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Abstract

Despite its significance within the body, educational tools effectively modeling the

intricacies of the shoulder joint are scarce. Seeking to address this void, our team continued the

development of a life-sized model comprising the scapula, humerus, and a removable clavicle.

Our model aims to more accurately replicate the nuanced scapulohumeral rhythm observed

during abduction of the humerus, a process integral to understanding the shoulder joint. The

scapulohumeral rhythm, orchestrating the coordinated movement between the scapula and

humerus during various shoulder motions, particularly abduction, is paramount for maintaining

shoulder joint stability and functionality. Our developed rig serves as an excellent foundation for

future teams to supplement. A clear path forward is laid for any future teams to fully develop a

valuable educational resource for students, healthcare professionals, and medical enthusiasts

seeking a comprehensive understanding of the human shoulder.
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1.0 Introduction

The human shoulder stands as a marvel of anatomical complexity, functioning as a

pivotal joint essential for a wide range of movements. Despite its significance, educational tools

that effectively model the intricacies of the shoulder joint are scarce. In response to this gap, we

have continued the mechanization of a life-sized model encompassing the scapula, humerus, and

clavicle. This creation aims to replicate the nuanced motion observed during abduction, a process

integral to understanding the scapulohumeral rhythm.

The scapulohumeral rhythm refers to the coordinated movement between the scapula (the

shoulder blade) and the humerus (the upper-arm bone) during various shoulder motions,

particularly abduction. This rhythm plays a crucial role in maintaining the stability and

functionality of the shoulder joint. Our mechanization of the model seeks to provide a tangible

and visually instructive representation of this intricate interplay, offering a valuable educational

resource for students, healthcare professionals, and anyone interested in comprehending the

complexities of the human shoulder.

By combining anatomical accuracy with a focus on motion dynamics, our model offers a

hands-on approach to learning about the scapulohumeral rhythm. Through its open and spacious

design, users can gain a tangible understanding of the spatial relationships and articulations

involved in shoulder abduction. This educational tool not only serves as a valuable asset in

academic settings but also contributes to a broader appreciation of human anatomy and

biomechanics.

In the subsequent sections, we will delve into the key components of our contribution to

the shoulder model’s development through accurate relative motion, visual representation,

exploring the anatomical principles it embodies, and elucidating the educational benefits it

presents. From biomechanical insights to practical applications, this life-sized shoulder model is

poised to enhance the understanding and appreciation of one of the body's most intricate and

essential joints.
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2.0 Background

2.1 Scapulohumeral Relationship

The movement of the shoulder consists of two primary bones, those being the the scapula

and the humerus, with the clavicle factoring in largely as support and a connection to the sternum

in the center of the ribcage. Understanding the relationship of movement between these two

bones is key towards accurately modeling and displaying how the shoulder joint functions. The

joints connecting these bones are equally as integral to this system, with the two most prominent

in the system being the glenohumeral joint, which serves to connect the scapula and the humerus,

and the acromioclavicular joint, which connects the scapula and the clavicle.

Figure 1: Depiction of the Scapula and its varying regions (Teach Me Anatomy, 2022)
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Figure 2: Depiction of the Scapula Ridge and its varying joints (Teach Me Anatomy, 2022)

Figure 3: Depiction of the Humerus and its varying regions (Teach Me Anatomy, 2022)

Upon abduction of the humerus, the scapula transitions and rotates to accommodate the

movement in several stages, however, where the humerus exists and moves on a two dimensional

plane assuming there is no antepulsion or retropulsion, the scapula shifts and rotates in a three

dimensional manner, with each stage of movement being met with a different facet of rotation.

Nikita Igoshin’s 2022 Independent Study Project (ISP) focused heavily on these different stages

of movement. Igoshin’s ISP based its findings on the work from “A Biomedical Analysis of

Scapular Rotation During Arm Abduction in the Scapular Plane” written by Stephen D. Bagg,

MD, MSc and William J, Forrest MD, MSc. with their results displayed below in Table 1.
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Range Average Arm Rotation (AA) : Scapular
Rotation (SR)

0-20.8° 1:0

20.8-81.8° 4.29:1

81.8-139.1° 1.71:1

139.1-170° 4.49:1

20.8-170° 2.25:1

Table 1: Abduction Ratio (Average Arm Rotation:Scapular Rotation) (Bagg, 2016)

The results displayed indicate the ratio of movement between the humerus and the

scapula, with the first range being especially of note as until the humerus meets a 20.8° angle

with the horizontal axis, there is negligible movement in the scapula. As abduction of the

humerus continues, transitional movement of the scapula and rotational movement of the scapula

differentiate. The angle of the scapula was found to follow one of three patterns in its rotational

movement with respect to the angle of the humerus through the analysis of a large number of

subjects. The patterns are depicted below in figures 4, 5, and 6.

Figure 4: The type A pattern of scapulohumeral rhythm. (Bagg, 2016)
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Figure 5: The type B pattern of scapulohumeral rhythm. (Bagg, 2016)

Figure 6: The type C pattern of scapulohumeral rhythm. (Bagg, 2016)

The beginning position of the scapula and the point at which the scapula begins to rotate

in accordance with the movement of the arm differ greatly between the three patterns, with

patterns A and C beginning at a starting angle of around 85 degrees to the vertical axis with
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pattern B beginning at 95 degrees to the vertical axis. The rate at which the scapula rotates and

shifts, while not uniform between the patterns, is largely comparable at the later stages of

rotation, with an arm angle of 60 to 80 degrees being the point where the three patterns begin to

line up. These results indicate that while the scapulohumeral rhythm differs between individual

subjects, it can be approximated and averaged to produce tangible and uniform results.

Understanding this, the team opted to use the ratios found by Nikita Igoshin for the

scapulohumeral rhythm as the foundation for the project.

2.2 Previous Work on the Model

This project is a continuation of two previous MQP efforts. Two prior teams similarly

conducted their own work and tackled the project with different concepts. The 2021-2022 team

was largely centered around the development of the bones and structure that the model would

rest on and the construction of a rig to demonstrate scapulohumeral rhythm during abduction

from 0 to 60 degrees. The group of students procured 3D models of the bones of the shoulder,

the scapula, the humerus, and the clavicle as well as the rib cage; to which they added blocks for

mounting. The team then 3D printed the models out of PLA (Polylactic acid; a common 3D

printing filament). They then mounted the rib cage on to plywood and created a simple rig

focused on replicating abductional movement of the shoulder through nylon threads and motors,

with partial success.

The 2022-2023 team continued construction of the model, this time focusing on the

addition of ligaments and altering motor attachment points to properly replicate the components

of an anatomical shoulder. Their team intended to select materials that accurately replicated the

function of shoulder tendons, ligaments, and muscles, utilizing a number of different materials to

replicate the movement of the humerus.

Our team similarly continued the construction of a rig to replicate movements, utilizing

the models produced by the 2021-2022 team and the ideas of an extraneous point of connection

from the 2022-2023 team. This was the foundation that our team worked from, building and

improving upon their previous designs and accounting for facets and complications the previous

teams did not have the time to consider.
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2.2.1 2021-2022 MQP: Anatomically Accurate Motorized Shoulder Model with

Scapula Movement

The 2021-2022 team gave a clear indication of their design process throughout their

project. The shoulder joint, including the scapula, humerus, clavicle, and rib cage would be

mounted on a supporting board with motors providing the force needed to conduct movement of

the humerus and scapula. Their primary designs were as follows: a secondary rod design and a

pulley system trailing the length of the humerus.

Figure 7: Sketch of the Secondary Rod Preliminary Design (Deane et al., 2022)

The above figure displays the shoulder joint in its entirety alongside the secondary rod

system, with each part labeled within the table on the left. The Secondary Rod was intended to

function as another source of support as well as a guiding hand for scapular rotation. It would

achieve these goals by connecting to the scapula through a ball and joint socket in a slot

displayed below in figure 8 and figure 9. The slot is curved and hollow so as to allow the scapula

to rotate during translation throughout the humeral abduction process. During the rotation and

translation of the scapula, the ball is free to slide through the hollow interior of the slot from the

center to the edges to accurately mimic the movement of the scapula within the shoulder joint.

Similarly during humeral flexion, the ball is free to return to its initial position.
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Figure 8: Sketches of top, Front and side view of the Scapulothoracic Joint utilized within the
Secondary Rod Design (Deane et al., 2022)

Figure 9: Sketches of top, front, and side view of the unique slot feature representing the
Scapulothoracic joint (Deane et al., 2022)

The secondary rod idea was ultimately scrapped by the 2021-2022 team due to the

additional parts that would be required to provide the force necessary to replicate the motion of

the scapula and humerus. These additional parts physically intersected the secondary rod,

preventing the motion from completion. However, this idea of another point of connection is

something our team sought to continue with our project. The 2021-2022 team’s second primary

design was the development of a pulley system that trailed the length of the humerus and scapula

as described in section 2.2.1.3.

2.2.1.1 3D Printed Bones

The 2021-2022 team purchased files of the bones that they then 3D printed (Figure 10

and Figure 11). In order to fasten the ribcage to the plywood, a 0.75in x 0.75in rectangular

segment was added to each rib at varying lengths to meet at one plane. These fastenings are
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shown in Figure 12 and Figure 13. The points of these connections are displayed below in Table

2 and Figure 14.

Figure 10: Front and back view of model true to scale (Biomedical Modeling Inc.)

Figure 11: Left and right view of the model true to scale (Biomedical Modeling Inc.)

Figure 12: Front and Side Views of Full Shoulder Rig Assembly without Soft Tissue (Deane et al.,
2022)
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Figure 13: Front and Right-side View of Rib Connections (Deane et al., 2022)

Table 2: Rib Connection Points (Deane et al., 2022)

18

Y Z Y Z
38.8411 277.6354 160.753 105.5732
15.2039 238.4864 168.1988 142.0047
5.6789 204.5192 170.3961 171.297
0 164.5711 177.8404 196.7875
0 132.4797 177.8404 223.5691

22.1709 103.6558 165.7629 248.0114
29.3163 74.9135 160.8711 268.1104
42.4981 44.6453 160.8711 290.4167
59.4609 14.6593 149.1488 312.0448
117.1742 0 130.0988 325.9589
145.7492 24.1843 126.6992 345.0089
149.1488 76.648 59.4608 322.4804



Figure 14: Corresponding digital plot (left) that was transferred to the plywood (right) for
accurate bone positioning (Deane et al., 2022)

2.2.1.2 Mounting the Bones and Motors

The bones were mounted and secured to 3D printed blocks which were then fastened to

the points on the plywood above as designated in section 2.2.1.1, the clavicle and motors were

mounted differently due to their differing functions. The clavicle was mounted to a plywood

block through a ball and socket joint that allowed for limited rotational movement. The motors

and circuits of the 2021-2022 team were mounted to the rear side of the plywood to not obstruct

the movements or visual of the shoulder during its abduction, however, doing so introduced a

large amount of friction between the plywood board and the nylon monofilament fishing line

utilized in their pulley system as they travel over the top of the plywood. The mounts utilized are

displayed below in Figures 15 through 19.
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Figure 15: Clavicle and plywood attachments (Deane et al., 2022)

Figure 16: Second stationary motor mount designed to secure a single Planetary Gearbox Nema
17 stepper motor to the top of the t-slot beam (Deane et al., 2022)

Figure 17: Sketch of glenohumeral joint design (Deane et al., 2022)
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Figure 18: Sketch of glenohumeral joint design (Deane et al., 2022)

Figure 19: Isolated sketch of sternoclavicular joint design (Deane et al., 2022)

2.2.1.3 2021-2022 Team’s Final Product and Data Collection

The 2021-2022 team unfortunately did not have the time to flesh out a fully functioning

system to induce movement in the arm, as their project focused much more heavily on creating

the models of the bones and bringing them to fruition. That being said, their motorized design

had numerous aspects that our team built upon. Their design utilized a motor system that trailed

the length of the arm and was attached to the other side of the wooden board used to hold and

support the ribcage. While the use of a motor system is the most cost-effective option available,

the angle the force was delivered made vertical movement of the arm incredibly intensive, as a

21



vast majority of the force was pulling the arm into the shoulder socket rather than upwards to

display abduction.

Figure 20: Side, top, and front view of shoulder model (Deane et al., 2022)

2.2.2 2022-2023 MQP: Realistic Shoulder Model with Soft Tissue Attachments

The 2022-2023 team focused far more heavily on the addition of materials that would

replicate biological functions within the shoulder. The team 3D printed several slabs of polymer

materials and attached them to the areas of important tendons and muscle groups to simulate

restrictions the shoulder would experience. However, these materials had difficulty remaining

attached in the intended manner and often blocked visibility of the more important movements of

the model. The inefficiency and other problems introduced by these design options were heavily

accounted for when forming our own designs for the rig.
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3.0 Methodology

3.1 Design Goals and Constraints

Our team focused our project around numerous different smaller scale goals, each of

which were focused on completing our overarching goal of improving upon the design of the two

previous MQP team’s models to more accurately reflect shoulder movement through abduction

of the humerus. To achieve this goal, our team had to operate under a number of constraints,

primarily seeking to minimize the cost of the project so as to make the final product as accessible

and affordable as possible. Other constraints such as accessible materials and machines to shape

these materials would additionally limit the abilities of the team to develop the final product.

Further constraints including the size and the transportability of the rig similarly limited potential

designs. Our overarching objective would be completed through our other goals which were

similar to the previous MQP team’s goals in developing an efficient rig that would provide

adequate force to lift the humerus whilst rotating and transitioning the scapula appropriately in

response to the humerus’s position. The rig should additionally be capable of completing the

motion displayed in figure 21 an indefinite number of times without requiring frequent

replacement of parts.

Figure 21: Humeral and Scapular Motion

Our first goal was to calculate and replicate accurate motion of the scapula. The scapula

shifts and rotates on a three dimensional plane and has a constantly shifting center of rotation

alongside a complex geometric shape that can make accurately replicating its movement
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difficult. Our efforts to reflect this movement are detailed in section 3.3 Scapular Rotation. Our

second goal was to achieve the full desired range of motion, raising the humerus from 0° to 120°

with the vertical axis. Our final goal to improve the previous design of the model was to

accurately replicate relative motion between the scapula and humerus. While the movements of

the scapula and humerus aren’t causing relative motion between one another in the model like

they would in the body, the motors in our rig would accurately replicate the relative movement of

the bones associated with the scapulohumeral rhythm described in our design concepts and rig

designs in section 3.2.

3.2 Rig Design Concepts

To achieve the scapulohumeral rhythm and motion desired, our team created two

preliminary design concepts with a number of smaller variations.

3.2.1 Channel Design Concept

One preliminary design concept our team focused on was the idea of implementing a

channel to follow the length of the humerus, mimicking the design of the previous MQP team’s

final implemented design. Where the previous teams had the wires and supporting materials on

the outside surface of the humerus, this design would involve drilling a channel into and along

the length of the humerus and a portion of the scapula, where the wires would be run through and

over the collar into the plywood board supporting the model where the motors would pull from.

This design is displayed below in figure 22.
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Figure 22: Channel Design Concept

The channel design allows for a much cleaner final model without the clutter of the

previous team’s approach in attaching motors, wires, and other materials to the exterior of the

humerus and allows for the most visibility of the bones as they complete their motions. However,

the channel design invites a number of complications including the question of force vector

angles and friction of the internal wires as they travel through the bones and their connections.

3.2.2 Cage Design Concept

Our other preliminary design focused on creating a structure surrounding the bones to

avoid the complications of the motor weights on the bones and suboptimal force vector angles.

We referred to this structure as the cage. The bones of the ribcage and shoulder would be

surrounded by a cage as shown in Figure 23 with the dimensions 0.5 meters x 0.8 meters x 0.8

meters, with the width of the cage being the shortest dimension of the cage.
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Figure 23: Model in the cage

Along the faces of the cage, motors would be placed and supported by beams with wire

connections to the humerus and scapula to pull on the bones with adequate forces and angles to

accurately replicate shoulder movement and scapulohumeral rhythm. The original placements of

the motors were at the vertices of the cage where they would pull a final motor along the open

face of the cage to guarantee the optimal angles for force vectors, however, this would restrict

visibility and introduce difficulties in reinforcing the motor under its own force as well as simply

being inefficient. Other placements were considered such as a moving track along the face of the

cage, however, the final placements were decided to be constrained to one position and

unmoving throughout the shoulder movements. These original motor placements and design

concepts are shown below in figure 24.
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Figure 24: Vertice motor design (left) and track method design (right)

The exact placements of these motors are displayed in Figure 25 below. The materials

utilized for the wires and the models of motors are discussed in sections 3.5.2 and 3.5.1

respectively. The motors were mounted to the cage through the use of 3D printed motor mounts

left by the previous team. Additional mounts were printed using the same file the previous team

used.
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Figure 25: Motor placements along the faces of the cage

The primary benefits of the cage design were the visibility of the model and its

movements it provided due to the lack of additional items cluttering up the humerus and scapula,
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which additionally made it much more efficient to design methods to move the humerus and

scapula since factors such as the weight of the motors did not have to be considered when

focusing on the movement of the bones.

Figure 26: Constructed and Realized Cage
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3.3 Scapular Rotation

Calculating how the scapula will rotate while the humerus abducts and flexes was vital to

this project. The scapula’s unorthodox shape and uneven distribution of mass caused the process

to be complex, with the numerous directions of movement and constant uneven shifts of the

scapula discussed in section 2.1 further complicating the process.

Figure 27: Potential movements of the Scapula (Physiotutors, 2023)

The position of the scapula was found by calculating where all five motor attachment

points, A, B, C, D, and E, will be relative to the initial position of motor attachment point A. The

attachment points are displayed below in figure 28. The amount of scapular rotation in each

direction–upward rotation, anterior tilt, and external rotation–in 30° increments of humeral

rotation were taken from tables 3 and 4. The team then assumed that rotation during each 30°

increment was linear in its rotation, with the positions indicated on the scapula transitioning in a

consistent fashion within the 30° periods.
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Table 3: Total rotation of the scapula in all three directions during 30° increments of abduction
under “control” (Yabata, 2022)

Table 4: Total rotation of the scapula in all three directions during 30° increments of flexion
under “control” (Yabata, 2022)
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Figure 28: A simplified view of each of the motor attachment points

The team then defined two axes of rotation, one for upward rotation and one for anterior

tilt, IJ and IK respectively. These axes of rotation were formed from the vector between two

points on the scapula as displayed in figure 29. External rotation of the scapula is centered

around a point called the instantaneous center of rotation, or the ICR.

Figure 29: Key Points of Mass Distribution within the Scapula

32



The team then applied the Rodrigues’ Rotation Formula, a formula for rotating a vector

around a normal vector being used as an axis of rotation, for each direction of rotation in

increments of 0.1° of humeral abduction or flexion up to 120°, and averaged the three outputs to

find the new position of each motor attachment point. This strategy was also applied to points I,

J, and K, so that the axes of rotation stayed within the scapula. An example of the Rodrigues’

Rotation Formula is shown below. In this case, vector v is being rotated around the normal vector

n by theta degrees to create vector v prime. The equation is the form of the Rodrigues’ Rotation

Formula the team used in their math.

Figure 30: An example of the Rodrigues’ Rotation Formula (YouTube channel Mathoma)

3.4 Humeral Abduction

Scapulohumeral rhythm was modeled for both humeral abduction and flexion. Humeral

movement was confined to a two dimensional plane in its movements while it is moving in each

direction, with additional safeguards in attached motors ensuring the humerus does not stray

from its path of movement. The force required to lift the humerus was calculated through

trigonometry utilizing a number of variables displayed in the nomenclature table below.

Variable Definition (unit)

LH Length of the humerus (meters)

WH Mass of the humerus (kilograms)

ɑi Initial angle between the humerus and the vertical axis (°)

Θi Initial angle between the humerus and the thread (°)
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Θ’ Angle between the humerus and the thread post humeral abduction (°)

LTi Initial thread length (meters)

LT’ Thread length following humeral abduction (meters)

Δɑ Desired change in angle alpha (°)

t Time (seconds)

LHM Distance between the top of the humerus and the motor (meters)

βi Initial angle between the motor wire and the humerus (°)

β’ Angle β after abduction of the humerus (°)

dHbot Distance traveled by the bottom of the humerus (meters)

vHbot Velocity of the bottom of the humerus (meters/second)

aHbot Acceleration of the bottom of the humerus (meters/second2)

Fgopp The force of gravity opposite to the direction of movement (Newtons)

FNet Net force acting on the humerus (Newtons)

FRequired Required force to lift the humerus (Newtons)

Table 5: Nomenclature Table for Humeral Abduction
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Figure 31: All Angles and Lengths during Humeral Abduction

The steps to solve for the force necessary to lift the humerus and the ideal position of the

motor are displayed below in table 6.

Step Description Equation

Beginning with the length of the humerus, the value

for LHM can be found using the law of cosines:

LHM = √(LH
2 + LTi

2 - 2LHLTicosΘi)

Using other given variables, LTi, LH, and Θi the team
can similarly solve for βi

(sinβi)/LTi = (sinΘi)/LH

With the initial value for the angle found, the team

can then find the angle after the abduction of the

humerus, β’:

β’ = βi - Δɑ

With these variables defined, the desired thread

length following humeral abduction can be found:

LT’ = √(LH
2 + LHM

2 - 2LHLHMcosβ’)

35



With this final thread length determined, other

values can be solved to determine the other

kinematics needed to solve for the force required to

lift the humerus.

Θ’ = sin-1(LHMsinβ’/LT’)

With the new angle found, the team can then solve

for the distance, velocity, and acceleration of the

humerus.

dHbot = ΔɑπLH/180

vHbot = dHbot/t

vc= 2vHbot
aHbot = vc/t

New angles, E and C, must first be defined to relate

Fg and solve for the force:

C = 90 - (ɑi + Δɑ)

E = (Θ’ + C) - 90

Now with all values known, the force can be solved

for using Newton’s Second Law:

Fg = 9.8WH

Fgopp = FgcosE

Fnet = WHaHbot
Frequired = Fnet + Fgopp

Table 6: Solving for the Necessary Force and the Position of the Motor

To track the position of the humerus, the team calculated where motor attachment point F

will be relative to the initial position of motor attachment point A. This was done by setting the

center of rotation at motor attachment point B and applying the Rodrigues’ Rotation Formula and

calculating the positions of motor attachment point F in increments of 0.1° of abduction and

flexion up to 120°. In order to account for the movement of point B during this rotation, the team

used geometry to “drag” the attachment point to its proper final position.

Givens:

All values are in meters and degrees. All distances are measured from the origin which is set at

the bottom left corner of the cage as seen in figure 40.

Initial Wire Attachment Points: Initial Axes Points: Motor Placement:

A = [0.073;0.507;0.445]; I = [0.074; 0.508; 0.434]; motorA = [-0.045;.534;0.825];

B = [0.203; 0.509; 0.458]; J = [0.2; 0.508; 0.434]; motorB = [0.18;0.534;0.825];
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C = [0.083;0.525;0.312]; K = [0.074; 0.508; 0.313]; motorCPosY = [0.44;0.852;0.54];

D = [0.154;0.522;0.383]; motorD = [0.185;0;0.5];

E = [0.077;0.524;0.388]; motorE = [0.19;0.852;0.366];

F = [0.11;0.035;-0.3696]; motorFZ = [0.405;0.534;0.825];

motorFPosY = [0.57;0.852;0.54];

motorFNegY = [0.505;0;0.48];

The variation in angle of the bones was based on a study (Yabata, 2022), where the angles

are measured in cartesian coordinates relative to an origin.

Angle of Abduction Total Upward
Rotation

Total Anterior Tilt Total External
Rotation

0-30° -3.39° 6.04° 1.29°

30-60° -22.95° 16.24° 4.46°

60-90° -14.91° 9.17° 2.99°

90-120° -9.60° 2.04° 1.79°

Angle of Flexion

0-30° -1.55° -1.82° -1.13°

30-60° -7.59° 1.74° 0.80°

60-90° -5.89° 3.88° -0.02°

90-120° -11.32° 7.36° 2.17°

Table 7: Rotation of the Humerus during Abduction and Flexion (Yabata, 2022)

Calculations:

1. How to rotate the scapula. The example provided will be point E moving as the humerus

abducts from 0° to 10°. Each step calculated by the code is 0.1°; the 10° increment is

used for illustrative purposes.

1.1. Find how much E externally rotates during this interval using the table and step

size.

1.1.1. 1.29°/(30/10) = 0.43°
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1.2. Find the normal axis of rotation, in this case𝐼𝐾

1.2.1. Move the origin to I

1.2.2. 𝐼 = 0. 074;   0. 508;   0. 434[ ] −  [0. 074;   0. 508;   0. 434] =  [0;   0;   0]

-𝐾 = [0. 074;   0. 508;   0. 313] − [0. 074;   0. 508;   0. 434] = [0;   0;  

0. 121]

𝐸 = [0. 077;  0. 524;  0. 388] − [0. 074;  0. 508;  0. 434] = [0. 003; 0. 016;

- ]0. 046

1.2.3. Find 𝐼𝐾

1.2.3.1. = [0; 0; -0.121] - [0; 0; 0] = [0; 0; -0.121]𝐼𝐾

1.2.4. Find 𝐼𝐾

1.2.4.1. =𝐼𝐾| | 02 + 02 + (− 0. 121)2 = 0. 121

= [0; 0; -0.121] / 0.121 = [0; 0; -1]𝐼𝐾

1.3. Derive the Rodrigues Rotation Formula: a formula for rotating a point a desired

number of degrees around any normal axis

1.3.1. 𝐸
→

𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
= 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑜𝑓 𝐸

→
 𝑡ℎ𝑎𝑡 𝑖𝑠 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 𝑡𝑜 𝐼𝐾

𝐸
→

𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟
= 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑜𝑓 𝐸

→
 𝑡ℎ𝑎𝑡 𝑖𝑠 𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 𝑡𝑜 𝐼𝐾

𝐸
→

 =  𝐸
→

𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
+ 𝐸

→

𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟

1.3.2. 𝐸'
→

𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
 =  𝐸

→

𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙

1.3.2.1. 𝐸'
→

= 𝐸
→

𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
+ 𝐸'

→

𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟

1.3.3. Θ = 𝑎𝑛𝑔𝑙𝑒 𝑓𝑟𝑜𝑚 1. 1

1.3.3.1. 𝐸'
→

= 𝐸
→

𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
+ 𝑐𝑜𝑠Θ * 𝐸

→

𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
+ 𝑠𝑖𝑛Θ * (𝐼𝐾 × 𝐸

→
)

1.3.3.2. 𝐸'
→

= (1 − 𝑐𝑜𝑠Θ) * 𝐸
→

𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
+ 𝑐𝑜𝑠Θ * 𝐸

→
 +  𝑠𝑖𝑛Θ * (𝐼𝐾 × 𝐸

→
)

1.3.4. Final Rodrigues Rotation Formula

1.3.4.1. 𝐸'
→

= (1 − 𝑐𝑜𝑠Θ) * (𝐸
→

• 𝐼𝐾) * 𝐼𝐾 + 𝑐𝑜𝑠Θ * 𝐸
→

 +  

𝑠𝑖𝑛Θ * (𝐼𝐾 × 𝐸
→

)
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1.4. Using the Rodrigues Rotation Formula

1.4.1. = (1 - cos(0.43)) * ([0.003; 0.016; -0.046] [0; 0; -1]) * [0; 0; -1] +𝐸'
→

·

cos(0.43) * [0.003; 0.016; -0.046] + sin(0.43)*([0; 0; -1] x [0.003; 0.016;

-0.046])

= [0.00288; 0.01602; -0.046]𝐸'
→

1.5. Move the origin back

1.5.1. = [0.00288; 0.01602; -0.046] + [0.074; 0.508; 0.434] = [0.07688;𝐸'
𝐼𝐾

→

0.52402; 0.388]

1.6. Repeat steps 1.1, 1.2, and 1.4 with the axes as IJ and the axis through the ICR

orthogonal to the plane containing I, J, and K, making sure that the origin is

moved to the correct point, I for IJ and the ICR.

1.6.1. = [0.077; 0.52238; 0.38747]𝐸'
𝐼𝐽

→

= [0.07836; 0.524; 0.38929]𝐸'
𝐼𝐶𝑅

→

1.7. Average the three E values

1.7.1. = [0.07741; 0.52347; 0.38825]𝐸'
→

1.8. Repeat 1.1 - 1.7 for points A, B, C, D, I, J, K, and the ICR

1.9. Repeat 1.1 - 1.8 until total abduction angle is 120° while always using the most

recent I, J, K and ICR values

1.10. Repeat 1.1 - 1.9 to find all points for flexion

2. How to find how point F rotates. The example used will also be the humerus abducting

from 0° to 10°.

2.1. Move the origin to B, as this is where the humerus is rotating around

2.1.1. B = [0.203; 0.509; 0.458] - [0.203; 0.509; 0.458] = [0; 0; 0]

F = [0.21; 0.515; 0.13] - [0.203; 0.509; 0.458] = [0.007; 0.006; -0.328]

2.2. Set the axis of rotation for abduction

2.2.1. = [0; -1; 0]𝑛

2.3. Use the Rodrigues Rotation Formula
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2.3.1. = (1 - cos(10)) * ([0.007; 0.006; -0.328] [0; -1; 0]) * [0; -1; 0] +𝐹'
→

·

cos(10) * [0.007; 0.006; -0.328] + sin(10)*([0; -1; 0] x [0.007; 0.006;

-0.328]) = [-0.05001; 0.006; -0.32423]

2.4. Move origin back

2.4.1. = [-0.05001; 0.006; -0.32423] + [0.203; 0.509; 0.458] = [0.15299;𝐹'
→

0.515; 0.13377]

2.5. Now the team must account for the movement of the humeral head in the XZ

plane

2.5.1. B’ - B = [0.2029; 0.509; 0.4589] - [0.203; 0.509; 0.458] = [-0.0001; 0;

0.0009]

2.5.2. F’ - (B’ - B) = [0.15299; 0.515; 0.13377] - [-0.0001; 0; 0.0009] =

[0.15309; 0.515; 0.13287]

2.6. Now the team must account for the movement of the humeral head along the

y-axis while keeping F in the same XZ plane.

2.6.1. Create a circle, in the same XZ plane as F, of all possible locations of F

with the knowns of the length of the humerus and the location of the

humeral head at B’

2.6.1.1. Center of Circle = [XB’; 0.515; ZB’] = [0.2029; 0.515; 0.4589]

2.6.1.2. Radius of Circle = =𝐿𝑒𝑛𝑔𝑡ℎ
𝐻𝑢𝑚𝑒𝑟𝑢𝑠

2 − (𝑌
𝐵'

− 0. 515)2

= 0.135610. 36832 − (0. 509 − 0. 515)2

2.6.2. Create a vector from the center of the circle to the current position of F

and normalize it

2.6.2.1. = [0.2029; 0.515; 0.4589] - [0.15309; 0.515; 0.13287] =𝑅 
→

[0.04981; 0; 0.32603]

2.6.2.2. = [0.04981; 0; 0.32603] / 0.32894 = [0.15173; 0; 0.98842]𝑅| | 
→

2.6.3. Find the closest point on the circle to the current position of F. This point

on the circle is F’

2.6.3.1. F’ = [0.15309; 0.515; 0.13287] + 0.3683 * [0.15173; 0; 0.98842] =

[0.20897; 0.515; 0.49691]
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2.7. Repeat 2.1 - 2.6, using the correct B and B’, until the total abduction angle is 120°

2.8. Repeat 2.1 - 2.7, using [1; 0; 0] as the axis of rotation, to find the values of F for

flexion

3.5 Material Selection

3.5.1 Motor Selection

The motors used by the 2021-2022 and 2022-2023 teams were the Nema 17 Stepper

Motor model number 17HS19-1684S-PG27, which will be shortened to the 17HS19 model for

the duration of the report. The 17HS19 model has a number of specifications that allows for

efficiency, however, our team had concerns in utilizing these motors due to the amperage

requirements of 1.2 Amps. To circumvent this issue, our team looked for other models of Nema

17 motors and decided on the use of the 17HS13-0404S-PG27 motor, which will similarly be

shortened to the 17HS13 model. The qualities that make the 17HS13 motor the ideal are the

rated current and the maximum permissible torque. The specifications for the 17HS13 motor are

given in figure 32 below.
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Figure 32: The model 17HS13-0404S-PG27 data sheet (StepperOnline, 2020)

The low rated current of 0.4 amps allows the motor to function on low currents, meaning

the circuit will need to involve fewer pieces and draw less current and power into the system,

exerting a lower strain on the equipment. The required voltage input for the motors was 12V. The

max permissible torque of 3 Newton meters for each motor is capable of pulling on the humerus

and scapula with adequate force to induce the rotation and transitions necessary to replicate

scapulohumeral rhythm in the shoulder. The two previous teams both used five of the model

17HS19 motors to pull the humerus along their trail of wire that led along the length of the

humerus.
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Figure 33: The NEMA model 17HS19-1684S-PG27 motor (StepperOnline, 2020)

For our rig design, discussed in section 3.2, ten model 17HS13 motors were implemented

to ensure correct positioning and stability of the humerus and scapula during humeral abduction.

We attached the motors to the cage using 3D printed mounts. The locations of the motor

placement within the cage are similarly discussed in section 3.2.
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Figure 34: The NEMA model 17HS13-0404S-PG27 motor (StepperOnline, 2020)

3.5.2 Connecting Wires

Utilizing the correct materials for each material that the team is trying to simulate is

crucial to the project’s success. The first team developed a shoulder model with the bones

properly assembled. For the material of the bones, they used PLA due to its rigid properties and

ease of molding through 3D printing into the desired shapes. Our team will be similarly utilizing

PLA for this aspect of the model.

The first team utilized nylon wires as a way of moving the bones to their desired location

due to their strength and flexibility, whilst still remaining cost-effective. However, this team did

not account for the issue of creep. The deformation caused by the creep changes the length of the

nylon wires and thus changes the calculations that must be done to pull on the bones with the

right force vectors. The second team utilized rubber threads to better operate under creep

conditions, however, the friction caused between the rubber threads and other components of the

rig hampered movements. To eliminate these issues, our team decided to change the material

used for the connecting wires.
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Figure 35: The Young’s modulus (10^6 psi) of different materials similar to collagen

To decide on the material replacing the nylon wires, our team calculated the stress and

strain that the nylon is under while it is pulling on the bones and the temperature of the room the

model is in. With these two variables, the team calculated the strain rate of each nylon strand

using the equation , where ε is the strain rate, A and n are material basedε = 𝐴σ𝑛𝑒𝑥𝑝( −𝑄
𝑅𝑇 )

constants, is the applied stress, Q is the activation energy of the creep mechanism, R is the gasσ

constant, and T is the ambient temperature in Kelvin. The applied stress, , was calculated withσ

the equation , where F is the applied force delivered to the wire from the motor and A isσ = 𝐹
𝐴

the area of the wire that the force is delivered across. The area of the wire was calculated to be

0.00126 in2 or 3.243 * 10-6m2 with an applied load of 11 kg. These calculations were completed

in MatLab, with a final value of 3.4 MPa for the stress. We performed our calculations based on

a wire with a diameter of 0.04 inches and material constants A = 3.73 * 10-5 and n = 4.
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Several options for the connective wires were discussed including a number of polymers

and metals as well as the previously utilized nylon 6 wires, however, each material encountered

different issues. The nylon 6 wires, as discussed above, were susceptible to creep. Silver alloys

were too soft and could easily be damaged. Copper alloys would be susceptible to environmental

factors. Finally, various steels were similarly proposed but were too resistant to bending, far too

expensive, and had high friction coefficients, making their movements in the model more

difficult than necessary. With this in mind, our team considered PTFE coated wires to mitigate

friction between the wire and any surfaces contacted, however, a suitable product was not

commercially available.

Ultimately, the team utilized braided nylon fishing line to achieve a balance between all

sought characteristics. With the values attained, the wire would need to be capable of supporting

a maximum of 13.8 MPa without experiencing creep, whilst still being capable of repeatedly

bending in the process of pulling the shoulder model into position and not inhibiting the

movement of the humerus and scapula all of which braided fishing line achieves.

Figure 36: Braided Fishing Line
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Figure 37: Braided Fishing Line attached to a 17HS13 motor

3.5.3 Motor Driver

We used a stepper motor driver in order to control the motors. The brand name for the

driver is ‘Allegro’s A4988 DMOS Microstepping Driver with Translator and Overcurrent

Protection’. We bought our driver from Amazon which was manufactured by Shenzhenshi

Yongfukang Technology Co. The A4988 has 16 pins of which our team utilized 10 pins. The

Vmot and GND are connected to a 9V battery. The 2B, 2A, 1A, and 1B pins are connected to the

four motor wires. Figure 39 below shows the corresponding colors to letters. The wiring of the

motor to the driver can be arranged in a multitude of variations as long as the one coil on the

motor is not connected to two different coil outputs on the driver.
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Figure 38: The figure of the driver (Pololu, 2024)

A4988 Motor Datasheet Color

1A A+ Green

1B A- Black

2A B+ Red

2B B- Blue

Table 8: The chosen orientation of the wires from the motor to the driver

In order to set up the motor driver we needed to adjust the current limit potentiometer.

The following equation is used to find the voltage reference for the driver.

Vref = 8 * Imax * Rcs

The Imax is the max current rated for the motors we were using which is 0.4A. Rcs is the

current sense resistance of the driver motor, Rcs = 0.1 Ω. Therefore, our Vref would be 0.32V. The

figure below shows one of the ways to adjust the current limit potentiometer. For the VΩ port we

used an alligator clip that was connected to a screwdriver that we turned the potentiometer with.

48



Figure 39: How to adjust current limit potentiometer

Another important note about the A4988 motor driver is the temperatures it can operate

at. The maximum junction temperature is 150℃, attaching the heat sink to the motor driver aids

to lower the temperature but the drivers can still cause burns with direct contact at operational

temperatures.

3.6 Cage Construction and Implementing a Matlab Code

3.6.1 The Cage

The cage surrounding the rig was constructed utilizing aluminum extrusion rods present

available in the WPI MQP labs. The exact dimensions of the rods vary and are listed in table 9

below.

Part No. Aluminum Extrusion Rod Dimensions
(Length X Width X Depth)

Quantity

1010 T-Slotted Profile - Four Open
T-Slots

0.912m X 1.00” X 1.00” 2
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1010 T-Slotted Profile - Four Open
T-Slots

2.44m X 1.00” X 1.00” 2

20-2020 T-Slotted Profile - Four Open
T-Slots

0.695m X 20mm X 20mm 2

1003-s Smooth Surface T-Slotted Profile -
Three Adjacent Open T-Slots

2.44m X 1.00” X 1.00” 1

Table 9: Details of Aluminum Extrusion Rods

The minimum dimension of the cage is 0.5 meters by 0.8 meters by 0.8 meters. Different

views of the cage are displayed below in figures 39 through 43. The varying dimensions

displayed in the figures are from the different sizes of aluminum extrusion available to the team.

Figure 40: Posterior View of the Cage
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Figure 41: Lateral View of the Cage
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Figure 42: Lateral Midline View of the Cage

Figure 43: Top View of the Cage

Figure 44: Bottom View of the Cage
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Another issue we saw that was due to aging was wood rot in the original rib cage mount.

We replaced the old plywood with a ¾ inch plywood. Additional bars were installed to further

support the cage under the weight of the rig and correctly position the motors in accordance with

Figure 25 in section 3.2.1 to pull on the 3D printed bones within. To minimize any clutter and

ensure visibility of the rig, the wires for each motor run along the bars of the cage where they

conjoin in the circuit on the backside of the board.

Figure 45: Supporting Bars of the Cage

3.6.2 Coding and the MATLAB Model

The team lead for this portion of the project was Cameron Leffler, who wrote MATLAB

code to calculate the positions of each of the six wire attachment points on the scapula and

humerus relative to the origin for every 0.1° of arm abduction and flexion. The following

documentation explains how the code calculates all of the relative positions of the wire

attachment points and wire lengths.

The Code is split into four scripts of code; Setup, Abduction, Flexion, and App code

scripts, all of which are run using Arduinos connected in the circuit. The setup code defines the
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relative positions of the motors and of the motor attachment points for all possible angles of arm

abduction and flexion.

Figure 46: A simplified view of each of the motor attachment points

It does this in the manner stated in section 3.2 using the Rodrigues' Rotation Formula. It

then calculates the distance from each motor to the motor attachment point, giving the length of

thread between the attachment point and the motor and creates a global matrix of all thread

lengths given a desired abduction or flexion angle. The app script graphs the movement of the rig

through previous calculations and transmits that information to the abduction and flexion code.

The abduction and flexion scripts take an input of a desired angle of abduction or flexion and

change the thread length to the correct amount based on the desired abduction or flexion by

rotating the motors. Cameron then took these relative positions and made an interactive 3D plot

in MATLAB where a user can input an amount of abduction or flexion and the program will

show four views of where the wire attachment points will be in 3D space, one angled view from
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behind and above, one view from straight on, one view from directly above, and one view

straight on from the side, as shown in Figure 56 in Section 3.8.2.

Using the MATLAB code we can determine the position of each point throughout

scapular and humeral movement. In figures 46 through 51, we determined the acceleration of

each point throughout abduction. The data for the graphs below is made up of over 10,000

calculated data points so the addition of variables was made to make the data more digestible in

an excel spreadsheet. The duration of abduction and flexion can be altered by changing the total

time and the degrees between data points can be altered to get an average of the data for each

point. We wanted to portray the change in acceleration of each point to convey the complexity of

the scapulohumeral rhythm.

Figure 47: Acceleration of point A over degrees Abduction
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Figure 48: Acceleration of point B over degrees Abduction
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Figure 49: Acceleration of point C over degrees Abduction

Figure 50: Acceleration of point D over degrees Abduction

Figure 51: Acceleration of point E over degrees Abduction

57



Figure 52: Acceleration of point F over degrees Abduction

We can also use the thread lengths to check our work along with measuring the distances

by hand. We can measure xyz manually to make sure the ijk vectors are correct and measure the

thread length to confirm the overall vector acceleration. The wire we are using is not elastic

under the delivered force so we know that the delta thread length is relatively true.

3.6.3 Circuit Design

The circuitry utilized for the rig underwent a large change from the 2021-2022 team’s

circuit design. The 2021-2022 circuit design, displayed below in figure 54, is a simple parallel

circuit designed to deliver power and current to each motor simultaneously so as to ensure each

motor receives enough voltage to run, however, the equipment used to build the circuit was

inadequate to serve our purpose. The breadboard utilized to build the circuit was not built to

handle a current higher than 1 amp, which is almost doubled when all five motors are run

through the circuit. Additionally a single 9-volt battery is incapable of delivering enough power

to support five motors at once, let alone the ten our team would implement.

58



Figure 53: The 2022-2023 Team’s Fully Assembled Physical Circuit (McEvilly et al., 2022)

To resolve these issues, our team opted to implement a larger power source, with the

intention of utilizing numerous 9-volt batteries at once with plans to ultimately plug the system

into a wall outlet. Further alterations to the circuit include the addition of a second Arduino

board, to ensure enough pins were available for the ten microprocessor-motor systems. The next

iteration of the circuit design is displayed below in Figure 55.
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Figure 54: Second Iteration of the Circuitry

To circumvent the breadboard’s limitations, breadboards were removed from the circuit,

instead utilizing space studs, cable nail in clips, and terminal blocks to connect and complete the

circuit. The team also experienced trouble operating both Arduinos. This was due to the fact that

we had not adjusted the current limit potentiometer and we also had the power source of all ten

motor drivers connected to the Arduinos in series. This overloaded one of the Arduinos causing

it to short and turn off. To fix these issues we moved from breadboards to 10 circuit terminal

blocks instead of the breadboard. We added five more 9V batteries to power each motor

individually which we were hoping would improve our low voltage. To fix the shorting Arduino,
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instead of all ten of the motor drivers being powered by the 5V output from the Arduino which

were run in one series we split it into two series of five. Each series is powered by their own 5V

Arduino output pin . The updated schematic is shown in Figure 56 below. One of our largest

oversights came with the needed voltage. The original consensus was that 9V would have been

enough to power the motors but that was for the previous model of motor used. The

17HS19-1684S-PG27 only needed 2.8V in order to turn, whereas the 17HS13-0404S-PG27

needed around 12V to properly run.
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Figure 55: Updated Schematic of the Circuitry
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Figure 56: Zoomed in Schematics of the Arduinos

On the A4988 motor driver the RESET pin needs to be HIGH so our team connected it to

the SLEEP pin which pulls HIGH by default. We also used a 100uF capacitor to regulate power

surges between our motor power supply and the driver. When picking a place for the capacitor

our team placed it as close to the driver as possible so there is less surge throughout the wire,

especially if the distance between the batteries and the motor drivers is larger.
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3.7 Testing

The team successfully constructed the cage and attached the motors to the surrounding

frame. We were unable to conduct testing of the fully constructed rig due to time constraints.

While the team did not get all 10 motors rotating at once, the team did test to see if the motor

positions were able to achieve the correct relative positions of the 3D printed bones. In doing so,

all ten motors were tested for their ability to function as expected in the rig as described in the

following sections.

3.7.1 Testing Relative Position

The team chose to test the relative positions at rest, then in intervals of 30 degrees of

abduction and flexion, ending at 120 degrees of abduction and flexion. The team made this

decision as in between these checkpoints the motion of points on the scapula is linear. The team

manually set the thread lengths to their desired lengths and suspended the scapula and humerus

from the motors in order to show a proof of concept.

3.7.2 Motor Calibration

Motor calibration tests were based on finding out how much the motor changed the

thread length as a function of how many seconds the motor spun. The first step was finding the

angular velocity of the motor. To do this, the team made a simple MatLab code that can spin the

motor for an inputted number of seconds. The team then imputed one, five, and ten seconds and

measured the degrees of rotation with tape and a protractor. To refine this measurement, the team

made a MatLab code that inputted desired degrees of rotation and spun the motor as such. The

team ran the code to ten full rotations, or 3600 degrees, and manually changed the conversion

coefficient–that converts from degrees to seconds of rotation–until the motor could spin 3600

degrees within half a degree of precision. The team then calculated, based on the diameter of the

spool, how much thread the motor was moving per second and updated the conversion

coefficient–that converts from thread length moved to seconds of rotation–in the final code.
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3.7.3 Testing Individual Motors

In order to test individual motors, the team wrote a simple MatLab code that talked to one

motor at a time and was easily switched between which motor was being tested. Motors were

identified to work upon the activation of the code, where the motor would begin to rotate in

accordance with the written script. Motors that did not rotate or did not rotate in accordance with

the script were identified as dysfunctional. Once it was determined if a motor was functioning

properly or not the team troubleshooted to identify the error, further details on the

troubleshooting process are provided in the following section.

3.7.4 Troubleshooting

Our team troubleshooted for errors throughout the process of constructing the rig. During

the construction of the cage, an angle bar was utilized to ensure proper angles within the cage as

well as physical exertion upon the bars to ensure they were properly secured and firm in their

placement. Motor tests revealed a number of faulty motors that were promptly replaced or

repaired through corrections within the code.

Throughout construction of the rig, circuitry for the rig proved to be the most complex to

troubleshoot, as the presence of numerous components, each with their own individual ability to

experience error, posed difficult to sort through. Removal of the breadboards, as described in

section 3.3, was the first correction to attempt to circumvent the amperage limit that was

imposed by the hardware. Further corrections to the circuitry were completed with the use of a

DC power supply, allowing the circuitry to experience a number of different amperes and

voltages combinations to expose further faults within the wiring by observing if the motors

would rotate with varying inputs. By providing a wider range of voltages and amperes, we were

able to identify what range of voltages and amperes worked with the circuit and ten 17HS13

motors. Additionally, a voltmeter was utilized to measure the voltage across circuitry

components, to ensure the proper distribution of voltage across all key components. Several

faulty capacitors were replaced in addition to corrections made to the Arduino boards.
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3.8 Results

While relative motion of the scapular and the humerus was not achieved, the team made

progress that will be valuable for the continuation of this project, by Cameron Leffler, in D-term

and for future teams that continue the project.

3.8.1 Partially Completed Rig

The team constructed a nearly complete model, including the surrounding frame to

support the humerus and scapula. The cage is capable of supporting all necessary forces to

manipulate the bones to reproduce anatomically correct movements. The circuitry was similarly

completed and is capable of delivering sufficient power and commands from the MatLab scripts

to all ten motors of the rig.

3.8.2 Interactive Scapula Position Graph

The team lead for this portion of the project, Cameron Leffler, created an interactive

graph within MatLab that, with two inputs between 0 and 120 degrees, one for abduction and one

for flexion, would replicate the proper anatomical movements of a humerus and scapula within a

confined graph. This motion is viewable from numerous varying angles. The viewer can select a

degree from a bar located at the bottom of the window with intervals of 1 degree. Figure 57

shows the interactive app set at 90 degrees of humeral flexion. Due to constraints with setting the

camera in the MatLab app maker, the axes in the figure are not correct, however, the relative

motion is the same.
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Figure 57: The Interactive Scapula Position Graph
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4.0 Discussion

Through review of the results, the team was able to determine our successes and

shortcomings throughout the duration of the project.

4.1 Motor Location and Function

The team was successful in relocating the motors to positions that would more easily

allow freedom of movement for the rig through abduction and flexion. The surrounding motors

pulling from locations external to the humerus and scapula provided far more ideal force vectors

to manipulate the movement of the bones. The motors were summarily successful in their

calibration with the Arduino code to accurately rotate the correct amount and retract the correct

length of braided nylon fishing wire. Unfortunately, due to time constraints, a full test of the

motors system was unable to be completed, leaving a lack of experimental results to supplement

the theoretical calculations.

4.2 Materials Selection

The team was successful in selecting proper materials to mitigate complications during

humeral abduction and flexion. The removal of the restrictive materials placed on the model by

the 2022-2023 team, meant to simulate the muscles, ligaments, tendons, and other biological

material within the shoulder allowed for freedom in designing the rig, with a larger focus on

properly replicating the relative motion between the scapula and humerus. To minimize friction

from connection points between the motors and the scapula and humerus, a selection of nylon

braided fishing wire was utilized for the low friction coefficient alongside the durability

presented by the material. Similar to section 4.1, time constraints limited the team’s ability to

experimentally test the materials selected.

4.3 MatLab Code and Interactive Position Graph

The team was successful in writing MatLab code to control 10 motors to accurately

recreate the scapular humeral rhythm during humeral abduction and flexion and used MatLab to

create an interactive position graph showing the relative motion of the scapula and humerus
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during humeral abduction and flexion. To the team's knowledge, both of these codes did not exist

before this project. The relative positions from the code will be saved and used by Cameron

Leffler to create a 3D animation of the scapular humeral rhythm during D-term.
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5.0 Broader Impacts

5.1 Engineering Ethics

Over the duration of our project, we sought to be in accordance with the engineering code

of ethics implemented by the American Society of Mechanical Engineering. Our team strived to

use our understanding of engineering for the benefits of human welfare, increase the competence

and prestige of the engineering profession, and to act with honesty and impartiality when

developing this project. These fundamental principles integral to the engineering guidelines were

held to high standards as we completed our project. This project was completed with the goal of

aiding medical students through the use of an educational device, a goal created through the

intention of providing beneficial material for the betterment of others. Through this report, we

have strived to be truthful to establish integrity within our work. It is our sincere hope that our

efforts reflect well on the engineering field.

Our project was a continuation of two prior MQP teams' efforts on the shoulder model,

with great effort made to build off the foundation they created whilst respecting their own

accomplishments. Their results and data were supplemented by our own research and findings to

create a sufficient project that reflects the efforts of all the teams who have dedicated their work

towards this shoulder model.

Finally, we sought to complete this project to the fullest extent of our abilities and

produce the highest quality model we were capable of creating, utilizing numerous reputable

sources and our own engineering expertise to create as accurate a model as possible.
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5.2 Social and Global Impact

The primary intention of this model is to be utilized as an educational tool for the

improved understanding of the shoulder joint and the complexities that lie within it. This

educational tool would go on to benefit a subset of people within society, primarily students

seeking to study human anatomy to become doctors. This tool would further these student’s

understanding of the complexities of the human shoulder, producing more educated doctors who

will go on to provide better treatment to patients suffering from injuries, conditions caused by

chronic illnesses or genetic defects. Additional applications towards injury prevention are

possible such as utilizing the model to explore protective gear for athletes.
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5.3 Environmental Impact

The new materials used for the model and rig include braided nylon fishing line wires

and aluminum extrusion to construct the cage for the model. The aluminum extrusion used to

construct the cage was reused from previous projects. The braided nylon fishing line connecting

the bones to the 17HS13 motors is biodegradable and environmentally friendly. motors used

within the rig are composed of a number of metals and electronic components which are not

environmentally friendly. Finally, the current power source for the rig, 9V batteries are not

environmentally friendly, however, the rig can be modified to draw power from electrical outlets

to reduce this waste. The model is projected to be utilized over a large quantity of years without

requiring significant replacements to parts or significant upkeep, allowing a minimum amount of

materials to be wasted over the course of the model’s lifespan.

Materials utilized for our rig by the previous teams includes PLA 3D printed bones and

3D printed motor mounts which are biodegradable and will decompose in 12 weeks time when

disposed of. Other materials utilized by the previous teams included KT Tape, Formlabs Elastic

50A, Formlabs Flexible 80A, and Thermoplastic Polyurethane, all of which we removed from

our design and model to minimize waste and clutter of the rig, and reduce our environmental

impact.
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5.4 Economic Impact

The cost of our modifications to the model was relatively low, and is tabulated below.

The braided fishing line and aluminum extrusion were inexpensive. The stepper motors

contributed to a far larger comparative expense. The electrical components consisting of the

arduino board and microprocessors along with all the other circuitry additionally contributed to

the cost.

Material Quantity Independent Vendor Cost

17HS13 Motors 10 Yes ~$300

A4988 Stepper Motor
Drivers

10 Yes ~$13

Braided Nylon
Fishing Line

1 Yes ~$12

Aluminum Extrusion
(Varying Sizes)

19 No Not Applicable

Cable Nail-in Clips 12 Yes ~$8

Terminal Blocks 12 Yes ~$120

Table 10: Cost of Materials Used to Modify the Rig

The projected cost of the model is about $453 USD. While initially costly, when

compared to current commercially available educational models, the model becomes far more

reasonable in price as most other models range from around $300 to $900, with varying features

included within the product. Most models on the lower end do not include any joints to display

movement, rather they are entirely static. Many models on the upper end of the range include

very detailed depictions of muscles and ligaments, but still do not display movement.
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6.0 Conclusions and Future Work

The goal of this project was to demonstrate accurate scapulohumeral rhythm by revising

and improving upon the previous team’s iterations. To accomplish this, the team stripped the

model of the restrictive soft tissue materials and constructed a surrounding cage where motors

would deliver force upon the humerus and scapula to direct its movements to replicate the

scapulohumeral rhythm during abduction and flexion of the humerus. The team then wrote

MatLab scripts to direct movements of the motors to produce our desired motion. Although time

constraints prevented further testing of the model and developments of the system, the

modifications our team made to the model present potential for a fully realized system that

replicates proper anatomical movements.

With the aforementioned time constraints restricting the progress of the model, our team

believes that future teams can complete the construction of the rig and upon discovery of any

potential errors, can continue to develop it. Of the potential foci future teams can follow, we

suggest to first continue development of the current model, finalizing its testing to provide

experimental results to supplement theoretical calculations. Additionally, altering the power

source for the model from batteries to outlets to avoid repeated purchases of power sources is

heavily suggested. Other avenues of development involve a number of options. The development

of specialized printed bones to replicate medical conditions such as arthritis would allow for

easily swappable parts to bolster the versatility of the model. Adjustments to the model to

account for the removed materials from the 2022-2023 team could similarly be made to allow for

the biological materials that the 2022-2023 team sought to replicate in their model.

With a fully realized rig and modifications made to the power source, this model has

incredible potential as an educational tool. Medical experts that have a deeper understanding of

injuries of any type, are capable of treating a greater number of patients. The value in providing

medical students a deeper and more thorough understanding of the human shoulder cannot be

understated.
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7.0 Appendix: MatLab Code

Provided below is the complete code written by our team. The team lead for this portion

of the project, as previously stated, was Cameron Leffler
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