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Project Description

• Partnered with Dr. Lerner and NAU’s Biomechatronics Lab to design a 
lower extremity exoskeleton that aids the motion of walking.

• Budget $3800.00, team-fund $380
• Reduce metabolic power, increase ankle torque
• Designed for people with Cerebral Palsy and similar disabilities
• previous trial “did not observe a significant group level benefit relative to 

walking without the device. However, [they] did observe a marked benefit 
for [their] more impaired participants”[1]

• We have reiterated parts of their design (footplate, calf cuff, rod)
• Design A cover for the chain to pulley system
• Some differences (bracket, chain to cable, pulley)
• Focus was on the mechanical structure: how would the components 

interact (cable-rod, pulley-rod,  bracket-rod cut outs)

Figure 1: Exploded View of Design



Project Description

Deliverables

• Create design concepts

• Develop SOLIDWORKS CAD model

• Design mechanical components

• Fabricate/machine parts

• Assemble the ankle exoskeleton prototype

• Reiterate previous bracket design

• Design a chain/pulley cover

Success Metrics

• Budget

• Parts mesh without interference

• Lightweight

• Ease of use

• Complete exoskeleton

• Size is unobtrusive to daily life



Design Requirements

Customer Requirements
• CR1 - Lightweight

• CR2 - Ergonomic- Human Centered 
Design

• CR3 - Durable

• CR4 - Economical or Cost Effective

• CR5 - Low profile- nonobtrusive to 
daily life

• CR6 - Have a chain to pulley system

Engineering Requirements
• ER1 - $3,800.00 budget

• ER2 - Range of motion should be 45 
degrees in either direction (resting is 90)

• ER3 - Weight < 1 kg per leg

• ER4 - Cannot extrude from the body 
more than 10 cm

• ER5 - Lifetime of 100,000 steps

• ER6 - Time to take on/off (<60 s)



QFD

Figure 2: House of quality for ankle exoskeleton



Benchmarking

Figure 3: Fully Active Chain and 
Sprocket Ankle Exoskeleton for 
Rehabilitation Assistance

Figure 4: Robotic ankle 
exoskeleton by H3

Figure 5: Ultra-lightweight and versatile untethered robotic 
ankle exoskeleton
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Mathematical Modeling

Cross Section Choice

𝑇 = 𝐹 ∗ 𝑟

Torque is produced from a force acting 
perpendicular to a body at a specified 

length

𝐼 =
1

2
𝑀 ∗ 𝑟2

Moment of inertia for a solid rod

𝐼 =
1

2
𝑀(𝑟1

2 + 𝑟2
2)

Moment of inertia for a hollow rod

Comparison of inertias revealed that a 
hollow tube has a higher strength: weight 
ratio than a solid rod, and would be able 

to handle torque better

Stress Experienced in the 
Bracket

• Max Torque Generated during 
walking test 36 NM

• Diameter of the pulley (.08m) 
sprocket (.01m)

• Found the Gear Ratio 𝐷𝑜𝑢𝑡/𝐷𝑖𝑛

• Found the torque at the Sprocket

• Force acting on the Bracket (880 N)

𝜏𝑜𝑢𝑡

𝜏𝑖𝑛
= 𝐺𝑒𝑎𝑟 𝑅𝑎𝑡𝑖𝑜

𝐹 =
𝜏

𝑅

Bolt/Rivet or Epoxy

• 𝐹𝑦 = 880𝑁𝑠𝑖𝑛 45º = 748.8𝑁

• Factory of Safety (FoS) = 2

• Using trial and error

• Bolt 𝑑 = 9𝑚𝑚

• Shearing  force of bolt = 11.75
𝑁

𝑚𝑚2

• Ultimate allowable stress of 
aluminum is 155 𝑁/𝑚𝑚2

• Epoxy Shear strength  = 6.89-137 
MPa



Mathematical Modeling – 
Material Selection

Sprocket

Gear teeth bending stress (Lewis Equation):

𝜎𝑡 =
𝑊𝑡 𝑃𝑑

𝐹𝑌

Diametral Pitch:

𝐷𝑝 =
𝑇𝑒𝑒𝑡ℎ

𝑃𝑖𝑡𝑐ℎ

Tangential Load:

𝑊𝑡 =
2𝑇

𝐷𝑝

Variables: 

• Pd = Diametral Pitch= 3.75mm

• T = Torque= 36 NM

• Teeth = 30

• F = Face Width = 11mm from chain width

• Y = Lewis Factor

Gear

• Using the Lewis equation, the tooth 
bending stress =  828 Mpa

• The allowable stress for various 
materials

• Steel=840 MPA

• PLA= 37 MPA

• Aluminum= 290 MPA

• Steel can be used for the sprocket 
material

Bracket

Aluminum 6061-T6 is the best 
material to use in this application

Material Hardnes

s, 

Vickers

Ultimate 

Tensile

Yield 

Tensile

Density Cost

Aluminu

m 6061-

T6

107 310 

MPa

276 

MPa

2700

𝑘𝑔/𝑚3
$4.67-

$252.94 

(depend

s on 

thicknes

s)

Low 

Carbon 

Steel

131 440 

MPa

370 

MPa

7850

𝑘𝑔/
𝑚3

$0.55 

per kg

Steel 

4140

207 655 

MPa

415 

MPa

7833

𝑘𝑔/
𝑚3

$0.55 

per kg

Titaniu

m Grade 

5

349 950 

MPa

880 

MPa

4540

𝑘𝑔/𝑚3
$50 per 

kg

Table 1: Table of the various materials



Footplate Thickness

• Dr. Lerner will provide a carbon fiber 
footplate

• Calculate the needed thickness of the 
footplate

• 𝜎 =
𝐹

𝐴
• 𝐹 = 𝑓𝑜𝑟𝑐𝑒 𝑒𝑥𝑒𝑟𝑡𝑒𝑑 𝑏𝑦 𝑢𝑠𝑒𝑟

• 𝐴 = 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑜𝑜𝑡

• 𝜎 = 𝑛𝑜𝑟𝑚𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠

• 𝑡 = 𝜎
𝐿

𝑆
• 𝐿 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑓𝑜𝑜𝑡𝑝𝑙𝑎𝑡𝑒

• 𝑆 = 𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 𝑠𝑡𝑟𝑒𝑠𝑠 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

Assuming the user is an average 14-year-old male

Mass: 60 kg

Foot length: 24.45 cm

Foot width: 9.65 cm

S = 3.5 GPA or 3.5*10 9̂ Pa

𝐹 = 𝑚𝑔𝜇 → F = 60kg 0.5 9.81
𝑚

𝑠2 →

F = 294 N
𝜇 =  0.5 

 (𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑠ℎ𝑜𝑒 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑔𝑟𝑜𝑢𝑛𝑑)

𝑡 = 8.7 ∗ 10−4 mm



Functional Decomposition

Black Box Model

Figure 6: Black Box model



Functional Decomposition

Figure 7: Functional Decomposition



Concept Generation

Figure 8: Morphological design matrix



Concept Selection

Figure 9: Pugh Chart

Table 2: Decision Matrix

Figure 10: CAD of finalized bracket design

• Design 1 
was rated 
the highest



Gantt Chart

• The team utilized a 
Gantt chart to stay 
on track for the entire 
project

Figure 11: Snapshot of the Gantt chart used for the entire project



Budget

• Our Budget was $3800, $3785.53 was spent

Table 3: Budget



Self-Funding Budget

• We need to fundraise 10% of 
our client Budget (380)

• Which was done by self-
funding both of our initial 
prototypes and purchasing 
some final parts

• We fundraised $392.29

Table 4: Self-funded Budget



Manufacturing

• For this device we only needed to Manufacture 4 Parts

Table 5: Bill of Materials (Manufactured)



Purchasing

Table 5: Bill of Materials (Purchased)



FMEA
Part # and 
Functions

Potential Failure 
Mode

Potential Effect(s) of Failure Potential Causes and Mechanisms of Failure RPN Recommended Action

1 Bracket to hold 

Motor

Stress Rupture & low 

Cyle Fatigue Total loss of function ability

Incorrect bolt tolerances, incorrect design, and 

material selection 180

Make sure Bracket design can withstand the 

forces applied

2 Bolts & ScrewsImpact Fatigue
Damage to the Rod and total loss of 

function ability Loose tolerances and wrong size selection 140Design Bracket and rod for tight tolerances

3 Rod

Surface Fatigue & 

Stress Rupture

Shearing of the rod and deformation of the 

Rod

Have a sustained load at 1 point of the bracket and 

bracket not being fully tighten to the rod 288

Make sure Bracket Design and tolerances are 

Correct

4 Sprocket Cycle Fatigue Deformation or shearing of Sprocket teeth Stress on sprocket may cause deformation overtime 84Make sure sprocket material Selection is correct

5 Chain Impact Deformation

chain having deformation in the links or 

pins causing it to break The tension force acting on the the chain 84Make sure the current chain material is selected

6 Pulley Surface Fatigue Wear
Surface damage of pulley and a decrease 

of effectiveness Friction of the wire rubbing on the pulley 32
Make sure that the material selected won't 

erode

7 Pulley Wire Deformation Wear Wire deforming over time

Tension Stress on wire causing the wire to deform 

overtime 16

Make sure the material selected can withstand 

the force

8 Foot Plate Impact Fracture
Fracturing of footplate at attachment point 

to the pully

Force acting on footplate are greater than what it can 

handle 80Do force analysis on footplate

9 Bearing Cycle Fatigue

Increase in friction in the bearings and a 

loss of power

Deterioration of bearings and lubrication in the bearing 

getting dirty 54

Make sure to keep the bearing as clean as 

possible

10 Motor Cycle Fatigue
Loss of torque or the motor becoming 

nonfunctional Deterioration of motor part over multiple cycles 42
Make sure the motor selected can handle the 

number of cycles required

11 Calf Cuff Impact Fracture Calf cuff breaking Impact force of the user breaking the calf cuff 8Make sure the calf cuff is accessible for all users

12 Wire Clamps Cycle Fatigue Pulley cable disconnecting Pulling forces causing the clamps to loosen and fail. 70

Make sure that clamps are installed correctly 

before running tests.

13 Cable cover Impact Fatigue Cover cracking of falling off the device An impact causing the cover to fracture and break 5

Make sure that the cover is attached properly to 

the device



1st Initial Prototyping

• How will our bracket Interface 
with our rod and if there will 
need to be any adjustments to 
the current tolerances?

• Which bracket design will be the 
most stable and rigid?

• To answer these questions, we 
made two physical prototypes of 
both bracket designs which our 
team are considering using.

Figure 12: Bracket design 1 Figure 13: Bracket design 2



Answers and Things we Learned

• Both designs were stable enough to work as a design

• The tolerance on one of the brackets needs to be 
adjusted since the  piece that goes into the rod is a little 
difficult to put inside the rod.

• One valuable thing that we learned was that we need to 
adjust our design to have the motor placed lower on 
the rod, so that we can make a smaller hole in the 
rod for the pulley.

• To achieve this, we plan on combining out two designs.



2nd Prototype

• How will our complete 
design mesh together 
and will there need to be 
any changes to 
tolerances?

• Will our chain to pulley 
system work as 
designed or will we need 
to make changes?

Figure 14: 2nd 3D printed Prototype



Main Things Learned

• Difficultly with attaching the motor to the motor bracket 
cause of the small clearance

• Need to remove links in our chain to help reduce 
unnecessary weight

• Tolerance adjustments for bearings holes, because 
some caused difficulty with the hole being too small or 
too large



Second Semester Changes

• A cover was 
designed to 
reduce 
possibility of 
injury due to 
pinch points

Figure 16: Cover design

Figure 15: Updated spark-plug motor bracket

• Bracket design 
was changed 
with the guidance 
of our Client



Final Design

Video of a user 
walking in the 
completed 
exoskeleton

Figure 17: Final assembled exoskeleton



Testing

Experiment/Test Relevant DRs Testing Equipment Needed Other Resources

Ex1 – Weight Test CR1- Light Weight
ER3- Weight<1kg

Scale
Device to take photo

Space to place scale and weigh 
device

Ex2 – Range of Motion CR2-Ergonomic
ER2-Range of motion of 
45 degreed in either direction

Level/Level App
Device to take photo

Table to place device

Ex3 – Measurement Test CR2-Ergonomic
CR5-Low Profile
ER4-Cannot Extrude > 10cm

Ruler/Measuring Tape
Device to take photo

Flat ground to place device

Ex4-Cost Analysis CR4-Economical/ Cost Effective

ER1-Less then 1900 per leg

BOM

Ex5- Durability Test CR3- Durable

CR6- Have a chain to 

pulley System

ER5-Liftime of 100,000 Steps

SolidWorks & Torque Sensor Treadmill

Ex6 – Time Test CR2-Ergonomic
ER6- Time to take on/off (<60s)

Stopwatch
Device to make a video

Space to put on device

Table 6: Testing Summary



Testing

Ex1 – Weight Test

Purpose: Leg must weigh ≤1000 
grams

Anticipated: SOLIDWORKS Analysis 
= 808.85 grams

Results: 793 grams

Ex2 – Range of Motion Test

Purpose: Leg be able to move 45º in 
either direction

Anticipated: SOLIDWORKS Analysis 
= 128.54º in either direction

Results: 47º Forward, 49º Backward

Ex3 – Measurement Test

Purpose: Leg should not extend more 
than 10 centimeters from the user

Anticipated: SOLIDWORKS Analysis 
= 4.95 centimeters

Results: 5 centimeters

Figure 18: Image of weight test
Figures 19-20: Images of range of motion test

Figure 21: Image of measurement test



Testing

Ex4 – Cost Analysis

Purpose: One leg must cost ≤ $1,900

Results: $1786.57

Ex5 – Durability Test

Purpose: Leg needs 
to withstand    ≥ 100,000 steps

Results: 375,200 steps

Ex6 – Time Test

Purpose: User should be able to put 
on leg in ≤ 60 seconds

Results: 3 Tests (22s, 18s, 20s); 20 
second average

Table 7: Cost analysis test results

Figure 22: Fatigue Analysis



Testing Results

Engineering Requirement Target Tolerance Measured/Calcul
ated Value

CR met? (✓ or 
X)

ER1-Low cost $1,900 + $10 $1786.57 ✓

ER2- Range of Motion ± 45° ≥±45° -47° Forward
49° Backward

✓

ER3-Weight <1kg  + 5 g 793 g ✓

ER4-Dimensions Extrud
e < 10

cm

± 5 mm Max Protrusion 
5cm

✓

ER5- Lifetime 100,00
0 

Steps

-
 100 steps

375,200 steps ✓

ER6- User Friendly Time 
to 

take 
on/off
< 60s

+ 5 s 20 s ✓

Table 8: Engineering Requirements summary 

Customer Requirements CR met? (✓ or X)

CR1-LightWeight ✓

CR2-Ergonomical-Human Centered Design ✓

CR3-Durable ✓

CR4-Economical or Cost Effective ✓

CR5-Low Profile-Nonobtrusive to daily life ✓

CR6- Have a Chain to Pulley system ✓

Table 9: Customer Requirements summary 



Future Work

• Redesign Cover to remove excess material and help with 
weight reduction.

• Add Cable caps to help reduce fraying of the 
steel wire rope

• Do additional testing for material selection of our bracket

• Outdoor Walking test to see if dust and debris effect 
devise

• Long term test +30 min



Any Questions?



References

[1] Z. F. Lerner, Y. Fang, and G. Orekhov, NAU Biomechatronics Laboratory, tech., Dec. 2021

[2] BDYNAS. (2020). SHIGLEY’S MECHANICAL ENGINEERING DESIGN, 11TH EDITION, SI UNITS (11th ed.). MCGRAW-HILL EDUCATION (AS.

[3]“Gear Train: Gear Ratios, Torque, and Speed Calculations”. https://www.smlease.com/entries/mechanism/gear-train-gear-ratio-torque-and-speed-calculation/

[4]Groover, M. P. (2021). Fundamentals of modern manufacturing: materials, processes, and systems. Wiley.

[5]Lerner, Zachary (2022). Usability and performance validation of an ultra-lightweight and versatile untethered robotic ankle exoskeleton. Northern Arizona 
University. https://doi.org/10.1186/s12984-021-00954-9.

[6]Lewsley, Fred (2013). Functioning 'mechanical gears' seen in nature for the first time. University of Cambridge. https://www.cam.ac.uk/research/news/functioning-
mechanical-gears-seen-in-nature-for-the-first-time

[7] Dynamics HIBBELER, R. C. (2015). Engineering mechanics: Dynamics. PRENTICE HALL.

[8] Uchida, Thomas K. Biomechanics of Movement: The Science of Sports, Robotics, and Rehabilitation . MIT Press, 2021.

[9] Brockett, Claire L, and Graham J Chapman. “Biomechanics of the ankle.” Orthopaedics and trauma vol. 30,3 (2016): 232-238. doi:10.1016/j.mporth.2016.04.015 ( Muscles 
involved with foot movement)

[10] Chan, Carl W, and Andrew Rudins. “Foot Biomechanics During Walking and Running.” Mayo Clinic Proceedings, 5th ed., vol. 69, 1994, pp. 448–461.  (Foot mechanics 
when walking)

[11] Kharb, Ashutosh, et al. A REVIEW OF GAIT CYCLE AND ITS PARAMETERS , vol. 13, July 2011,

[12] “What Is Cerebral Palsy?” Centers for Disease Control and Prevention, Centers for Disease Control and Prevention, 2 May 2022, www.cdc.gov/ncbddd/cp/facts.html.

[13] Jung, Taeyou, et al. “Biomechanical and Perceived Differences between Overground and Treadmill Walking in Children with Cerebral Palsy.” Gait & Posture, 2016, pp. 1–
6.

https://www.smlease.com/entries/mechanism/gear-train-gear-ratio-torque-and-speed-calculation/
https://doi.org/10.1186/s12984-021-00954-9
https://www.cam.ac.uk/research/news/functioning-mechanical-gears-seen-in-nature-for-the-first-time
https://www.cam.ac.uk/research/news/functioning-mechanical-gears-seen-in-nature-for-the-first-time
http://www.cdc.gov/ncbddd/cp/facts.html


References

[14] A. I. Alateyah et al., “Design optimization of a 4-bar exoskeleton with natural trajectories using unique gait -based synthesis approach,” De Gruyter, https://www.degruyter.com/document/doi/10.1515/eng-
2022-0405/html?lang=en(accessed Sep.19, 2023).

[15] X. Wang, S. Guo, B. Qu, M. Song, and H. Qu, “Design of a Passive Gait-based Ankle-foot Exoskeleton with Self-adaptive Capability - Chinese Journal of Mechanical 
Engineering,” SpringerOpen, https://cjme.springeropen.com/articles/10.1186/s10033-020-00465-z (accessed S

[16] Orekhov, Greg & Fang, Ying & Cuddeback, Chance & Lerner, Zachary. (2021). Usability and performance validation of an ultra-lightweight and versatile untethered robotic ankle exoskeleton. Journal 
of NeuroEngineering and Rehabilitation. 18. 10.1186/s12984-021-00954-9. ep. 19, 2023).

[17] T. Philpot and J. S. Thomas, Mechanics of Materials: An Integrated Learning System . Estats Units d’Ame ̀rica: Wiley, 2020.

[18] W. D. Callister and D. G. Rethwisch, Materials Science and Engineering: An Introduction. Milton, QLD: John Wiley and Sons Australia, Ltd, 2021.

[19] ASM Material Data Sheet,https://asm.matweb.com/search/SpecificMaterial.asp?bassnum=ma6061t6 (accessed Sep. 19, 2023).

[20] F. S. S. Instruments et al., “AISI 1018 Mild/Low Carbon Steel,” AZoM.com, https://www.azom.com/article.aspx?ArticleID=6115 (accessed Sep. 19, 2023).

[21] F. S. S. Instruments et al., “AISI 4140 Alloy Steel (UNS G41400),” AZoM.com, https://www.azom.com/article.aspx?ArticleID=6769 (accessed Sep. 19, 2023).

[22] ASM Material Data Sheet,https://asm.matweb.com/search/SpecificMaterial.asp?bassnum=mtp641 (accessed Sep. 19, 2023).

[23] “Aluminum Sheet/Plate 6061 T6/T651,” Aluminum Sheet 6061 T6/T651 | Online Metals, https://www.onlinemetals.com/en/buy/aluminum-sheet-plate-6061-t6-t651 (accessed Sep. 19, 2023).

[24] “What is Price of Low-carbon Steel - Definition,” Material Properties, https://material-properties.org/what-is-price-of-low-carbon-steel-definition/ (accessed Sep. 19, 2023).

[25] “ASTM Steel A36 Steel Plate 50mm Thick A36 S235 S355 Steel Plate Price Per Kg,” Astm Steel A36 Steel Plate 50mm Thick A36 S235 S355 Steel Plate Price Per Kg - Buy Astm Steel,Hot Rolled Carbon 
Steel Plate,Astm A36 Steel Plate Product on Alibaba.com, https://www.alibaba.com/product-detail/ASTM-Steel-A36-Steel-Plate-50mm_1600329933029.html?spm=a2700.7724857.0.0.2edb28558RMN1z (accessed 
Sep. 19, 2023).

[26] “Titanium 6Al-4V Grade 5, UNS R56400 Titanium Grade 5 Product Supplier,” Titanium Grade 5 Ti-6A|4V Supplier, Titanium Gr.5 Price Per Kg in India, https://www.fastwell.in/titanium-grade-5.html (accessed Sep. 
19, 2023).

[27] World Material, “Weight & Density of Aluminum 6061 g/cm3, lbs/in3, kg/m3, g/ml, lb/ft3, g/mm3, Cubic Inch,” World Material, https://www.theworldmaterial.com/weight-density-of-aluminum/ (accessed Sep. 
19, 2023).

[28] “Density of steel,” Home, https://www.pipingmaterial.ae/blog/density-of-steel/#:~:text=Density%20of%20carbon%20steel%20and,%2C%20at%207%2C860%20kg%2Fm3. (accessed Sep. 19, 2023).

[29] “4140 Product Guide,” alloy-steel 4140 Product Guide from Online Metals, https://www.onlinemetals.com/en/product-guide/alloy/4140 (accessed Sep. 19, 2023).

[30] Properties of Titanium - Roy Mech, https://roymech.org/Useful_Tables/Matter/Titanium.html#:~:text=Titanium%20is%20a%20light%20metal,than%20iron%20at1560oC. (accessed Sep. 19, 2023).

https://www.degruyter.com/document/doi/10.1515/eng-2022-0405/html?lang=en
https://www.degruyter.com/document/doi/10.1515/eng-2022-0405/html?lang=en
https://cjme.springeropen.com/articles/10.1186/s10033-020-00465-z
https://asm.matweb.com/search/SpecificMaterial.asp?bassnum=ma6061t6
https://www.azom.com/article.aspx?ArticleID=6115
https://www.azom.com/article.aspx?ArticleID=6769
https://asm.matweb.com/search/SpecificMaterial.asp?bassnum=mtp641
https://www.onlinemetals.com/en/buy/aluminum-sheet-plate-6061-t6-t651
https://material-properties.org/what-is-price-of-low-carbon-steel-definition/
https://www.alibaba.com/product-detail/ASTM-Steel-A36-Steel-Plate-50mm_1600329933029.html?spm=a2700.7724857.0.0.2edb28558RMN1z
https://www.fastwell.in/titanium-grade-5.html
https://www.theworldmaterial.com/weight-density-of-aluminum/
https://www.pipingmaterial.ae/blog/density-of-steel/
https://www.onlinemetals.com/en/product-guide/alloy/4140
https://roymech.org/Useful_Tables/Matter/Titanium.html

	Slide 1: Robotic Ankle Exoskeleton
	Slide 2: Project Description
	Slide 3: Project Description
	Slide 4: Design Requirements
	Slide 5: QFD
	Slide 6: Benchmarking
	Slide 7: Literature Review
	Slide 8: Mathematical Modeling
	Slide 9: Mathematical Modeling –  Material Selection
	Slide 10: Footplate Thickness
	Slide 11: Functional Decomposition
	Slide 12: Functional Decomposition
	Slide 13: Concept Generation
	Slide 14: Concept Selection
	Slide 15: Gantt Chart
	Slide 16: Budget
	Slide 17: Self-Funding Budget
	Slide 18: Manufacturing
	Slide 19: Purchasing
	Slide 20: FMEA
	Slide 21: 1st Initial Prototyping
	Slide 22: Answers and Things we Learned
	Slide 23: 2nd Prototype
	Slide 24: Main Things Learned
	Slide 25: Second Semester Changes
	Slide 26: Final Design
	Slide 27: Testing
	Slide 28: Testing
	Slide 29: Testing
	Slide 30: Testing Results
	Slide 31: Future Work
	Slide 32: Any Questions?
	Slide 33: References
	Slide 34: References

