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Abstract 

 This thesis investigates the design of PRISM (Parallel Rotation mechanism for the 

Inclusion of Scapulothoracic Motion) for the exoskeleton BLUE SABINO (BiLateral Upper-

extremity Exoskeleton for Simultaneous Assessment of Biomechanical and Neuromuscular 

Output). PRISM (previously known as PANDORA) is the portion of BLUE SABINO that is 

responsible for providing shoulder protraction/retraction and elevation/depression, known as 

scapulohumeral rhythm. Shawn Trimble performed the original design work (Trimble, 2016). 

A key function of PRISM is gravity assistance. The joint responsible for shoulder 

elevation/depression must lift the entire exoskeleton. A gravity assistance mechanism should 

reduce torque requirements, maintain actuator placement, consider ergonomics, and improve 

safety. This process is split into two portions: designing spring attachments and selecting an 

appropriate spring. Thousands of springs are evaluated to discover the single spring that 

minimizes the change in force as PRISM actuates, minimizes the spring length, and 

maximizes the potential force in the spring. A structural goal of most exoskeletons is to 

minimize both mass and deflection. Components within PRISM that contribute to both mass 

and deflection (parts 2004, 2009 and 2010) were redesigned and evaluated through FEA 

within SolidWorks. The best design has a deflection of 0.2415 mm and a mass of 14.086 kg. 

This a 39% decrease in deflection and a 3% increase in mass with respect to the original 

design.   
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Chapter 1: Introduction  

This thesis presents research on the development of PRISM (Parallel Rotation 

mechanism for the Inclusion of Scapulothoracic Motion). PRISM is a portion of an 

exoskeleton being created for post-stroke rehabilitation and therapy.  

1.1   Stroke Background 

Stroke occurs when a portion of the brain is deprived of oxygen after a ruptured blood 

vessel (hemorrhage) or a blockage (ischemia). If oxygen is not restored within minutes, the 

rupture or blockage results in brain cell death (necrosis) and loss of function. Preliminary 

symptoms of a stroke include facial droop, muscle weakness, and difficulty in forming or 

understanding words. Long term, brain damage from stroke can cause losses of memory, 

speech, and muscle control.  

Stroke is one of the leading causes of disability in the United States (Tsao et al., 

2022). Based on a National Hospital Care Survey in 2014, 39.8% of people who suffered a 

stroke were discharged to an inpatient rehabilitation facility, skilled nursing facility, or home 

with an organized health service (Jackson & Chari, 2019). In 2009, there were nearly a 

million stroke hospitalizations reported to U.S. hospitals (Hall et al., 2012), and as of 2018, 

7.6 million people in the U.S. claim to have suffered a stroke at some point in their life (Tsao 

et al., 2022). More people are surviving strokes which is leading to a greater number of 

people living with stroke-related impairments (GBD 2016 Stroke Collaborators, 2019). The 

average age of the American population is also increasing. It is projected that in 2034 elderly 

(65 years of age and over) will outnumber children (under 18 years of age) for the first time 

in U.S history (Vespa, 2018). The increasing number of elderly could directly lead to higher 

stroke prevalence, especially considering that two-thirds of all strokes happen in people aged 

65 and over (Hall et al., 2012). While an improved survival rate and longer life are beneficial, 

they lead to a greater number of stroke survivors in need of therapy. The decreasing death 

rate is from a variety of factors, but a noticeable factor is improved blood pressure control 

leading to lower blood pressures (Lackland et al., 2014). Still, stroke is the 5th leading cause 

of death in the U.S. (Murphy et al., 2020).  

Post-stroke rehabilitation and therapy begins shortly after suffering a stroke. The first 

1-3 months are the most important recovery period for a stroke survivor with greatest 
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recovery occurring in this timeframe (Zeiler, 2019). This illustrates the importance of having 

accessible therapy available to stroke survivors immediately after suffering a stroke. Therapy 

involves the rewiring and retraining of the brain to complete tasks with healthy brain cells. 

Recovery from a stroke is not guaranteed: 40% of stroke survivors experience moderate to 

severe impairments, 25% recover with minor impairments, 10% recover immediately, and 

10% require a nursing home or long-term care facility (American Heart Association, 2019). 

There is always a need for better therapy practices, especially with a rising need for therapy. 

One type of therapy that has been established to fill this need is robotic therapy. Robot-

assisted training for upper-limb functionality has been established as beneficial in an 

evaluation of all rehabilitation processes (Langhorne et al., 2011). This therapy is primarily 

performed through devices known as rehabilitation robots.  

1.2   Rehabilitation Robotics 

Historically, the primary use of robotics has been to improve safety and/or 

productivity. Common applications were for tasks deemed too dirty, dangerous, or distant for 

humans which resulted in little proximity between robots and humans (Krebs & Volpe, 

2013). This approach to robotics changed in the late 1980s and early 1990s to include robot-

human interaction in the hope of improving human performance, including the eventual 

investigation into human rehabilitation. The primary goal of robotic rehabilitation was to 

replace the physician with completely automated therapy which has not occurred. Instead, the 

attempts provided a new tool to researchers and therapists, as a method to precisely quantify 

therapy results during exercise (Colombo & Sanguineti, 2018). These early rehabilitation 

robotic discoveries have led to decades of lower-limb and upper-limb exoskeleton 

development.  

1.2.1   Upper-Limb Exoskeletons 

Upper-limb exoskeletons are unique therapeutic devices that can apply assistance and 

allow for quantifiable data during exercise. Exoskeletons primarily treat the shoulder joint as 

a 3-Degree-Of-Freedom (3-DOF) stationary spherical (i.e., ball-and-socket) joint. These 3-

DOF devices include the motions of shoulder flexion/extension, abduction/adduction, and 

internal/external rotation while not allowing for shoulder protraction/retraction or 

elevation/depression. This arrangement simplifies both design and control. In a survey of 
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over 120 robotic devices for upper-limb rehabilitation, only 4 of 64 shoulder movement 

devices directly addressed horizontal or vertical displacement of the shoulder (Maciejasz et 

al., 2014). These included MAG, Pneu-WREX, the ESTEC exoskeleton, and IntelliARM. 

MAG is a 6-DOF freedom exoskeleton with 4-DOF in the shoulder including 

elevation/depression but not protraction/retraction (Carignan et al., 2007). Pneu-WREX 

applies pneumatics to actuate “forward/backward clavicle rotation” which is another 

description of horizontal shoulder displacement (Wolbrecht et al., 2006). The exoskeleton 

developed by the European Space Research and Technology Centre (ESTEC) incorporated 

motion of the shoulder girdle (elevation/depression and protraction/retraction) as well as 

flexion/extension, abduction/adduction, and internal/external rotation (Schiele & van der 

Helm, 2006). IntelliARM is an exoskeleton that actively actuates for 4-DOF in the shoulder 

(flexion/extension, abduction/adduction, internal/external rotation, and elevation/depression) 

and passively accounts for protraction/retraction through 2 other degrees of freedom in the 

shoulder (Park et al., 2008). Harmony (Kim & Deshpande, 2017) and MEDARM (Ball et al., 

2007) are two additional exoskeletons not included in the review that also actively account 

for 5-DOF shoulder movement. These six exoskeletons are presented in Figure 1-1. 
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Figure 1-1 Exoskeletons with DOF for shoulder elevation/depression and/or protraction/retraction. These exoskeletons are 

(a) MGA (Carignan et al., 2007), (b) Pneu-WREX (Wolbrecht et al., 2006), (c) ESTEC exoskeleton (Schiele & van der 

Helm, 2006), (d) Harmony (Kim & Deshpande, 2017), (e) IntelliARM (Park et al., 2008), and (f) MEDARM (Ball et al., 

2007). 

Another example of upper-limb exoskeletons is found in the EXO-UL series. These 

exoskeletons have been under development through the guidance of Jacob Rosen, the 

Director of the UCLA Bionics Lab. The series began with 1-DOF and 3-DOF proof-of-

concept designs of the exoskeleton known as EXO-UL1 and EXO-UL3, respectively. The 

devices were expanded into a 7-DOF cable-actuated dexterous exoskeleton for 

neurorehabilitation (CADEN-7, also known as EXO-UL7) which is shown in Figure 1-2. 

These degrees of freedom include 3-DOF in the shoulder (flexion/extension, 

abduction/adduction, and internal/external rotation), 1-DOF in the elbow (flexion/extension), 

1-DOF in the forearm (pronation/supination), and 2-DOF in the wrist (extension/flexion and 

radial/ulnar deviation) with shoulder flexion/extension and abduction/adduction combined 

for singularity placement (Perry et al., 2007). The next iteration of the EXO-UL series, EXO-

UL8, added a hand gripper. The cable actuation was also replaced with a combination of 

harmonic drives, DC motors, and belts (Shen et al., 2018). A continuation and expansion of 

the EXO-UL series is occurring through an upper-limb exoskeleton named BLUE SABINO. 



5 

 

 

Figure 1-2 The EXO-UL7 (CADEN-7) exoskeleton. The 7-DOF exoskeleton is within the EXO-UL series of exoskeletons. 

The exoskeleton still incorporates cables for actuation rather than later implemented harmonic drives (Perry et al., 2007). 

1.2.2   BLUE SABINO 

BLUE SABINO (BiLateral Upper-extremity Exoskeleton for Simultaneous 

Assessment of Biomechanical and Neuromuscular Output) is an exoskeleton currently under 

development at the University of Idaho. This system is designed for better therapeutic 

assessment and rehabilitation for survivors of stroke suffering from upper-limb disability. 

The device records extensive metrics through electroencephalography (EEG), 

electromyography (EMG), force-torque sensors, and harmonic drives. This allows for 

mapping of brain waves to resulting motion in a non-invasive process: EEG provides brain 

measurements, EMG measures muscle activation, force-torque sensors record force 

interactions between the human and exoskeleton, and the harmonic drives actuate the 

movement (Perry et al., 2019).  

The development of this 30-DOF dual-arm exoskeleton contains two symmetric 15-

DOF arms, one left arm and one right arm. Both 15-DOF sides are composed of a 9-DOF 

arm exoskeleton developed through the University of Idaho and a 6-DOF hand exoskeleton 

developed through the University of California Los Angeles. The 9-DOF portion of the arm 

exoskeleton is composed of a 2-DOF shoulder mechanism, a 3-DOF upper-arm mechanism, 
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a 2-DOF forearm mechanism, and a 2-DOF wrist mechanism. The initial CAD of BLUE 

SABINO is shown in Figure 1-3. 

 

Figure 1-3 Renders of BLUE SABINO. Initial design work of expanding the EXO-UL series into BLUE SABINO. Designs 

are from 2016 and include (a) a front view and (b) an isometric view (Trimble, 2016). 

A goal of BLUE SABINO is the design and development of a device that 

incorporates two additional DOFs at the shoulder for elevation/depression and 

protraction/retraction. The addition of horizontal and vertical translation of the shoulder joint 

allows for greater mobility and reduces forces between the human and exoskeleton.  

1.2.3   PRISM 

A dual four-bar mechanism called PRISM has been included in the design of BLUE 

SABINO to enable scapulohumeral rhythm and translation of the shoulder joint. PRISM is an 

acronym for Parallel Rotation mechanism for the Inclusion of Scapulothoracic Motion. 

Scapulohumeral rhythm describes the relationship between the scapula and humerus. PRISM 

(formerly known as PANDORA, Parallel Positioning Dual Four-Bar Mechanism) is 

composed of two adjacent four-bar mechanisms. Planar four-bar mechanisms are composed 

of four links: ground, input, output, and floating. The ground link remains stationary and 

connects to the input and output pivot points. The input link is the driving link that actuates 

the system through an applied torque. The output link is the driven link that produces the 

resultant motion. The floating link connects the input and output links while also moving. 
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These linkages combine to result in a one degree-of-freedom mechanism. The more 

commonly known “parallelogram” is a specific type of four-bar mechanism in which the 

input and output links are the same length and angle, and the ground and floating links are 

the same length. PRISM is designed as a parallelogram in 2-dimensions with two sets of 

planar parallel four-bar link systems, one set in each the vertical and horizontal direction. The 

length of the input and output links are set to 152.4 mm to account for human clavicle length, 

and the range-of-motion is 15-deg for protraction, retraction, elevation, and depression (Hill 

et al., 2019). Both Joints 1 and 2 have 30-deg of total actuation range. The PRISM design in 

Figure 1-4 was originally designed by Shawn Trimble (Trimble, 2016).  

 

Figure 1-4 Renders of PRISM (previously known as PANDORA). Initial design of the portion of BLUE SABINO 

responsible for shoulder elevation/depression and shoulder protraction/retraction. Both 4-bar mechanisms are outlined in 

red. Designs are from 2016 and include (a) a side view illustrating elevation and (b) a top view illustrating protraction 

(Trimble, 2016). 

1.3   Gravity Compensation 

Gravity compensation is the process of counteracting gravitational forces that act on 

an object or mechanism. A simple form of compensating for gravity is achieved through 

basic counterbalancing. This is the foundation of measurement equipment such as traditional 
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scales for weighing objects. Counterbalancing is not an effective option for low space, high 

weight situations, which is often the case with exoskeletons. Another approach to gravity 

compensation is balancing the load with springs. Springs have the benefit of being able to 

apply larger forces in small spaces without large amounts of weight and inertia. With the 

right design and implementation, springs are a simple and effective approach to statically 

balance loads. 

1.3.1   Zero-Free-Length Springs 

A common theorized approach to gravity balancing is through a theoretical 

component known as a zero-free-length spring. Springs require some initial tension before 

deflection occurs. Zero-free-length springs do not require initial tension before deflection, 

thus, apply zero force at zero length. A simple zero-free-length spring mechanism in robotics 

attaches one end of the spring to the link and the other end to a fixed location in line with the 

link rotation axis as shown in Figure 1-5. This mechanism, when using a zero-free-length 

spring, results in a sum of moments about the link pivot point with the following relationship: 

𝑚𝑔𝑟𝑚 = 𝑟𝑘𝑎                                                            (1) 

where m is the mass, g is acceleration due to gravity, rm is the distance to the center of mass 

from the pivot, r is the distance to the spring attachment from the pivot, k is the spring 

constant, and a is the vertical distance between the pivot and fixed end of the spring.  
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Figure 1-5 Basic gravity equilibrator. The simplest approach to a zero-free-length spring gravity compensation system. The 

theoretical system utilizes a zero-free-length spring to gravity balance a 1-DOF link (Herder, 2001).  

Careful selection of r, k, and a can gravity balance any combination of rm and m, but rm and 

m must be precisely known which is often not the case. This relationship is dependent on a 

perfect zero-free-length spring, and perfect zero-free-length springs do not exist. Most 

readily available springs have a free length that amounts to 70-90% of the initial length 

(Herder, 2001). Options to achieve static gravity balancing with a spring include increasing 

the initial tension of the spring or altering the design so the free length is not as affected, for 

example, through pulleys. Several examples of implementing pulleys are theorized in Figure 

1-6. This simple proposed method of gravity balancing applies to a single link system, while 

BLUE SABINO has significantly more links and requires a more complex approach. 
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Figure 1-6 Gravity balancing with springs and pulleys. Setups include (a) a basic gravity equilibrator without pulleys, (b) a 

two-pulley gravity balance system, (c) a three-pulley gravity balance system, and (d) a three-pulley gravity balance system 

with the spring fixed to the ground. Pulleys are implemented to minimize the change in length of the spring. Previous design 

concepts were based off configuration (d) (Herder, 2001).  

1.3.2   Motivation for Gravity Balancing  

Gravity balancing exoskeletons provides benefits in both safety and design. 

Exoskeletons without passive gravity balancing primarily rely on motors to support the 

weight of the exoskeleton. Motor failure can result in large forces on the human in the 

exoskeleton. These forces are highly dependent on the weight of the exoskeleton as well as 

physical safety stops. Perfect passive gravity balancing would provide constant gravitational 

assistance and allow for motors to only apply torque to actuate the exoskeleton rather than a 

combination of gravity assistance and actuation. Imperfect gravity balancing is also 

beneficial in reducing torque requirements in both static and dynamic loading conditions. 

Optimal performance for backdrivable motors in exoskeletons supplies an average torque of 

zero with similar time spent applying torque in each direction (positive and negative torque).  

BLUE SABINO has several joints that could benefit from gravity balancing. Links 

and joints located closer to the base link are more likely to need gravity compensation. These 

joints are responsible for moving and supporting all distal parts of the exoskeleton. A great 

example of this is found in BLUE SABINO, specifically PRISM. The first two joints in 

PRISM are responsible for shoulder protraction/retraction and shoulder elevation/depression. 

Joint 2, shoulder elevation/depression, lifts and lowers the entire exoskeleton upon 

movement and supports the entire exoskeleton in a static phase. This would suggest that joint 

2 benefits from gravity balancing. An initial gravity balance system has been designed 

(Trimble, 2016). The decision to gravity balance joint 2 and whether to compensate for 
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gravity in other joints has already been supported in an analysis of activities-of-daily-living 

(ADL) movements (C. Bitikofer, 2018; C. K. Bitikofer et al., 2018). The results of this study 

are illustrated in Figure 1-7. 

 

Figure 1-7 ADL analysis of joints 1-6. Graphs that result in data not centered near 0-Nm support implementing gravity 

balancing. Joints that benefit from gravity balancing are Joints 2 and 3 (C. Bitikofer, 2018). 
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This ADL analysis recommended that both joints 2 and 3 implement a gravity balance 

system and led to a gravity compensation design for joint 3 using constant force springs (Hill, 

2019). A more complete design to gravity balance joint 2 is necessary.  

1.4   Finite Element Analysis  

Finite Element Analysis (FEA) is a commonly used computational approach to 

engineering problems. FEA is an analysis performed through the Finite Element Method 

(FEM). FEM is a numerical method for solving multiple partial differential equations 

simultaneously. The system is divided into a finite number of elements through a system 

discretization known as a mesh. The FEM calculates a solution through minimizing the error 

between elements. Typical types of FEM include structural analysis, heat transfer, fluid flow, 

and many others.  

A FEM structural analysis of various components and systems of components in 

PRISM helps determine the effectiveness of the proposed design alterations and provides 

insight into areas of concern. All FEA results presented are performed through SolidWorks. 

SolidWorks FEA has the capabilities to analyze the designs while also serving as the sole 

design software.  

1.5   Overview 

This thesis will cover the redesign of the PRISM based on current parameters. 

Chapter 2 will cover a new gravity compensation design. This includes the physical design as 

well as component selection. Chapter 3 entails the altered mechanical design of PRISM. 

Component alterations will be presented and evaluated. Chapter 4 will review the entire 

design. This will include recommendations about future work as well as potential 

improvements.  
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Chapter 2: Gravity Compensation for Joint 2 of PRISM 

Perfect gravity compensation of BLUE SABINO with PRISM Joint 2 requires precise 

knowledge of BLUE SABINO mass and center of mass properties; specifically, the mass of 

BLUE SABINO and the length of the PRISM links are required. The target compensated 

mass includes mass from all components located between Joint 2 and the end-effector such as 

links, actuators, sensors, wiring, and other components; this value is difficult to accurately 

obtain as designs are altered in development and not all physical components are accurately 

modeled. An alternative approach to perfect gravity compensation is to reduce the motor 

requirements for Joint 2. Following this approach, reducing motor requirements is achieved 

through applying a lifting force on PRISM to counteract the gravitational forces.  

2.1   Methods 

The spring attachment system is essential for providing reliable force to BLUE 

SABINO. The spring must continue to apply the necessary force throughout the range of 

motion of both Joints 1 and 2. Careful spring selection is essential for providing the desired 

force profile. This includes the type of spring as well as the spring characteristics. The spring 

attachment system and spring selection are dependent on each other. The spring attachment 

system influences the types of potential springs and spring selection influences attachment 

length and location. The design will occur in two steps: spring attachment and spring 

selection. 

2.1.1   Previous Design Evaluation 

A preliminary concept design for gravity compensation was implemented by a 

previous graduate student (Trimble, 2016). In this design, a cable and set of pulleys were 

located within PRISM to transmit forces between an extension spring and the output side of 

PRISM. The pulley arrangement helped minimize the change in length of the rope during 

PRISM movement. In turn, this lowered the variability in deflection of the spring to provide 

a more constant force. The initial design is presented in Figure 2-1. 
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Figure 2-1 Previous spring attachment design. (a) Section view of the attachment system. The base structure that PRISM 

rests upon conceals the extension spring. (b) Section view of the portion of the system within PRISM. The design shows a 

small semicircular slot required for the rope to travel through to connect the spring and pulleys (Trimble, 2016). 

While sleek in design, there were many complexities in this concept. The attachment 

system had no mechanical redundancy and was dependent on a singular spring and rope. It 

was designed to allow failure through spring deformation before catastrophic failure in the 

rope, increased wear on the rope in certain regions could easily change which component 

failed first. Each pulley added undefined frictional resistance to PRISM motion that would 

require compensation in the control algorithm. The gravity compensation is needed for Joint 

2, but the base of the pulleys had to rotate with the movement of both Joints 1 and 2. Without 

the pulley rotating to follow the path of the rope, a minor risk was the rope sliding out of the 

pulleys completely or onto the rim of the pulley, increasing wear in the rope. The base of the 

pulleys had to permit enough base rotation to allow for Joint 1 alignment but limit the range 

of motion of the pulleys to prevent complete rotation and the rope falling out of the pulleys. 

The rope traveled at an angle through a narrow slot between the spring and the pulleys. The 

base attachment of the spring and location of the slot had to be precise to prevent wear in the 

rope from the slot. The design of the base tower has also changed since this first concept was 

made and no longer allows for internal placement of the spring.  
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The key mechanical component in the entire gravity balancing system is the spring. 

Careful selection of the spring is essential for providing the correct amount of force to 

PRISM. This works hand in hand with the attachment system. The design of the attachment 

system directly correlates to the direction and quantity of force exhibited by the spring as 

well as the type of springs that are functional in the system, but little research into the spring 

selection has been presented. The processes for a new attachment system design and spring 

selection will be described in detail in the following sections.  

2.1.2   Design Requirements  

The spring attachment system has specific design requirements for effective 

implementation within BLUE SABINO. The system should provide appropriate force to 

lower the required torque for Joint 2. It is necessary that the resulting torque requirements are 

within the range of the corresponding actuator. The spring attachment system should not 

interfere with current actuators. This includes maintaining the location of all actuators and 

preventing any collisions with actuators. It should also be ergonomic. The design should 

have a low profile and withstand transportation. The last design requirement is an 

improvement in safety to the entire exoskeleton. In summary, the key design requirements 

are Joint 2 torque reduction, maintained actuator placement, ergonomics, and improved 

safety. The details of these requirements are discussed in the following paragraphs.  

Torque Reduction: The spring compensation must allow the actuator to support Joint 2. A 

previous dynamic analysis of BLUE SABINO evaluated the exoskeleton during activities-of-

daily-living (ADL) without any gravity assistance elements. The minimum and maximum 

torque requirements for Joint 2 in this study are -60 Nm and -100 Nm, respectively, with 

90% of motion requiring between -71 Nm and -90 Nm. Current estimates of BLUE SABINO 

in a static state establish a required torque of -60 Nm. The original actuator for Joint 2 was a 

SHA-20A-51 from Harmonic Drive that has a continuous torque of 21 Nm and a maximum 

torque of 73 Nm. This actuator could account for both static and dynamic states torque 

estimates with a constant -80 Nm of gravity compensation. This leaves little room for error in 

the gravity compensation and two large problems. First, it is difficult to achieve a simple, 

constant-force gravity compensation on an unbuilt, dynamic portion of an exoskeleton. 

Constant force springs apply low amounts of force. A potential design incorporating constant 
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force springs would need a large quantity of constant force springs that creates other 

complications, such as spring space and spring attachment. Any change in length of a linear 

spring will result in a change in force in the system rather than a constant force. Second, this 

target torque is based on an ADL kinematic and dynamic analysis. Any inaccuracies in the 

model could result in torque requirements beyond the actuator capabilities. A larger actuator 

provides a larger continuous torque and maximum torque limits, and thus provides more 

adjustability in design. This is a favorable characteristic in a design that is not yet 

manufactured. An actuator upgrade to a SHA-25A-81 with a continuous torque of 67 Nm and 

a maximum torque of 178 Nm provides much more flexibility in design. A summary of 

actuator capabilities is provided in Table 2-1.  

Table 2-1 Actuator torque properties. The maximum and continuous torque limits for two Harmonic Drive actuators are 

compared. Continuous torque limits set design limits while the actuator can reach maximum torque outputs for shorter 

periods of time. 

Actuator Data 

Design Model: Maximum Torque (Nm): Continuous Torque (Nm): 

SHA-20A-51 73 21 

SHA-25A-81 178 67 

 

Maintain Actuator Placement: The development of BLUE SABINO has included critical and 

precise actuator placement. Kinematic and dynamic analyses of the exoskeleton were based 

upon these placements. Key parts of these analyses incorporate the location and mass of the 

actuators and links. This includes the actuators and links for PRISM. The actuators are 

located to support both Joint 1 and 2 movement, and key link dimensions are solidified to 

best follow the motions of a human shoulder. It is beneficial to limit interference from the 

gravity compensation system with these key actuators and links. The gravity balance system 

also must be anchored to a stationary component. This combination of characteristics reduces 

the space to fit the gravity balance system. The gravity balance system also should not 

restrict movement of PRISM or create a collision point with the PRISM actuators that extend 

beneath and behind PRISM. These actuators are circled in Figure 2-2. 
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Figure 2-2 PRISM actuator locations. (a) An isometric view of PRISM. (b) A front view of PRISM. The actuators for Joints 

1 and 2 are circled. These actuators are essential for providing torque to BLUE SABINO. Adapted from (Trimble, 2016).  

Ergonomics: Another important design criteria is ergonomics. The gravity balance design 

should fit in a small space to minimize the footprint of BLUE SABINO. BLUE SABINO will 

have a large profile upon completion because several joints in the 30-DOF exoskeleton 

include remote centers, and the exoskeleton requires large supporting base structures and 

server racks. The exoskeleton has only continued to grow through development which results 

in a more awkward interface for the clinician, operator, and researchers. A smaller gravity 

compensation spring design results in a small profile which also assists in maintaining the 

range of motion of the exoskeleton. The entire exoskeleton must withstand transportation. 

The exoskeleton will be relocated between clinical hospitals and development areas at the 

university. A smaller design assists with ease of transportation, but the design itself must 

withstand transportation.  
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Safety: The primary goal of gravity assistance is safety. While the other parameters are 

important, safety is the top concern. A passive gravity balance system increases safety to the 

entire exoskeleton by reducing the load. This also reduces strain on other existing 

implemented safety features, such as physical hard stops, software stops, and motor brakes. 

While only a perfect passively gravity-balanced system can eliminate these forces, the 

implemented design will greatly reduce these forces. The design should also incorporate 

mechanical redundancy in its safety implementation, so the entire gravity assistance system 

is dependent on more than one component. 

2.1.3   Extension Spring  

A common type of mechanical spring is a linear extension spring. Every linear 

extension spring is designed, as the description suggests, for spring extension. The increase 

in length of the spring creates a force within the spring to oppose the extension. Careful 

consideration is important in spring selection. It is essential that the spring is compatible with 

the attachment system. The spring needs to both fit within the attachment system and provide 

the correct support to PRISM as all joints in BLUE SABINO move. Springs have 

characteristics unique to each spring. These characteristics define the physical size of the 

spring as well as the resultant force when the spring is stretched. An image including 

dimensions describing physical is shown in Figure 2-3.  

 

Figure 2-3 (a) An unstretched extension spring. (b) An extension spring at maximum deflection. Length is unstretched 

spring length. Max extended length is the length of the entire spring when fully stretched. Max deflection is the change in 

the length between fully stretched and unstretched. Outside diameter is the exterior diameter of the spring coils. Wire 

diameter is the diameter of the spring wire composing the spring.  



19 

 

Characteristics reported by manufacturers include material, wire diameter, outside 

diameter, length, spring rate, initial tension, max deflection, max extended length, and max 

load. Material is the substance of the spring. It is common for springs to be manufactured 

from stainless steel or music wire. Wire diameter is the diameter of the wire in the spring 

coils. The outside diameter of the spring is the distance across the outside of the coils which 

can directly affect collisions with other components. Altering the material, wire diameter, 

and outside diameter all alter the spring constant. The spring constant represents the force 

generated in the spring over a distance. Length, also known as free length, is the distance 

from end-to-end before the spring is stretched. Max deflection is the maximum distance the 

spring stretches before plastically deforming. Max extended length is the length of the spring 

when it is fully stretched. The initial tension is the force the spring withholds before 

stretching. Max load is the total force the spring can support when fully stretched. There are 

other unique characteristics that contribute to reported characteristics but are not reported 

themselves such as the number of coils in the spring.  

2.2   Results 

The two-part design of the attachment design and spring selection is presented in the 

following section. This includes attachment design and incorporation within PRISM. The 

process for selecting a spring is also presented.  

2.2.1   Design Overview 

The gravity compensation mechanism attaches to the support base and BLUE 

SABINO part 2004 as seen in Figure 2-4. The attachment surface of the support structure 

includes a repeating bolt pattern to allow for further modifications. Adjacent 1030 (1” by 3” 

by 12”) extruded aluminum profiles provided by 80/20 are bolted to the support base. 

Custom attachment pieces with eyebolts for spring attachment are connected to the 8020 and 

part 2004. Each piece holds five eyebolts for the implementation of five separate springs.  
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Figure 2-4 Spring attachment system design. (a) An isometric view of the design. (b) A front view of the design. The spring 

attachment system connects the base of BLUE SABINO with part 2004. The design includes five identical springs. These 

springs are intentionally close together to reduce the profile of the spring attachment system. Hardware components have 

been excluded from this image. 

2.2.2   Spring Selection 

The attachment design results in only one viable type of spring, an extension spring. 

Seven spring manufacturers and providers have been considered but were quickly reduced to 

six manufactures (Grainger was removed due to a lack of necessary information regarding 

spring characteristics). These manufacturers are Century Spring, Lee Spring, Acxess Spring 

(through TheSpringStore), W.B. Jones Spring Co. Inc. (W.B. Jones), Associated Spring 

Raymond (AS Raymond), and MISUMI. This totals 20,309 springs across the six providers, 

most of which are not legitimate options because of limitations set in the design and target 

torque. These limitations are based on the characteristics of outside diameter, maximum 

allowable force, spring length, maximum deflection, and spring rate. 

Each spring has potential to collide with other springs and links within PRISM 

through the rotation of Joints 1 and 2. To prevent these collisions, the max allowable 
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diameter of the spring is limited to 1-1/4” and the actuators must remain within the 15-deg 

limits. These collisions can be seen in Figure 2-5. 

 

Figure 2-5 Spring collisions. (a) Springs colliding when outside diameter is 1-3/8” without Joint 1 actuation. The space 

between springs decreases as Joint 1 actuates. (b) Spring attachment eyebolt colliding with links as Joint 2 actuation exceeds 

25-deg. 

Total target force in the gravity compensation system is based on the target torque 

and the moment arm of the PRISM links. The resulting target force is 85 pounds. The 

quantity of force provided will be a range as the spring length changes. This target force is 

the quantity of force while the exoskeleton is at the home position. The maximum number of 

springs is five with the max load in each spring set to a minimum of 25 pounds to prevent 

plastic deformation in the spring. All these characteristics are presented in Table 2-2. 
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Table 2-2 Summary of spring selection characteristics. 

Spring Selection Criteria 

Spring Characteristic: Limitation: 

Outside Diameter (in) Less than 1.25 

Length (in) Less than 10 

Max Deflection (in) Greater than 5 

Spring Rate (lb/in) Less than 3 

Max Load (lb) Greater than 25 

 

The unstretched length of the spring is limited to 10” to limit the height of the 

attachment point. The maximum deflection is a minimum of 5”. This allows for complete 

range of motion through Joints 1 and 2 while also keeping the spring in a stretched state. 

Complete range of motion of Joint 1 results in a change of length in the spring greater than 

4”. The spring constant directly correlates with the difference in force at the most and least 

stretched states of the spring. This value has been limited to 3 pounds per inch to keep this 

difference at a minimum. Only 64 springs meet these spring characteristics. This data is 

summarized in Table 2-3. 

Table 2-3 Summary of potential springs supplied by each manufacturer before and after isolating potential springs based on 

design characteristics. 

Potential Springs by Manufacturer/Retailer 

Manufacturer/Retailer: Total Springs: Potential Springs: 

Century Spring 4,825 17 

Lee Spring 5,399 10 

Acxess Spring 4,366 26 

W.B. Jones 3,972 1 

AS Raymond 644 10 

MISUMI 1,103 0 

Total Springs: 20,309 64 

 

A cost function has been developed to determine the best possible spring. There are 

two approaches to develop the cost function: a spring characteristics approach or a spring 

performance approach. Evaluating springs based on characteristics would compare springs 

based on previously mentioned features such as spring constant, initial tension, spring length, 

etc. The weight of each characteristic in the cost function and the desired value is based on 

predicted performance. The actual performance of the spring is not evaluated. Evaluating 
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springs based on performance would compare springs based on features such as the 

attachment height needed to reach the desired force and the change of force in the springs as 

the joints in PRISM rotate. Because the spring attachment design is complete, the spring 

performance can be calculated with a high degree of accuracy. A performance-based 

approach is utilized to generate the cost function.  

The three performance-based characteristics included in the spring evaluation are the 

change in force of the spring throughout PRISM actuation (change in force), the spring 

length required to achieve the target force in the home position (spring length), and the 

maximum allowable force in the spring (maximum force). The performance of each attribute 

is normalized against the best and worst spring. The resultant range for each characteristic is 

0 to 1. The direction of the normalization is reversed with two of the characteristics to 

establish a function that results in the highest performing spring receiving the highest score. 

The resultant cost function is: 

𝑃𝑖 =  𝑊𝐶 (1 − (
𝐶𝑖−𝐶𝑚𝑖𝑛

𝐶𝑚𝑎𝑥−𝐶𝑚𝑖𝑛
)) + 𝑊𝐿 (1 − (

𝐿𝑖−𝐿𝑚𝑖𝑛

𝐿𝑚𝑎𝑥−𝐿𝑚𝑖𝑛
)) + 𝑊𝐹 (

𝐹𝑖−𝐹𝑚𝑖𝑛

𝐹𝑚𝑎𝑥−𝐹𝑚𝑖𝑛
)     (2) 

where P represents the performance of the spring, i represents the ith spring, W represents the 

weight of the variable within the cost function, C represents the change in force, L represents 

the necessary spring length, and F represents the maximum allowable force in the spring. The 

springs are evaluated based on three separate weighting distributions. The weighting of the 

three characteristics is found in Table 2-4. 

Table 2-4 Cost function analysis for spring selection. The three final cost function distributions are presented below. The 

characteristics considered are change in force, spring length, and maximum force.  

Spring Cost Function Weighting Distributions 
Trial #: Change in Force: Spring Length: Maximum Force: 

1 0.6 0.3 0.1 

2 0.6 0.4 0 

3 0.55 0.35 0.1 

 

The ranking of each spring in each weighting distribution has been considered. The 

final spring is Spring #30, PE095-1250-45105-MW-6500-CO-N-IN provided by Acxess 
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Spring. The attachment height to reach 85 pounds is 15.25 inches above PRISM (specifically, 

above part 2003).  

2.3   Discussion 

The spring attachment system is designed for adjustability. The adjustability in this 

design is essential for allowing a variety of springs. This is a key benefit as the target force 

for the springs varies. It creates an avenue for simple modifications once PRISM is 

manufactured and evaluated. The repeating hole patterns along the base structure allow for 

various vertical attachment locations for the 8020 parts. The 8020 components can extend 

above the base structure as needed. This has both positive and negative effects. By extending 

the attachment height, the number of potential springs for the system is greatly increased. 

Limiting the attachment height to 12 inches above PRISM reduced the number of potential 

springs to one. Other important factors, such as the change in force as PRISM actuates, could 

not be included in the spring selection if there was only one potential spring. The increased 

height increases the profile of the total design. This is costly both functionally and visually. 

An increased height increases potential with collisions with other parts of BLUE SABINO. 

One known collision is from the 1005 sub-assembly as seen in Figure 2-6. This sub-assembly 

is located on the posterior side of the upper arm. An increase in size of this sub-assembly 

from the 4-bar development and an increase in height of the PRISM gravity balancing system 

have created a collision point. Physical and software stops will be required within BLUE 

SABINO to prevent this collision or alteration to the attachment points on either side of 

PRISM.  
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Figure 2-6 Base and 1005 sub-assembly collision. (a) The 4-bar mechanism within the 1005 sub-assembly colliding with the 

base in CAD. (b) A different part within the 4-bar mechanism colliding with the current base.  

The design is also simple to manufacture. Most of the manufacturing work is drilling holes 

for bolt attachment. The components are designed for simplicity. The part with the most 

complex geometry is the component that connects the springs and 8020. This complexity is 

designed to reduce weight and limit stress concentration points but remains simple to 

manufacture.  

The spring selection process was not just a study investigating which springs would 

work but rather investigating which springs would work the best. Most springs that would 

not work were eliminated in the selection criteria. The remaining 64 springs were evaluated 

through the cost function. The weightings used were based on importance within the design. 

The change in force in the spring as Joint 2 actuates is a measure of the gravity balancing 

effectiveness. A smaller change in force results in a more consistent force applied to PRISM. 
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This is the primary goal of the gravity compensation system and is thus the most important 

evaluation characteristic. The required spring length directly correlates with the attachment 

height and overall profile of the system. The maximum force in the spring influences the 

factor of safety in the spring components. Eventual physical and software stops will prevent 

all potential springs from overstretching or exceeding the maximum force. The maximum 

force is of the least significance. The order of importance for characteristics is easy to 

identify. The difficulty comes from evaluating the importance numerically within the cost 

function. This has resulted in three separate evaluation trials with varying weighting factors. 

The performance of the springs across all three trials. The top three springs in each trial are 

below in Table 2-5.  

Table 2-5 Top performing springs. The four highest performing springs are compared with each cost function trial. 

Top Performing Springs in Each Trial 
Spring Number: Ranking in Trial 1: Ranking in Trial 2: Ranking in Trial 3: 

28 2nd 8th 4th 

29 1st 3rd 2nd 

30 3rd 1st 1st 

32 9th 2nd 3rd 

 

All four of these springs are great potential options. Spring #30 was chosen due to its best 

collective performance. A factor not considered for this study was monetary cost. The 

selection is based on performance, not economics.  

 Another design consideration is the effect of the change in force on the actuator 

requirements. The goal is to reduce the needed torque in the actuators, but the amount of 

torque relief applied by the springs changes as Joints 1 and 2 actuate. This numerical value 

can be obtained through modifying the kinematics and kinetics. The derivation for this 

modification is found in Appendix A. Due to the attachment location of the springs, Joint 1 

rotation from the home position results in torque generated from the springs in Joint 1. The 

torque for Joint 1 fluctuates between -3.84 Nm and 3.84 Nm throughout all orientations of 

PRISM. Joint 2 torque compensation fluctuates between -48.19 Nm and -61.22 Nm. In the 

home position, the spring does not apply torque to Joint 1 and applies -56.79 Nm of torque to 

Joint 2. The joint torque as the joint angle changes is presented in Figure 2-7. 
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Figure 2-7 Joint torque applied from springs as the joint actuates. During joint actuation, the other joint is in the home 

position.
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Chapter 3:  Improving PRISM Design 

PRISM serves two main purposes in the BLUE SABINO exoskeleton: 1) to enable 

scapulohumeral rhythm and 2) to support distal BLUE SABINO joints. Scapulohumeral 

rhythm is achieved through the design of PRISM. The links and actuators are placed to allow 

the shoulder girdle to move laterally and vertically. It is essential that PRISM simultaneously 

supports the weight of all other joints as it executes this motion. The ability of PRISM to 

support these links is directly correlated with the design, robustness, and strength of the 

system and individual components. 

3.1   Design Goals 

The primary stress experienced on PRISM is from supporting the rest of BLUE 

SABINO. The location of the distal portions of the exoskeleton relative to PRISM results in 

torque within the links of PRISM causing PRISM to twist. This twisting action within 

PRISM results in small PRISM deflections having much larger deflections at the end-effector 

of BLUE SABINO. A design goal of BLUE SABINO is to minimize this end-effector 

deflection.  

PRISM is also responsible for translating the rest of the exoskeleton. The actuator for 

Joint 2 experiences the largest torque requirements in the exoskeleton. This torque is directly 

related to the weight of BLUE SABINO components. Minimizing weight within PRISM 

reduces actuator torque requirements. Another design goal of PRISM is to minimize the 

weight within PRISM. These two design goals (minimize deflection and weight) directly 

compete. A key part of PRISM is designing components that balance these factors. 

3.2   Methods 

Separate designs of components within PRISM are evaluated relative to each other. 

The key components evaluated are parts 2004, 2009, and 2010. These three parts are all 

structural components that contribute directly to the deflection and mass of PRISM while 

also having a high degree of variability in design. Other parts within the assembly are 2003, 

2005, 2008, and 2017. These parts all contribute structurally to the design but have low 

variability in design. All included FEA components are shown in Figure 3-1. 
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Figure 3-1 PRISM FEA setup. PRISM is set in the home position with all components labeled that are included in the FEA. 

There are multiple copies of parts 2008, 2010, and 2017 within the assembly. 

Several of these components have had features removed in non-essential locations to improve 

mesh quality as seen in Figure 3-2. All other PRISM components are not included in the 

simulation.  

 

Figure 3-2 Example of modification for mesh quality. (a) Modified part 2005. (b) Actual part 2005. Both ends of part 2005 

have been smoothed to increase mesh quality. This does not affect any stresses in the FEA as it is past the connection points 

but increases mesh quality and decreases calculation time. 

All variations of parts 2004, 2009, and 2010 undergo the same static SolidWorks FEA 

evaluation. It is essential to establish a robust process for the evaluation to ensure consistency 

between simulations. Components of the analysis that must remain constant between 
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evaluations are connections, loads, fixtures, and meshes. Individual components within the 

PRISM assembly are evaluated as well as the entire assembly with hardware removed. 

Hardware components that contribute to deflection are also considered for modification. 

3.2.1 Connections 

Connections are responsible for the way different components interact within an 

assembly FEA. There are two types of connections: component interactions and connectors.  

Component Interactions: Component interactions determine the behavior of components that 

contact each other. The three types of interaction are bonded, contact, and free. Bonded treats 

the components as if they are welded together within the simulation. Contact interactions 

prevent interference with components during simulation. Free interactions allow components 

to move freely and intersect each other during simulation. These component interactions are 

applied on a global, component, and local level with each more specific level overriding the 

previous level. The global contact interaction is set to contact in these simulations, but all 

interacting components are further defined with connections.  

Connectors: Connectors are mechanisms that define how parts connect with other 

components in an assembly. The primary use of connectors is to replace complex 

components. Connectors within SolidWorks are: Rigid, Spring, Pin, Elastic Support, Bolt, 

Link, Edge Weld, Spot Welds, and Bearing. PRISM incorporates springs, pins, bolts, and 

bearings, but the only implemented connectors in FEA are the rigid connector and the 

bearing connector. The springs within PRISM can be modeled as forces instead of connectors 

because the study is static in nature, not dynamic. The pins are represented through modeled 

pins. Rigid connectors join the pins with the shafts to prevent the pins from sliding within the 

shafts. Components that are not included in simulation normally prevent this motion. The 

bolts are modeled with a fixture. The bearings connect a shaft face with a housing face, and 

corresponding shaft and housing components are incorporated in the model to enable this 

connector. 

Rigid connectors are a common type of SolidWorks connector. It takes multiple 

surfaces and treats them as if they are rigid. The components are forced to move together. 

Rigid connectors can have negative effects on simulations as well such as high stress 

concentrations in incorrect locations if implemented on parts that are not supposed to move 
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together. The FEA performed in this study incorporates eight rigid connectors, one for each 

pin-shaft connection which are all featured in Figure 3-3.  

 

Figure 3-3 Rigid connectors. (a) An image containing all eight rigid connectors. (b) The rigid connection on the outer 

diameter of part 2017. (c) The rigid connection within a hole in part 2005. 

Bearing connectors have three key properties: self-alignment, rigidity, and stability. 

Self-alignment allows for off-axis rotation. The inner race of the bearing deflects and rotates 

as the shaft off axis as it experiences loading. This feature is specifically for self-aligning 

bearings or ball bearings with 2 or more rows of balls within the bearing. Rigidity determines 

whether the bearing is treated as a flexible or rigid member. SolidWorks incorporates 

flexibility in bearings by simulating radial and axial springs between the shaft and housing. 

The flexible option requires the input of axial and radial stiffness values of the springs. These 

values are not readily available from spring manufacturers and require experimentation to 

collect (Branz, 2019). Stability prevents the shaft from rotating freely about its axis by 

integrating low torsion springs to prevent continuous rotation. The FEA performed in this 

study does not allow self-alignment because the physical bearings are tapered-roller bearings 

and do not allow for off axis rotation. It assumes rigid bearings due to a lack of flexibility 

properties, and it does not stabilize shaft rotation for all bearing connectors due to fixtures 
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and mechanical restraints preventing continuous rotation. All 24 bearing connectors with 

these properties are illustrated in Figure 3-4.   

 

Figure 3-4 Bearing connectors. (a) The 24 bearing connectors within the FEA. (b) A close-up of three bearing connections. 

3.2.2 Loads 

There is one loading condition considered in multiple poses for the FEA. The loading 

condition is a worst-case loading conditions in two separate poses. The theorized worst-case 

loading condition occurs when PRISM is supporting weight of BLUE SABINO, the arm 

weight of an individual in the exoskeleton, and the weight of an individual that falls on the 

end-effector of BLUE SABINO all while the end-effector is fully extended from PRISM and 

the spring mechanism is not supporting PRISM. Initially, three BLUE SABINO fully 

extended configurations were considered for loading conditions: across the body (90-deg 

shoulder flexion and 45-deg horizontal adduction), in front of the body (90-deg shoulder 

flexion), and away from the body to the side (90-deg shoulder abduction). The configuration 

of the arm extended away from the body to the side was excluded due to this configuration 

resulting in BLUE SABINO center-of-mass and end-effector locations much closer to 

PRISM than the other two configurations, and, thus, significantly lower stresses and 
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deflection. A 95th-percentile man weighs 98.5 kg with the upper arm, lower arm, and hand 

weighing 2.5 kg, 1.72 kg, and 0.61 kg respectively (National Aeronautics and Space 

Administration, 1995). The resulting forces are 312 N (from weight of BLUE SABINO, not 

including PRISM or hand DOFs), 25 N (from weight of operator upper arm), 17 N (from 

weight of operator lower arm), and 1000 N (from weight of operator hand, weight of hand 

portion of exoskeleton, and weight of 95th-percentile male). These forces are represented as 

four separate remote loads. The locations of these forces were collected through CAD 

evaluation and are presented in Table 3-1.  

Table 3-1 FEA Remote Loads. The locations and magnitude of each remote load. Each location is based upon a coordinate 

frame with an origin (0,0,0) established on part 2004. The positive direction of each axis is: x-axis extends towards operator 

midline, y-axis extends above operator, z-axis extends in front of operator. 

FEA Remote Load Locations and Magnitude 
Pose: BLUE SABINO 

5-DOF:  

(x, y, z) mm 

Upper Arm:  

(x, y, z) mm 

Lower Arm:  

(x, y, z) mm 

Hand:  

(x, y, z) mm 

1 (241, 349, 302)  (501, 338, 400) (501, 351, 607) (713, 356, 514) 

2 (340, 262, 348) (529, 350, 378) (713, 356, 514) (988,390, 712) 

Force 312 N 25 N 17 N 1000 N 

 

3.2.3 Fixtures 

Fixtures restrain movement and deflection on an applied vertex, edge, or surface of a 

modeled part. The fixture prevents deflection in the selected body but not the entire part. 

They are essential for structural analysis in FEA, as they prevent applied forces and loads 

from causing dynamic motion. Fixtures are applied frequently on surfaces that mechanically 

prevent motion, such as a bolted connection plate. There are three fixtures within the PRISM 

simulation. One fixture represents attachment to the base structure, and the other two fixtures 

represent motor faces that allow and prevent movement. An analysis without motor fixtures 

should result in PRISM falling as bearings do not inhibit motion.  

3.2.4 Mesh  

FEA is a numerical technique to solve complex problems by separating the model 

into smaller portions. These smaller pieces are known as elements, and they connect at 

nodes. The mesh is the resultant geometry from the creation of the smaller pieces. Variance 

within different meshes results in a significant difference within the FEA through variation in 
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element size. A finer mesh increases the accuracy of simulation results but also increases 

simulation time. Many types of software that perform FEA require the operator to build the 

mesh, but SolidWorks automatically creates a mesh with user-defined guidelines. This allows 

for quicker mesh creation but can create inaccurate meshes.  

SolidWorks provides three separate meshing techniques and the ability to alter the 

mesh density in each technique. The three meshing techniques are standard mesh, curvature-

based mesh, and blended curvature-based mesh. Standard meshing uses the Voronoi-

Delaunay meshing scheme (Meshing Options – 2023 – SOLIDWORKS Help, 2023). In this 

scheme, the global size and tolerance of the mesh are specified, and there is an option for 

automatic mesh control around small features. Curvature-based meshing creates more 

elements near areas with high curvature. This greatly increases the mesh quality because 

locations with curvature generally are the location of stress concentration points. Blended 

curvature-based meshing is a more advanced technique for creating a smoother mesh as the 

transitions between curvature occur (Meshing Options – 2023 – SOLIDWORKS Help, 

2023). Both curvature-based approaches specify the maximum element size, minimum 

element size, minimum number of elements in a circle, and element growth size ratio. All 

meshing techniques can also specify the Jacobian points which is the number of points used 

to evaluate the distortion level of the elements. The mesh quality can be improved by altering 

the characteristics in each meshing technique directly or by utilizing a slider bar that provides 

a general mesh measure of “course” and “fine”. SolidWorks also has a mesh control feature. 

It allows for specific mesh quality around specified surfaces.  

The mesh is created in all simulations with the blended curvature-based approach. 

The maximum element size is 20-mm while the minimum element size is 1-mm. The 

minimum number of elements in a circle, element growth size ratio, and Jacobian points are 

unaltered (8, 1.4, and 16 respectively). There is also mesh control around every rigid and 

bearing connection with a maximum element size of 5-mm and a minimum element size of 

4.5-mm. Figure 3-5 includes an example mesh with these characteristics.  
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Figure 3-5 Mesh of PRISM. (a) Entire mesh of PRISM. (b) Close up on part of the mesh. The mesh transitions from coarser 

to finer around mesh control and curved surfaces. 

The quality of an automatically generated mesh involving multiple parts is difficult to 

understand intuitively. There is a generic slider that SolidWorks provides to determine 

whether the mesh is fine or course. This slider does not communicate the details of mesh 

accuracy but only a general measure of “fineness”. One way to evaluate mesh performance is 

through the aspect ratio. SolidWorks meshing creates elements that are tetrahedrons. The 

aspect ratio is the ratio between the largest normal and shortest normal in the tetrahedron. An 

aspect ratio of one is the smallest possible aspect ratio and communicates a tetrahedron that 

has four surfaces of the same shape and size. A large aspect ratio communicates a tetrahedron 

that has one or more surfaces that varies in shape and/or size. In general, a lower aspect ratio 

increases the accuracy of the stress calculation within that element as well as the elements 

around it. SolidWorks calculates the aspect ratio for every element created during the 

meshing process. The aspect ratio of the part or assembly is summarized through three 

metrics: maximum aspect ratio, percentage of elements with aspect ratio less than 3, and 

percentage of elements with aspect ratio greater than 10. Guidelines for a good mesh include 

the maximum aspect ratio between 10 and 20, the percentage of elements with aspect ratio 
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less than 3 above 90%, and the percentage of elements with aspect ratio greater than 10 as 

low as possible (Petrock, 2020). A “fine” mesh does not necessarily correlate with these 

aspect ratio parameters as shown in Figure 3-6.  

 

Figure 3-6 Aspect ratio and mesh of two separate mesh conditions. (a) The aspect ratio of a mesh with mesh control but the 

slider not at max “fineness”. (b) The aspect ratio of a mesh without mesh control but the slider at max “fineness”. All other 

mesh aspects have been held constant. The red elements have an aspect ratio that is greater than 10. (c) Mesh on part 2009 

with the same mesh control as (a). (d) Mesh on part 2009 with same mesh conditions as (b). the difference in mesh density is 

visibly noticeable between (c) and (d). 

3.2.5 Hardware Modification 

One solution to minimizing deflection is altering the hardware within PRISM. 

Previous studies on the 1005 sub-assembly in BLUE SABINO have demonstrated that most 

of the deflection happens within the ball bearings (Branz, 2019). This is where most of the 

deflection is expected within PRISM as well. PRISM has more bearings than the 1005 sub-

assembly and experiences higher loads. Each side of PRISM contains 24 bearings. All the 
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bearings in BLUE SABINO have been implemented or modeled as ball bearings. One 

potential way to decrease deflection is to alter the ball bearings within PRISM.  

Ball bearings are not known for a high resistance to deflection. The principle behind 

the underperformance is based on the functionality of ball bearings. The balls within the 

bearing translate force between the inner race and outer race of the bearing. Because the balls 

are spherical in shape, the contact point that transfers the force between the ball and other 

components is a point contact. This results in higher stress and greater deformation. One way 

to improve stiffness in a bearing is to increase the amount of contact surface within the 

bearing. Most ball bearings are also only designed to support radial loads which is not the 

loading condition for every bearing within PRISM.  

Tapered-roller bearings provide greater stiffness than ball bearings. This is based on 

how tapered-roller bearings function. The motion in tapered-roller bearings occurs as 

cylinders rotate in the bearings. The cylinders transfer forces between components in the 

bearing. The contact surface area is the length of the cylinder. This is a significant 

improvement to the point load that the balls in ball bearings undergo and is a large reason 

why tapered-roller bearings have higher stiffness than ball bearings (Schaeffler Group USA, 

n.d.). Tapered-roller bearings are also frequently designed to withstand radial and thrust 

loadings. There are many other factors that contribute to the stiffness in a bearing. While 

tapered-roller bearings are generally stiffer, it is not guaranteed that every tapered-roller 

bearing is stiffer than every ball bearing. Manufacturing quality, size of the bearing, rated 

load, and the loading experienced by the bearing are all additional potential factors that can 

affect bearing stiffness.  

The only hardware modification to improve stiffness in PRISM is the replacement of 

ball bearings with tapered-roller bearings. All 24 bearings have been transitioned to tapered-

roller bearings. There are two separate sizes of bearings. The 16 ball bearings within the 

input (part 2009) and floating links (part 2010) originally had an inner diameter of 15-mm, an 

outer diameter of 35-mm, and a thickness of 11-mm. Each bearing was replaced with a 

tapered-roller bearing with an inner diameter of 15-mm, an outer diameter of 42-mm, and a 

thickness of 11-mm. The size of both links was increased in size to accommodate the larger 
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bearings. There is an offset between inner race and outer race contact surfaces that is not 

present in ball bearings. Figure 3-7 depicts this offset. 

 

Figure 3-7 Example of replacing ball bearings with tapered-roller bearings. (a) Previous ball bearings with aligned contacts 

of the inner and outer races. (b) Tapered-roller bearing with contact offsets between the inner and outer race. The part 

replacement results in spacer and part modificaiton. 

The eight ball bearings located in the ground and output links (parts 2003 and 2004) 

originally had an inner diameter of 25-mm, an outer diameter of 52-mm, and a thickness of 

15-mm. Each bearing was replaced with a tapered-roller bearing that has an inner diameter of 

25-mm, an outer diameter of 52-mm, and a thickness of 13-mm. The housing for the bearings 

in the c-shaped ground and output links was decreased to accommodate the smaller bearing. 

The four links were not the only parts affected by changing the bearings. The spacers, pins 

(part 2017), and vertical rods (parts 2005 and 2008) also needed modification due to the 

bearing alteration.  

3.3   Results 

The three parts altered between simulations are the output link (part 2004), input link 

(part 2009), and floating links (part 2010). The simulations are split into three categories 

based upon which component was modified. Each design is analyzed in two poses. The 

results of both stress and displacement are important for establishing logical FEA results, but 

the key measurements are mass (measured within SolidWorks) and displacement. An 

example of FEA results for a single design are shown in Figure 3-8.  
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Figure 3-8 Example of an FEA. (a) Stress plot for pose 1 with maximum stress at posterior-superior bearing on part 2004. 

(b) Stress plot for pose 2 with maximum stress at anterior-superior bearing on part 2004. (c) Deflection plot for pose 1. (d) 

Deflection plot for pose 2.  

3.3.1 Part 2004 Simulations 

The first part analyzed is the output link. Input and floating links were kept in a 

constant state for all the trials. The percentage of mass reduction and the percentage of 

displacement reduction for every design is shown in Figure 3-9. The percentage of mass 

reduction is calculated from the solid component without any material removed. The 

percentage of deflection is calculated from the design variation that causes the most 

deflection in the assembly, not deflection in the individual component. The data trends from 

the top left to the bottom right. This is the expected trend as more mass correlates with higher 

stiffness and less deflection. Ideally, there would be a design in the top right corner of the 

graph, maximizing the reduction in both mass and deflection.  
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Figure 3-9 Mass and deflection comparison for part 2004. Each point represents the performance of one design. Ideally, 

there would be a data point in the top right of the graph for max reduction in mass and deflection. 

The heaviest version of part 2004 weighed 4.76 kg (completely solid component) 

while the lightest version weighed 2.13 kg. The total difference in weight between the 

heaviest and lightest is 2.63 kg. The highest percentage of mass reduction from the heaviest 

part is 55%. Largest PRISM deflection for the first pose is 0.3766 mm while the smallest 

amount of deflection is 0.2246 mm with a 0.152 mm difference in deflection. The percentage 

of deflection reduction from the most deflected link design is 40%. Highest stress occurred 

near posterior-superior bearing on part 2004. The largest PRISM deflection for the second 

pose is 0.3400 mm while the smallest amount of deflection is 0.1894 mm with a 0.1506 mm 

difference in deflection. The percentage of deflection reduction from the most deflected link 

is 44%. The highest stress location varied between around the two superior bearings on part 

2004. 

3.3.2 Part 2009 Simulations 

The second part analyzed is the input link, 2009. The output and floating links were 

kept in a constant state for all the trials. The percentage of mass reduction and the percentage 

of displacement reduction for every design is shown in Figure 3-10. The trend is like the 

trend seen in Figure 3-9.  
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Figure 3-10 Mass and deflection comparison for part 2009. As mass reduction increases, deflection decreases which is an 

expected behavior. 

The heaviest version of part 2009 weighed 1,019 g (completely solid component) 

while the lightest version weighed 563 g. The total difference in weight between the heaviest 

and lightest is 456 g. The highest percentage of mass reduction from the heaviest part is 45%. 

The largest PRISM deflection for the first pose is 0.3321 mm while the smallest amount of 

deflection is 0.279 mm with a 0.0531 mm difference in deflection. The percentage of 

deflection reduction from the most deflected design is 16%. The largest PRISM deflection 

for the second pose is 0.2731 mm while the smallest amount of deflection is 0.2192 mm with 

a 0.0531 mm difference in deflection. The percentage of deflection reduction from the most 

deflected design is 18%. The highest stress in both poses is located near the posterior-

superior bearing on part 2004.  

3.3.3 Part 2010 Simulations 

The third part analyzed is the floating link. The input and output links were kept in a 

constant state for all the trials, but all three floating links were altered. The percentage of 

mass reduction and the percentage of displacement reduction for every design is illustrated in 

Figure 3-11. The trend is unlike the trends seen in Figure 3-9 and Figure 3-10. There are 

designs with high reductions in both deflection and mass.  
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Figure 3-11 Mass and deflection comparison for part 2010. This component has very little effect on the deflection of 

PRISM. The data also has the least steep downward trend. Several components with less mass outperform components with 

more mass. 

The heaviest version of part 2010 weighed 975 g (completely solid component) while 

the lightest version weighed 472 g. The total difference in weight between the heaviest and 

lightest is 503 g. The highest percentage of mass reduction from the heaviest part is 52%. 

The largest PRISM deflection for the first pose is 0.2851 mm while the smallest amount of 

deflection is 0.2686 mm with a 0.0165 mm difference in deflection. The percentage of 

deflection reduction from the most deflected design is 6%. The largest PRISM deflection for 

the second pose is 0.2245 mm while the smallest amount of deflection is 0.2115 mm with a 

0.013 mm difference in deflection. The percentage of deflection reduction from the most 

deflected design is 6%. The highest stress in both poses is located near the posterior-superior 

bearing on part 2004. 

3.4   Discussion 

 The main concern for selecting the best design is balancing mass reduction and 

deflection reduction for each of the three separate parts. There is an expected inverse 

relationship between mass reduction and deflection reduction. This expected behavior is 

illustrated by the trendline in Figure 3-9 and Figure 3-10. This relationship is not present for 

the floating links because these links experience the least stress of the evaluated components 

and thus have the least influence in deflection change. It is also clear that the output link has 

the most significant effect on both mass and deflection out of the three evaluated 

components. The input link, 2009, has a greater effect on deflection than the floating link, but 
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the floating link can reach three times the mass reduction as the input link because it is 

implemented three times in each side of PRISM instead of once.  

A cost function, like equation (2) presented in chapter 2, is one method to evaluate 

the various link designs. Important design characteristics for the link components are mass 

and deflection in two poses. The resulting cost function is:  

𝑃𝑖 =  𝑊𝑚 (1 − (
𝑚𝑖−𝑚𝑚𝑖𝑛

𝑚𝑚𝑎𝑥−𝑚𝑚𝑖𝑛
)) + 𝑊𝑑 (1 − (

𝑑𝑖−𝑑𝑚𝑖𝑛

𝑑𝑚𝑎𝑥−𝑑𝑚𝑖𝑛
)) + 𝑊𝐷 (1 − (

𝐷𝑖−𝐷𝑚𝑖𝑛

𝐷𝑚𝑎𝑥−𝐷𝑚𝑖𝑛
))      (3) 

where P represents the performance of the link design, i represents the ith component, W 

represents the weight of the variable within the cost function, m represents the mass of the 

individual deflection, d represents the deflection of PRISM in pose 1, and D represents the 

deflection of PRISM in pose 2. Each design, for all components, is evaluated by three 

separate weighting distributions. Table 3-2 displays the selecting weighting distributions. 

Table 3-2 Cost function analysis for link design. The weights are selected to prioritize deflection over mass. Each 

characteristic is evaluated based on the best and worst performing link designs in each category. 

Link Cost Function Weighting Distributions 

Trial #: Mass: Deflection 1: Deflection 2: 

1 0.2 0.4 0.4 

2 0.3 0.35 0.35 

3 0.4 0.3 0.3 

 

 The evaluation of each link component resulted in the selection of the best 

performing designs for each component: 2004 Test 19, 2009 Test 13, and 2010 Original. 

These specific designs are the best FEA designs out of the 35, 22, and 16 respective designs 

for each component. The number of designs for each component correlates with the impact 

on deflection. As it became clear that deflection was changing less with each component, less 

models were created for evaluation. Images of all designs can be found in Appendix B, but 

the selected designs are shown in Figure 3-12.  
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Figure 3-12 Final designs from FEA analysis and cost function evaluation. (a) Part 2004 Test 19. (b) Part 2009 Test 13. (c) 

Part 2010 Original. 

 While these designs are the best performing models, there are infinitely more 

potential designs. The designs were based on keeping key geometry while removing excess 

material. This process was primarily fueled through intuition. For these simulations, mesh 

control improved the mesh and accuracy of results, but consistent results could still be 

gathered from a simulation without mesh control.  

3.5   Final Part Design 

The goal of the FEA design process was to improve the mass and deflection of the 

original design. The mass of all FEA components in the final design of PRISM is 14.086 kg. 

This is a 389 g increase over the original mass of PRISM and less than 3% increase in mass. 

The average deflection from the two worst-case poses in the final design is 0.2145 mm while 

the original design has an average deflection of 0.3619 mm. The precent decrease in 

deflection is 39%. Overall, the deflection was reduced significantly while the mass slightly 

increased. 
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Chapter 4: Conclusion 

The goal of the research was to design a new gravity assistance system and lower the 

deflection of PRISM while minimizing change in mass. Designs that accomplish both were 

presented in Chapters 2 and 3. This chapter will summarize beneficial alterations and future 

work on this project. 

4.1   Collision Prevention Design Alterations 

The current base attachment to PRISM creates a collision point with the 1005 sub-

assembly and part 2020. One proposed solution is to limit the range of motion of BLUE 

SABINO. Hardware and software stops would prevent the collision but also limit the motion 

of the exoskeleton.  An alternative solution is to modify the design of BLUE SABINO. There 

are four potential ways to modify the design to prevent this collision. The first option is to 

move the entire system further forward on the base attachment. The posterior end of PRISM 

is already set flush with the base structure so shifting BLUE SABINO forward requires an 

attachment plate. The second option is to redesign the output link on PRISM, part 2004. A 

link that extended a few inches forward would allow for the current BLUE SABINO 

components to attach an anterior part of the output link. The third option is to redesign the 

attachment part in between PRISM and the rest of BLUE SABINO, part 2020. An extended 

attachment piece would attach in similar locations to the current design but would require 

length and design modifications to avoid key features on the output link. The fourth option is 

to create an alternative tower on the outside of PRISM and shorten the existing base 

structure. The spring attachment would attach on the exterior of PRISM instead of the 

interior of PRISM. The second and third options would still require hard stops to prevent the 

collision with part 2021. Figure 4-1 is a visual of all four potential designs. 
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Figure 4-1 Four potential collision solutions. (a) Connection plate. (b) Output link (part 2004) modification. (c) Attachment 

link (part 2018) modification. (d) Second base tower. 

 All proposed design modifications have significant implications on the work 

presented in this thesis. An attachment plate would require altering the spring attachment to 

keep the springs aligned with the base structure and recalculating the torque implications for 

Joints 1 and 2 in the new configuration. The analysis performed in chapter 3 is still accurate 

as the distal joints of BLUE SABINO do not move relative to PRISM. An altered PRISM 

output link could have the same spring attachment, but it makes the simulation design work 

obsolete because the loading on PRISM and the design of a key component change. An 
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altered attachment piece could also have the same spring attachment. FEA on PRISM would 

be inaccurate as the loading on PRISM from BLUE SABINO is offset from the original 

analysis. A second tower would require new calculations for torque implications on Joints 1 

and 2 from the springs. The FEA results would be accurate, but more design work is required 

for this tower and spring attachment. I would recommend the second tower.  

4.2   Future Work 

  The goal of PRISM is to activate scapulohumeral rhythm. Currently, PRISM only 

exists in software. An alteration to prevent the 1005 sub-assembly collision with the 

attachment tower is the next essential step. There is also still minor design work in PRISM. 

Almost every part within PRISM has received modifications to account for different sized 

bearings. These modifications should be checked before manufacturing begins. The holes for 

attachment to the base (in part 2003) and the rest of BLUE SABINO (in part 2004) have 

intentionally been excluded. These holes will vary depending on the selected solution to the 

1005 sub-assembly collision. The holes in part 2004 for spring attachment will also need to 

be modified depending on the selected solution to the 1005 sub-assembly collision. The 

motor connections for both Joints 1 and 2 need to be reevaluated. The motor size for Joint 2 

has increased, but not all surrounding parts have been altered to accommodate the change. 

The primary support component could also be redesigned as it currently requires a lot of 

material and provides questionable amounts of support. There is currently no design for hard 

stops on either joint of PRISM which is a key safety feature for the operator of BLUE 

SABINO. The entire design of PRISM has only been evaluated through software. Upon 

manufacturing, the entire spring design should be evaluated, starting with the spring force 

estimates for control. The 8020 components within the spring attachment should be replaced 

once validated for a better connection. 

4.3   Concluding Remarks 

In summary, this thesis proposes a thorough design for Joint 2 gravity compensation 

and for PRISM links. The proposed gravity compensation solution reduces torque 

requirements, maintains actuator placement, considers ergonomics, and improves safety. 

Replacing ball bearings with tapered-roller bearings increases the rigidity of PRISM.  FEA of 

new PRISM links estimates a decrease in deflection by 39% from the original design. This 
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design still needs modification to prevent collisions, but it presents a simple solution to 

gravity balancing Joint 2 in PRISM and decreasing deflection at the end-effector. 
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Appendix A: Torque Calculation 

The kinematics of the PRISM mechanism has four rotation axes, but the constraints 

of the dual-parallel mechanisms reduce the motion to 2-DOF. Presented kinematics are for 

the right arm of BLUE SABINO. The spatial frame and output frame are defined in Figure 

A-1.  

 

Figure A-1 The spatial frame is attached to part 2003 and the output frame is attached to the central spring connection 

eyebolt. The axes extend in the same directions for both coordinate frames. 

The output frame is fixed at the top of the eyebolt. This provides an approximation for the 

spring length, spring force direction, and spring force location because the spring is aligned 

with the center of the eyebolt (for vertical displacements, not horizontal displacements) 

instead of the top of the eyebolt. The maximum error for spring length, spring force direction, 

and spring force location are 0.2-mm, 0.46-deg, and 1.36-mm, respectively. All three of these 

maximum errors occur at 0-deg protraction/retraction and 15-deg elevation. The maximum 

percent error in the spring length is 0.06%. Tracking the motion of the output frame is 
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achieved through tracking the distal connection point between part 2009 and part 2008 

because of the dual-parallel mechanism. In the home position, the rotation axes (defined 

relative to the spatial frame) of the dual-parallel mechanism are: 

𝑤1 =  [
0
1
0

] , 𝑤2 =  [
0
0

−1
] , 𝑤2𝑏 =  [

0
0
1

] , 𝑤1𝑏 =  [
0

−1
0

].                                (4) 

The actuated axes are w1 and w2 and the rotation angle about each axis are defined as θ1 and 

θ2, respectively. The location of these axes relative to the spatial frame are:  

𝑞1 =  [
60
0

−30
] , 𝑞2 =  [

60
73.5

0
] , 𝑞2𝑏 =  [

212.4
73.5

0
] , 𝑞1𝑏 =  [

212.4
0

−30
] (𝑚𝑚).                (5) 

The rigid body transformation to the home position of the output frame is established at the 

top inner surface of the eyebolt (the central eyebolt, specifically) for spring connection:  

𝑔𝑎𝑏(0) =  [

1 0 0 140.4125 (𝑚𝑚)

0 1 0 256.875 (𝑚𝑚)

0 0 1 −119 (𝑚𝑚)
0 0 0 1

].                                     (6) 

Following (Murray et al., 1994), the location and orientation of the output frame is calculated 

via the product-of-exponentials formulation:  

𝑔𝑎𝑏(𝜃) =  𝑒𝜉̂1𝜃1𝑒𝜉̂2𝜃2𝑒𝜉̂3𝜃3𝑒𝜉̂4𝜃4𝑔𝑎𝑏(0)                                        (7) 

and 

𝑟̅𝑎(𝜃) =  𝑔𝑎𝑏(𝜃)𝑟̅𝑏,                                                       (8) 

where 𝜉𝑖 is the 6x1 twist (𝜉𝑖 =  [−𝑤𝑖 × 𝑞𝑖    𝑤𝑖]
𝑇), 𝑟̅𝑎(𝜃) is the 4x1 coordinates of point r in 

the spatial frame, and 𝑟̅𝑏 is the 4x1 coordinates of point r in the output frame. Point r is 

located at the origin of the output frame. Because of the constraints of a dual-parallel 

mechanism, the motion of the axes results in 𝜃1 =  𝜃1𝑏 and 𝜃2 =  𝜃2𝑏. Using these 

substitutions, 𝑔𝑎𝑏(𝜃) can be defined as a function of only θ1 and θ2. 
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𝑔𝑎𝑏(𝜃) =  [

1 0 0 152.4 cos 𝜃1 cos 𝜃2 − 11.9875 (𝑚𝑚)

0 1 0 256.875 − 152.4 sin 𝜃2  (𝑚𝑚)

0 0 1 −152.4 cos 𝜃2 sin 𝜃1 − 119 (𝑚𝑚)
0 0 0 1

]                     (9) 

The relationship between joint torques and forces and torques acting on the output 

frame is derived through virtual work. If friction is neglected, work is the same at the joints 

and end-effector (Murray et al., 1994):  

∫ 𝜃̇ ∙ 𝜏 𝑑𝑡
𝑡2

𝑡1
=  𝑊 =  ∫ 𝑉𝑠𝑡

𝑏 ∙ 𝐹𝑡 𝑑𝑡
𝑡2

𝑡1
,                                         (10) 

where W is work, t is time, 𝑉𝑠𝑡
𝑏R6 is the body velocity of the end-effector, and FtR6 is the 

body wrench from the spring force, 𝜃̇ are angular velocities [𝜃̇1, 𝜃̇2, 𝜃̇2𝑏 , 𝜃̇1𝑏]𝑇 and τ are joint 

torques [𝜏1, 𝜏2, 𝜏2𝑏 , 𝜏1𝑏]𝑇. Considering the integrand is true for all time intervals and 𝑉𝑠𝑡
𝑏 =

 𝐽𝑠𝑡
𝑏 𝜃̇ (where 𝐽𝑠𝑡

𝑏  is the 6x4 spatial Jacobian): 

𝜃̇𝑇𝜏 =  𝜃̇𝑇( 𝐽𝑠𝑡
𝑏 )𝑇𝐹𝑡.                                                    (11) 

The resultant joint torque is a 4x1 vector, signifying four actuators instead of two. The joint 

torque thus needs to be reduced to the two actuated joints. Because 𝜃̇1 =  𝜃̇1𝑏 𝑎𝑛𝑑 𝜃̇2 =  𝜃̇2𝑏, 

𝜃̇ can be redefined with reduced angular velocities 𝜃̇𝑟 (Sanchez et al., 2005):  

𝜃̇  =  𝑃𝜃̇𝑟,                                                            (12) 

where:  

𝑃𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 =  [

1 0
0 1
0 0
0 0

] , 𝑃𝑠𝑝𝑟𝑖𝑛𝑔 =  [

1 0
0 1
0 1
1 0

] , 𝜃̇𝑟 =  [
𝜃̇1

𝜃̇2

].                           (13) 

Combining equations (11) and (12) results in: 

(𝑃𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝜃̇𝑟)𝑇𝜏 =  (𝑃𝑠𝑝𝑟𝑖𝑛𝑔𝜃̇𝑟)𝑇( 𝐽𝑠𝑡
𝑏 )𝑇𝐹𝑡.                                  (14) 

This equation is simplified into: 

𝜃̇𝑟
𝑇

𝑃𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟
𝑇 𝜏 =  𝜃̇𝑟

𝑇
𝑃𝑠𝑝𝑟𝑖𝑛𝑔

𝑇 ( 𝐽𝑠𝑡
𝑏 )𝑇𝐹𝑡.                                     (15) 

Because 𝜃̇𝑟 is free, the resultant relationship between actuator torque and spring force is: 
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𝑃𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟
𝑇 𝜏 =  𝑃𝑠𝑝𝑟𝑖𝑛𝑔

𝑇 ( 𝐽𝑠𝑡
𝑏 )𝑇𝐹𝑡.                                           (16) 

The matrix multiplication of 𝑃𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟
𝑇  (2x4) and 𝜏 (4x1) reduces the torque to a 2x1 vector 

representing the two actuated torques. 
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Appendix B: Part Designs 

Part 2004 Designs:   

 

Figure B-1 Part 2004 images 1. 
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Figure B-2 Part 2004 images 2. 
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Figure B-3 Part 2004 images 3. 
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Figure B-4 Part 2004 images 4. 
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Figure B-5 Part 2004 images 5. 
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Figure B-6 Part 2004 images 6. 
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Table B-1 Summary of design alterations for part 2004. 1Designs called pants are visually different from each other and 

modified parameters do not correlate with other designs. 2Design labeled X-error is a result of an unnoticed rebuilding error. 

Part 2004 Alterations 
Design 

#: 

Shape:  Segment 

Angle: 

Thickness: Diagonal 

Width:  

Outside 

Width:  

Inner 

Fillets: 

Outer 

Fillets: 

1 Solid N/A 15-mm N/A N/A N/A None 

2 Spider 30 15-mm 10-mm 10-mm 1/4” None 

3 Pants1 N/A 15-mm N/A N/A 1/4” None 

4 Pants1 N/A 15-mm N/A N/A 1/4” None 

5 Pants1 N/A 15-mm N/A N/A 5/8” None 

6 Spider 30 15-mm 15-mm 15-mm 1/4” None 

7 Spider 15 12.7-mm 12.5-mm 15-mm 1/4” 1” 

8 Spider 15 15-mm 15-mm 15-mm 1/4” 1” 

9 Spider 0 15-mm 15-mm 15-mm 1/4” 1” 

10 Spider 30 15-mm 12.5-mm 15-mm 1/4” None 

11 Spider 30 15-mm 15-mm 15-mm 1/4” 1” 

12 Spider 30 15-mm 15-mm 10-mm 1/4” 1” 

13 Spider 30 10-mm 15-mm 10-mm 1/4” 1” 

14 Spider 30 12.7-mm 15-mm 10-mm 1/4” 1” 

15 Tree 15 12.7-mm 15-mm 10-mm 1/4” 1” 

16 X-Error2 15 12.7-mm Variable 15-mm 1/4” 1” 

17 X 0 12.7-mm 15-mm 15-mm 1/4” 1” 

18 X 0 12.7-mm 15-mm 15-mm 1/2” 1” 

19 X 0 12.7-mm 20-mm 20-mm 1/2” 1” 

20 X 0 12.7-mm 15-mm 20-mm 1/2” 1” 

21 Tree 15 12.7-mm 15-mm 15-mm 1/4” 1” 

22 Tree 15 12.7-mm 12.5-mm 15-mm 1/4” 1” 

23 Tree 15 15-mm 15-mm 15-mm 1/4” 1” 

24 Tree 15 12.7-mm 15-mm 15-mm 1/2” 1” 

25 Tree 0 12.7-mm 15-mm 15-mm 1/4” 1” 

26 Spider 15 12.7-mm 15-mm 15-mm 1/4” 1” 

27 Spider 15 15-mm 12.5-mm 15-mm 1/4” 1” 

28 Spider 15 12.7-mm 12.5-mm 10-mm 1/4” 1” 

29 Spider 15 12.7-mm 12.5-mm 15-mm 1/4” 1/2” 

30 U-Tree 15 12.7-mm 12.5-mm 15-mm 1/4” 1” 

31 X 0 12.7-mm 20-mm 25-mm 1/2” 1” 

32 Solid N/A 9.525-mm N/A N/A N/A 1/2” 

33 Solid N/A 6.35-mm N/A N/A N/A 1/2” 
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Part 2009 Designs:   

 

Figure B-7 Part 2009 images 1. 
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Figure B-8 Part 2009 images 2. 
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Figure B-9 Part 2009 images 3. 
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Figure B-10 Part 2009 images 4. 
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Table B-2 Summary of design alterations for part 2009. 

Part 2009 Alterations 
Design 

#: 

Hole 

Shape: 

Fillet 

(Rectangle):  

Remaining 

Thickness 

(Rectangle):  

Diameter 

(Circle): 

Bearing 

Flange 

Thickness:  

Side Profile 

Cutout 

Depth:  

1 Rectangle 3/8” 1/4” N/A 4-mm 0” 

2 Rectangle 3/8” 1/4” N/A 5-mm 0” 

3 Rectangle 3/8” 1/4” N/A 5-mm 3/8” 

4 Rectangle 3/8” 1/8” N/A 5-mm 0” 

5 Rectangle 3/8” 1/4” N/A 4-mm 3/8” 

6 Rectangle 3/8” 1/4” N/A 4-mm 1/4” 

7 Rectangle 3/8” 1/4” N/A 4-mm 1/8” 

8 Rectangle 3/8” 1/4” N/A 5-mm 1/8” 

9 Rectangle 1/4” 1/4” N/A 4-mm 0” 

10 Rectangle 1/2” 1/4” N/A 4-mm 0” 

11 Rectangle 3/8” 3/8” N/A 4-mm 0” 

12 Circle N/A N/A 1.22” 4-mm 0” 

13 Circle N/A N/A 1” 4-mm 0” 

14 Circle N/A N/A 1.22” 3-mm 0” 

15 Circle N/A N/A 1.22” 5-mm 0” 

16 Rectangle 3/8” 3/8” N/A 5-mm 0” 

17 Rectangle 1/2” 3/8” N/A 5-mm 0” 

18 Rectangle 1/2” 3/8” N/A 4-mm 0” 

19 Rectangle 1/2” 3/8” N/A 3-mm 0” 

20 Rectangle 7/16” 3/8” N/A 4-mm 0” 
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Part 2010 Designs:   

 

Figure B-11 Part 2010 images 1. 
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Figure B-12 Part 2010 images 2. 
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Figure B-13 Part 2010 images 3. 
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Table B-3 Summary of design alterations for part 2010. 1This design is the only rectangle design in which the width does not 

align with the flanges. 

Part 2010 Alterations 

Design 

#: 

Hole 

Shape: 

Fillet 

(Rectangle):  

Remaining 

Thickness 

(Rectangle):  

Diameter 

(Circle): 

Bearing 

Flange 

Thickness:  

Side 

Profile 

Cutout 

Depth:  

1 Rectangle 3/8” 1/4” N/A 4-mm 0” 

2 Rectangle 3/8” 1/4” N/A 5-mm 0” 

3 Rectangle 3/8” 1/4” N/A 5-mm 3/8” 

4 Rectangle 1/2” 1/4” N/A 4-mm 0” 

5 Rectangle 3/8” 3/8” N/A 4-mm 0” 

6 Rectangle 1/4” 1/4” N/A 4-mm 0” 

7 Rectangle 3/8” 1/4” N/A 3-mm 0” 

8 Rectangle 3/8” 1/8” N/A 3-mm 0” 

9 Rectangle 3/8” 1/8” N/A 4-mm 3/8” 

10 Circle N/A N/A 1” 4-mm 3/8” 

11 Circle N/A N/A 1” 4-mm 0” 

12 Circle N/A N/A 1” 3-mm 3/8” 

13 Circle N/A N/A 1” 4-mm 1/2” 

14 Rectangle1 1/2” 3/16” N/A 4-mm 3/8” 

 


