the movement of the limb.
Current construction machinery was also considered in brainstorming new ideas for the elbow design. In
particular, the bucket of an excavator consists of an assembly of pivot points that allow the bucket to
move with a large degree of freedom. The movement of the elbow for previous designs was performed
with the use of hydraulic pistons. Integrating the use of an electric motor was determined to be a
possibility that would reach and exceed the range of motion goal. Concept 3 in Figure 9, implements a
large gear into the forearm that would be turned with an additional gear mechanism attached to an electric
motor in order to provide the movement for the elbow. The disadvantage of such a design is the addition
of an electric motor into the humerus that would be bulky and the motors inability to keep the load
stationary without dropping it in the event of a system failure.
After determining that implementing an electric
motor into the elbow design was not feasible due to the risk
that a failure of the motor may cause in the event of a
failure, additional research was performed on mechanisms
that could be utilized in order to keep a hydraulic piston as
the sole provider of movement for the elbow. After
researching multiple mechanisms, concept 4 in Figure 10
Figure 9: Elbow Concept 3
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was developed based on the bucket mechanism of
an excavator. This mechanism in concept 4
allows the hydraulic piston to not come in contact
with the humerus when in full extension. As a
result, concept 4 can achieve a range of motion of
145 degrees of flexion and 39 degrees of
extension which meets or exceeds the range of
motion of the human elbow.
Figure 10: Elbow Concept 4

Concept Selection
As previously mentioned, there were multiple factors that were taken into account when
designing the elbow concepts including weight, material costs, ease of manufacturing, range of motion,
and structural integrity. In order to make a decision on which concept to continue the design process for
optimization of the elbow, the Pugh concept screening and scoring matrices in Table 3 and Table 4 were
developed. The importance of each criterion was determined by the AHP pairwise comparison in Table 1
and Table 2. The results of the weighting of each criterion from the AHP pairwise comparison in Table 2
is used to calculate the weighted score of each criterion for each of the elbow concepts. Unlike the scale
used in the AHP, a scale of 1-5 was used during the concept screening phase in order to evaluate each
criterion. A higher numerical value indicates that the elbow concept performs well in that specific
criterion. Once all of the weighted scores of each criterion are added together, a determination can be
made on which concepts to continue with the design phase. The result of the concept screening matrix
determined that concepts one and three should be eliminated from further design optimization.
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Table 3: Concept Screening Matrix
Concept 1
Selection
criteria

Concept 2

Concept 3

Concept 4

Weighting

Rating

Weighted
Score

Rating

Weighted
Score

Rating

Weighted
Score

Rating

Weighted
Score

Weight

0.079

3

0.237

4

0.316

2

0.158

4

0.316

Cost

0.037

2

0.074

3

0.111

1

0.037

3

0.111

Ease of
Manufacturing
Speed of
Actuation
Structural
Strength
Human
Mimicking
Maneuverability

0.107

2

0.214

3

0.321

1

0.107

4

0.428

0.148

3

0.444

3

0.444

4

0.592

3

0.444

0.349

3

1.047

3

1.047

2

0.698

2

0.698

0.182

3

0.546

4

0.728

5

0.91

5

0.91

0.099

3

0.297

3

0.297

4

0.396

4

0.396

Total
score
Rank
Continue

2.859

3.264

2.896

3.303

4

2

3

1

No

Yes

No

Yes

Concepts 2 and 4 were then considered for the concept scoring phase shown in Table 4. The
criterion remained the same, although a scale of 1-10 was utilized in order to allow for a more thorough
scoring that would produce more accurate results. For example if the scale of 1-5 was also used for the
concept scoring matrix and concept 4 performs much better than concept 2 in which concept 4 would
receive a 5 while concept 2 may receive a 2 the difference between the weighted score will be much less
than if the 1-10 scale was used in which concept 4 would receive a 8 while concept 2 may receive a 2.
The usage of the 1-10 scale allows for a more accurate assessment of each of the criterion. The results
showed that concept 4 should be chosen to continue the design process for optimization in order to
decrease material costs and weight.
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Table 4: Concept Scoring Matrix
Concept 2

Concept 4

Weighting

Rating

Weighted
Score

Rating

Weighted
Score

Weight

0.079

4

0.316

7

0.553

Cost

0.037

5

0.185

4

0.148

Ease of Manufacturing

0.107

4

0.428

6

0.642

Speed of Actuation

0.148

5

0.74

5

0.74

Structural Strength

0.349

6

2.094

5

1.795

Human Mimicking

0.182

4

0.728

9

1.638

Maneuverability

0.099

5

0.495

6

0.594

Selection criteria

Total score
Rank
Continue

4.986

6.110

2

1

No

Yes
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Chapter 4: Detailed Design
Manufacturing Process Plan
The elbow is comprised of four components, the upper arm, the lower arm, the hydraulic piston,
and the attachment mechanism. All the components excluding the hydraulic piston will be made out of
4130 steel annealed at 865°C. In order to construct the forearm, sheet steel of thickness 1/4 inches will be
used in manufacturing the upper and lower arms. The hinge assembly that connects to the hydraulic
piston and the upper and lower arms will be cut out of 1/2 inch sheet steel. Once all of the sides have
been cut out from the sheet steel for the upper and lower arms, the pieces will be completely welded
together. In order to attach all of the components together, pins of sizes 3 and 4 inches in diameter will be
used.

Analysis
Two Dimension Example
In order to gain an understanding of the forces placed on the elbow joint as the elbow is being
bent in flexion, calculations were performed at multiple angles while assuming a two-dimensional static
case. As shown in the free body diagram, Figure 11, the joint reaction force J and the hydraulic piston
force B can be calculated by taking into account the weight of the forearm A and the weight of the load W
being lifted. In order to calculate forces J and B, a sum of the forces in the X and Y directions and the
sum of the moments were computed as shown in the equations 1, 2, and 3 below.

Figure 11: Free Body Diagram
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∑
Equation 1: Sum of the forces in the X direction

∑
Equation 2: Sum of the forces in the Y direction

∑
Equation 3: Sum of the moments
By solving the three equations simultaneously, one can obtain the final result for the joint reaction
force J, the hydraulic piston force B, and the angle φ of the elbow with respect to the horizontal. The
resulting equations 4, 5, and 6 provide an insight into at what angle the elbow is under the most stress
which can then be taken into account when analyzing the elbow using FEA. The full calculation for J, B,
and φ can be viewed in Appendix B: Joint reaction force calculation.

J = √(

)

((

)

)

Equation 4: Joint reaction force

B=
Equation 5: Hydraulic piston force

[(

)

]

Equation 6: Angle with respect to the horizontal
Equations 4 and 5 were graphed in Microsoft Excel using the weight of the forearm A, the weight
of the load W, and the angle θ ranging from 0° to 135°. The graphs for J and B are shown in Table 5 and
Table 6 respectively. In Table 5, the joint reaction force is extremely high when the elbow is in the
straightened position. This makes sense because when the elbow is in the straightened position the load is
at its furthest distance in the X direction. Also, the muscle force required to move the elbow in Table 6 is
largest when the elbow is straight and then exponentially decays as the elbow is being bent.
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Table 5: Joint reaction force

Joint Reaction Force
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Table 6: Muscle force

Muscle Force
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Finite Element Analysis
Now that an understanding of the forces that are placed on the elbow when in flexion and
extension are known, FEA was performed using the simulation software embedded in SolidWorks. FEA
is a numerical technique that divides the model into small simple shapes called elements that are
connected to each other by common points called nodes. The finite element method takes into
consideration all of the information gained from each of the elements that make up the model and
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provides a result of the behavior that the model will undergo based on the material of the model and the
specified boundary conditions which include how the model is supported and how the loads are applied to
the model.
An important step of FEA includes the process of meshing the model which is the process of the
software dividing the model into elements. The SolidWorks automatic mesher generates the mesh based
on a global element size, tolerance, and local mesh control. The application of a mesh control provides
the ability to specify different sizes of elements for components, faces, edges and vertices. The software
provides the option to specify a global element size or to automatically estimate the global element size
by considering the volume, surface area, and geometric details of the model. The size of the mesh
determines the number of elements and nodes which is based on the model's geometry, element size,
mesh tolerance, mesh control, and contact specifications. As the size of the mesh becomes smaller, the
accuracy of the solution becomes greater. Although, as smaller meshes are used the amount of CPU time
increases due to the increase of elements (Dassault Systems, 2012).
When meshing the elbow assembly with solid elements, the software provides the capability to
automatically generate the mesh using two different kinds of elements. A draft quality mesh utilizes
linear tetrahedral elements shown in Figure 12 while a high-quality mesh uses parabolic tetrahedral
elements shown in Figure 13. Linear tetrahedral elements consist of four corner nodes connected by six
straight edges and are also called first-order elements. Parabolic tetrahedral elements, also called second
order elements, consist of four corner nodes, six mid-side nodes, and six edges. For this project, the
higher quality mesh was utilized because parabolic elements have the ability to better represent curved
boundaries more accurately and they provide better mathematical approximations (Dassault Systems,
2012). The disadvantage of using the higher quality mesh is such that it requires greater computational
resources than linear elements which are similar to decreasing the mesh size.

Figure 12: Linear element

Figure 13: Parabolic element
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The contact specifications for this project utilized a global component contact set which
determines all of the areas of the selected components that share areas amongst each of the other
components. The specific type of component contact used was a no penetration contact. This type of
contact does not allow the selected components to penetrate each other during the simulation regardless of
their initial contact condition.
The elbow was analyzed in in two positions, palm upwards and palm inwards.

Each position

was analyzed at multiple angles starting at 0° in which the elbow is straight, increasing by 15° increments,
and ending at 135° in which the elbow is almost fully bent. These angles can be seen in Figure 14 below.

Figure 14: Angles used in simulations

In order to run a simulation within SolidWorks, three criteria need to be fulfilled including
material selection, boundary conditions, and mesh size. The material that the elbow is produced with is
4130 steel. This steel was chosen by previous Penn State teams due to its high yield strength of 460 mega
pascals (MPa). The boundary conditions consist of applying fixtures and loads to the model. For each
position shown in Figure 15 and Figure 16, the limegreen symbols represent a fixed geometry. A fixed
geometry in SolidWorks restricts the movement of the applied face in the X, Y, and Z directions. This
type of fixture was chosen to replicate how the upper arm would be mounted to the shoulder. The pink
arrows represent the location and direction at which the force is applied on the elbow. In Figure 15, the
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pink arrows are pointed in a downward position to represent a load being lifted in the case of the palm
upwards position. A force of 4000 pounds was distributed around the end of the lower arm to simulate an
attachment that may be connected to the lower arm that holds the load. Figure 16 shows the pink arrows
pointing inward simulating the elbow in the palm inwards position.

Figure 15: Palm in the upwards position

Figure 16: Palm in the inwards position

After the material and boundary conditions were defined, the model was meshed using a global
one inch tetrahedral element size as shown in Figure 17. The mesh size of one inch was used in all of the
simulations of the elbow to maintain consistency in obtaining the maximum von Mises stress. After each
of the simulations were ran using the one inch mesh, mesh controls were then applied to the area of
highest stress. A mesh control provides the ability to select the area of highest stress and decrease the size
of the elements in the location around that area in order to provide a more accurate stress plot. Mesh
controls of 0.1 inches and 0.05 inches were used to confirm that the numerical stress values converged to
a specific value.
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Figure 17: 1 inch mesh over the entire model

After each of the criteria was defined, the simulations for each of the positions at all of the angles
can be performed. The results of the simulations with the elbow in each position can be seen in Table 7
below. The results pointed out two locations of concern shown in Figure 18, the area where the upper
arm will be mounted to the shoulder and the main connection pin that connects the upper and lower arm
together. Although these areas are of concern, the maximum stress was well below the design goal of a
safety factor of two. These locations can be seen from the results of the simulations show in Figure 19
and Figure 20 where the color red indicates the location of the highest stress. Figure 19 is a magnified
view of the results of the simulation of the area where the upper arm attaches to the shoulder and Figure
20 is the location of where the upper and lower arm are connected by the main connection pin.
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Table 7: Maximum stresses of the elbow in both positions

Maximum Stress
250

Stress (MPa)

200

150
Palm Upwards
Palm Inwards

100

FOS 2
50

0
0

15

30

45

60

75

90

105

120

135

Angle (degrees)

Figure 18: Areas of highest stress
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Figure 19: Magnified view of the highest stress
at the shoulder area
Figure 20: Magnified view of the highest
stress at the main connection pin

Optimization
The results of the FEA have shown that the current design of the elbow could structurally support
a load of 4000 pounds while maintaining a factor of safety of two. In order to decrease cost and weight,
optimization of the elbow could be performed by removing material that is unnecessary while maintaining
the factor of two safety. The process of optimization involved removing material from the model,
rerunning the simulations at each of the angle increments, and analyzing the results to determine whether
the highest stress locations are still within the factor of safety requirement.

Figure 21: Cutaway view of the internal crossmember
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Each of the following redesigns were simulated with the elbow in
the palm upwards position. Redesign 1 involved removing the extruded
internal crossmember within the upper and lower arm as shown in Figure
21 and Figure 22. The removal of this material decreased the total weight
by 250 pounds and slightly increased the highest stress but still remained
below the factor of two safety. Redesigns 2 and 3 involved decreasing the
size of the pins, shown circled in red in Figure 23, from a diameter of 4 to
3 inches and 3 to 2 inches, respectively. Additionally in redesign 3, the

Figure 22: Left side view of
the internal crossmember

thicknesses of the connection arms shown with red arrows in Figure 23 were
decreased from 2 to 1 inch thick. The results of the simulation for redesign 2 remained under the factor of
safety goal, although redesign 3 failed to maintain the factor of two safety at the location where the upper
and lower arms are connected by the main connection pin. This failure was addressed in redesign 4 by
increasing the diameter of the main connection pin to 4 inches in addition to increasing the size of the
remaining pins to 3 inches in diameter. Sections of material were also cut out of the lower arm in

Figure 23: Redesign 2 and 3 components changed

redesign 4 which resulted in a total weight decrease of 720 pounds from the original design. Redesigns 5
and 6 also involved removing material from the upper and lower arms to decrease weight. The thickness
of the of the connection arms were also decreased during redesign 5 from a thickness of 1 to 1/2 inches
which resulted in a total weight reduction of 859 pounds from the original design. The simulation result
for redesign 6 can be seen in Figure 24 where the area of highest stress has now changed from the
shoulder area or the main connection pin to the area of which the material was removed from the upper
arm. The stresses at this area initially caused the elbow to be above the factor of safety due to the
geometry of a model. As shown in Figure 25 where the material was removed, there is a sharp point
where the area of highest stress occurred which causes the stresses to be extremely high due to the load
being concentrated on a single edge. This issue was resolved by integrating a fillet in the corner in order
to distribute the load more evenly as shown in Figure 26 which resolved the factor of safety issue.
24

Figure 24: Simulation result of redesign 6

Figure 25: Magnified view of the area of highest stress at the corner

Figure 26: Magnified view of the stress should be shown after applying the fillet
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Although redesign 6 remained below the factor of safety, its highest stress was only slightly
below the factor of safety. Due to this fact the optimization process was then turned to simulating the
palm facing inwards to confirm that the previous redesigns could withstand the forces that are placed on
the elbow in the alternate position. Unfortunately, after running the simulation of redesign 6 the structure
failed at the location of where the material was removed from the upper arm. Therefore, redesign 7
replaced the material that was removed during redesign 6. After performing another simulation with the
palm inwards of redesign 7, the highest stresses at each of the angle increments remained below the factor
of safety of two. The final design of the elbow can be seen in Figure 27 below in which the optimization
procedure was ended. A breakdown of all of the changes made during the optimization redesigns and the
maximum stresses for each redesign are shown in Table 8 and Table 9 respectively. Appendix C: Table
of simulations performed contains most of the simulations that were performed that includes the redesign
number, elbow angle, elbow orientation, maximum stress, weight, design change made, global mesh size,
mesh control size, contact set, and maximum stress location. Appendix D: Images of each of the redesign
changes made contains images of each of the locations that were optimized for each redesign.

Figure 27: Final design after optimization
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Table 8: Summary of changes of each redesign

Redesign #

Design Change Made

0

 No change

1

 Extruded internal crossmember
removed
 Pin size decreased from a 4 inch
diameter to a 3 inch diameter
 Pin size decreased from a 3 inch
diameter to a 2 inch diameter
 Connector arm thickness decreased
from 2 inches thick to 1 inch thick
 Pin size increased from a 2 inch
diameter to a 3 inch diameter
 Sections of material removed from
the lower arm
 Main connection pin increased from a
2 inch diameter to a 4 inch diameter
 Additional sections of material
removed from the lower arm
 Sections of material removed from
the upper arm
 No change

2
3

4

5
6
6.1
7

 Sections of material replaced into the
upper arm

Total weight saved

Elbow Position

No change

Upwards

250 pounds

Upwards

406 pounds

Upwards

573 pounds

Upwards

720 pounds

Upwards

859 pounds

Upwards

915 pounds

Upwards

915 pounds

Inwards

864 pounds

Inwards

Table 9: Maximum stress results of each redesign

27

In addition to performing FEA on the overall structure of the elbow, SolidWorks has the
capability to show where areas of the model can be optimized called design insight. In Figure 28 and
Figure 29, the results of the design insight of the final design of the elbow show the locations of where the
elbow is under stress in blue. In Figure 29, the location of the area of the stress is exactly where the
material was removed in redesign 6. As such, this tool was accurate in predicting where the material
shouldn't have been removed.

Figure 28: Design insight result of the final design in the palm upwards position

Figure 29: Design insight result of the final design in the palm inwards position

SolidWorks also has the capability of providing information about the stresses in each of the pins
that hold the elbow assembly together. This is performed by suppressing each pin and applying a pin
contact to each of the locations where the suppressed pins were located. The number of each pin can be
seen in Figure 30. The stresses of the pins were analyzed in each of the elbow positions as shown in
Table 10 and Table 11. In Table 10, the results show a trend in how the stress is transferred to each of the
pins as the elbow is being bent. The stresses in pins 1 and 2 are identical due to the fact that the stresses
are being transferred from pin 2 through the hydraulic cylinder to pin 1. The results of the stresses in
each of the pins for the case of when the elbow is in the inwards position didn't provide any trends as
shown in Table 11.
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Figure 30: Numerical value of each pin for pin analysis
Table 10: Results of stresses on the pins in the palm upwards position

Table 11: Results of stresses on the pins in the palm inwards position
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Chapter 5: Results and Conclusion
The design of the elbow followed the process of creating a design to meet the customer needs,
analyzing the design to ensure that the structure can withstand the load, and optimizing the design as
much as possible in order to decrease weight and cost while maintaining structural integrity. The
significance of each of the customer needs was integrated during the entire development of the elbow in
which a priority was placed on maintaining structural integrity while the design of the elbow to mimic
human motion as closely as possible was the second priority based on the AHP comparison total in Table
2. Based on these priorities, the decision to continue with the development of elbow concept 4 was made
due to the fact that this design could achieve 145° of flexion and 40° of extension which exceeds that of
the human elbow. Once the decision was made based on the results of the concept scoring matrix in
Table 4, the analysis of concept 4 could begin in order to confirm that design could withstand supporting
a load of 4000 pounds.
The FEA performed in SolidWorks Simulation provided results such that the elbow could support
the 4000 pound load while remaining under a factor of safety of two based on the material properties of
the 4130 steel whose yield strength is 460 MPa. The determination of whether the design remained
within the factor of safety of two was decided by dividing the yield strength in half such that if the
maximum stress from the results of the FEA was below 230 MPa then the factor of safety of two would
be maintained. The optimization of concept 4 could then be pursued. The optimization process resulted
in a total of seven redesigns in which each redesign consisted of removing material from the elbow
assembly and rerunning the simulation to confirm that the removal of the material didn't put the structural
integrity of the elbow in jeopardy of failing the factor safety of two. The final redesign, redesign 7,
resulted in saving a total of 864 pounds from the original design of concept 4. Redesign 7 also remained
under the factor of safety of two, as shown in Table 9, where the elbow was analyzed in both the palm
upward and inward positions at each of the angles shown in Figure 14. In the event that a higher factor of
safety would need to be integrated, redesign 2 of the optimization process maintained a factor of safety of
four which can also be seen in Table 9. Redesign 2 could be utilized as a starting point to begin
optimization of the elbow to maintain a higher factor of safety than the goal of this project.
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Chapter 6: Recommendations and Future Work
The decision to use SolidWorks Simulation came after attempting to model the contact of a
simplified version of the main connection pin in the finite element analysis software program Abaqus.
Multiple errors were encountered when analyzing the contact connection between the upper and lower
arm and the main connection pin. Therefore, due to the time restraints of this project the FEA was
performed in SolidWorks which provided adequate results for the goal of this project.
Future work may consist of impact, vibrational, fatigue, and thermal analysis of the elbow design.
These analyses could further determine whether or not the elbow design could withstand the elements and
everyday use. The basic design of the elbow has been completed, although a more detailed design should
be performed such as specifying a correct size for the hydraulic cylinder to be able to lift the load of 4000
pounds, a type of bushing or bearing that would be placed between the areas of where the components
contact each other, and a coating that could be applied to the outer surface to prevent the steel from
breaking down due to the elements.
For further analysis using FEA, different types of elements could be used in a software program
such as Abaqus that include 8-node brick elements, 20-node brick elements, or 10-node tetrahedral
elements. The 8-node brick elements, also called first-order elements, use linear interpolation in each
direction and only have nodes at their corners. A 20-node brick element uses quadratic interpolation in
which they contain midside nodes. These types of elements are also called second order elements. The
10-node tetrahedral elements are modified tetrahedral elements that include midside nodes and utilize a
modified second-order interpellation process. Additionally, a more thorough analysis of the contact
interaction between each of the components and an analysis that would consider plastic yielding could
result in the failure of the final elbow design.
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Appendix A: Timeline of the overall exoskeleton project

Figure 31: Timeline of the overall project

Figure 32: Continued timeline of the overall project
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Appendix B: Joint reaction force calculation
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Appendix C: Table of simulations performed
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Appendix D: Images of each of the redesign changes made

Figure 33: Redesign 2-pin diameter decreased from 4 to 3 inches

Figure 34: Redesign 4-pin diameter increased from 2 to 3 inches and section removed from lower arm

Figure 35: Redesign 4-pin diameter increased from 2 to 4 inches
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Figure 36: Redesign 5-connector arms thickness decreased from 1 to 1/2 inches and additional sections removed from the
lower arm

Figure 37: Redesign 6-section removed from upper arm

Figure 38: Redesign 7-material replaced from redesign 6
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Appendix E: FEA simulation results

Figure 39: FEA result-final design, palm upwards, 0°

Figure 40: FEA result-final design, palm upwards, 135°
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Figure 41: FEA result-final design, palm inwards, 0°

Figure 42: FEA result-final design, palm inwards, 135°

46

Appendix F: CAD Technical drawings

Figure 43: Technical drawing-connection arm
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Figure 44: Technical drawing-upper arm
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Figure 45: Technical drawing-lower arm
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Figure 46: Technical drawing-hydraulic cylinder piston

50

Figure 47: Technical drawing-hydraulic cylinder sleeve
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