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Executive Summary

Total knee replacement (TKR) is the 14th most comrsorgery in the United Statds The
introduction of automation elements into surgekg liobotic assistance will increase the life of
artificial knees by reducing misalignment of theplamt due to imperfect shaping of the bone. To
pave the way for the future further automation BRT Team 22 will produce a fixturing system
which will hold the knee in place while a robotig axis arm precisely machines the joint. This
document details the proposed product, design iptes; and methods used by the senior design
team to produce a proof of concept prototype. @hgks inherent to both the prototyping
process and the team structure are discussed datloss are proposed. To demonstrate
feasibility of the project, a planned schedule floe remaining semester is submitted which
addresses possibly disruptive issues and allowse dtewibility to address the issues if they
arise.
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1 Introduction

1.1 Description of the Project

Total knee replacement is a common surgery to whésteral products have already introduced
autonomation. This team would like to help improlve surgery by smoothing the transition into
true automation. To advance automation in totalekmeplacement operations, this team
attempted to design and produce a fixturing sysadrich will hold a patient's leg still within
tolerance during the operatiofo validate the design, the team also construatedusomation
test station using the loaned Fanuc and analogoggal tooling.

1.2 Context

The average patient receiving a knee replacemeasiaimis a 70-year-old woman with advanced
arthritis characterized by a growth of bone spuwssing painful friction in her joints, but 4
million adults in the U.S. currently live with atéb knee replacement which is 4.2% of
population older than 50, prevalence is higher agrfemales (4.8%) than among males (3.4%)
and increased with age. The lifetime risk of priynéwtal knee replacement from the age of
twenty-five years was 7.0% for males and 9.5% fandle8). The pain of arthritis is often
severe. Arthritis describes any inflammation of fbets, this then causes pain, swelling,
reduced range of motion, and stiffness, and isnaltély a chronic and degenerative disease. In
patients with arthritis, vulnerable cartilage i®wly damaged by use and once cartilage is
damaged enough the joint can begin to grind borimte. What begins as simple inflammation
often progresses over the years. Prescribed mesticstrength escalate with the pain up to and
including the prescription of opiates. Even thea pain can still be crippling when moving or
sitting. Replacing the damaged bone is the best term solution.

Current Technologies

In order to understand the ways the implant cdnifeight into the surgical process is required.

While each hospital and surgeon has their own sslighiations to the process described below,
this will serve as a basis for understanding thkecntext of the issue. Currently, the surgeon

begins by making a medial incision through the skirthe joint to access the knee. A second cut
bisects the layers of muscle and fat, which are tietated away from the knee along with the

patella in order to expose the bone. Then the baust be cut to fit the prosthetic, which in most

cases is five cuts total must be made to the FeomerAnterior (front), one Posterior (back), one

Distal (bottom) and and two chamfer cuts one aotexnd one posterior,and one leveling cut is
made to the tibia, and some patella resurfacingcessary.

In the traditional (manual) operation these sixscatre made with the use of careful
measurements and experienced approximations, séeenalates are used to assure that the cuts
are at the correct angles relative to each othech Eemplate is temporarily attached to the bone
itself, clamped, screwed on, or pounded in depandmthe tool path which it dictates. A similar
process is enacted on the end of the tibia. One@limes are carved, trial implants are placed
and hammered in to check the fit of the planeae#d be further carving can be performed after



the trial fit. Often a layer of thick bone cemestspread on the ends of the joint and the true
implants are finally tapped into place. However ngnamplants are designed to be cementless
and instead rely upon a porous metal structure twtiie bone grows directly into. The back of
the patella is usually resurfaced with a plastimponent to fit against new implants and then re-
attached before the incision is sewn sfut.

Since 2002 the computer navigation option has leeetdely available (though not necessarily
the most widely implemented/accepted in US) teabgylfor TKR a recent study showed that
the“computer navigation for total knee arthroplas&g improved alignment compared with that
resulting from non-navigated total knee arthropfasthich leads to “reduced the overall rate of
revision and the rate revision for loosening/lyeikowing total knee arthroplasty” especially in
patients less than 65 there was a 1.5% reductiome@d for revision in the first nine years
following the operation (from 7.8% without to 6.386th failure rate)!® The top of the line
systems would be the collaborative robots, Omnilsdir total knee replacements and Mako for
partial. While both of these systems are advanesgecially when it comes to the software
behind them, they are expensive and the operatoasstill performed entirely manually by
surgeons with only slight robot assistance/intetieen(encouraging/enabling surgeon to stick to
presurgical plan).

Failure M odes

There are several ways in which the implants cdnTfae most common cause of failure for the
average knee implant (as described earlier) is i@ wiearance fidlue to aseptic loosening. As
described earlier, aseptic loosening can be cabgedproper fixturing of an implant, slight
movements of the implant relative to the bone, asttocytosis caused by particles knocked
loose from the implant by the friction between shefaces. These three are deeply inter-related.
The next most likely cause of failure is a wearihgpugh of the layer of plastic mock-cartilage
between the implants. This is more easily corretiv@th either of the implants being damaged,
but still requires a revision surgery. As with amther invasive surgery the act of opening the
body risks infection, which can be fought with amdgtics or further surgery to remove and
replace infected tissue. 1 to 3 percent of all satgncisions will become infected, even with the
present sanitation standards in pl4t®eriprosthetic fractures refer to any broken b@demur

or tibia) near prosthetic, looking from a mechanitR replaces damaged bone with steel and
drills several holes for cutting guides or positmgnsystems(computer navigation or robot) and
these holes (before healing) and the bone to prostmterfaces (before and after healing) are
stress risers for any abuse like falling. Inst&pils usually due to improper alignment between
prosthetic and ligaments or ligament damage (sak@ic arthritic), if it can not treated through
nonsurgical means such as bracing and physicapkierevision surgery may be needed.



Loosening (b) Instability (c) Periprosthetic fracture

(3} (due to osteolysis) (Damaged Ligament) (to femur)

Figure 1. Common Total Knee placement Failure Mod"!

Figure 2. Normal and Revised Knee Impl

Knee replacement revision surgery is not uncomrbanthe need for revision can be avoit
with accurate initial surgery and careful aftercafehe joint. When a common priny joint
implant fails in any of the ways mentioned abowens surgery becomes necessary. In cas
simple implant wear, often the insert can be reggagvith minimal fuss, thought caret
observation is required as to the possible causenpfant inset wear for risk of abnorme
structuring of the implant. However, if the progtbdecomes damaged or loose it disfigures



ends of the bone in such a way that easy repladeofi¢he failed piece or pieces is impossible.
Instead, a much more complex operation takes plameng holes deep inside the femur and
tibia to insert much larger revision implants. Tlsgyve the same purpose as the original end-cap
model implants, relieving pain and improving fuoctiof a damaged knee, but the surgery
requires extensive planning and specialized toodsimplantd® While the leading reasons for
revision are preventable, there are still somee=o$ failure, like excessive wear, that cannot be
prevented by improved surgical intervention.

1.3 Need

Supervised Autonomy

There are robotic systems in existence that asdisbpaedic surgeons in operation, but they do
not function autonomously. However, they could tecally have that capability. The Mako, for
instance, collects enough data to make a compreteensap of the bones and will stop the
dremel from moving if and when the surgeon trieguale that tool past the edges of the area
that has been approved for removal. Another systaited the Smart Tissue Autonomous Robot
(Or STAR for short) has been proven to outperfouman surgeons in the act of stitching flesh
togethel!. This proves that independent robotic surgeonsassible, if not trusted enough to
be applied.

The team firmly believes that supervised autonosnthe next step in the evolution of modern
surgery. This means that a surgeon observes thet qodrforming the surgery, ready to
deactivate it and take its place in the surgelgorhething begins to go wrong. While advances
have been made in this field as demonstrated iprngous sections, design and implementation
of surgical automation is still inhibited by physidimitations. For instance, when a human
surgeon is operating on the knee, the leg is hejgace by a nurse. When they inevitably shift
their hold, the knee shifts and so does the ddot@mompensate. Robots still lack the ability to
account for the unexpected efficiently. To elima#te possibility of unexpected movement of
the bone, some system must exist to accuratelyréxhe bones in place for the precise robots to
operate upon. This is the essence of the project.

1.4 Project Goals

Initially, the plan was to construct a full surdicdation, but the team narrowed scope from
designing and building a model automated surgeatiost to designing, building, and testing a
fixturing system and creating a simplified workgiatfor the fixture and the FANUC LR mate

to show this procedure could soon be used in fidiyjomated surgeries (risky but

autonomous).This choice was made after consultitly nvultiple advisors and refining the core
goals of the team. The original idea was born dua aesire to make a holistically positive

difference in people's lives, as well as the dewirevork with robotic surgical technology. In

accordance with advice from Wesley Richards, themte industrial consultant, a Fishbone
diagram was created to define what success loké&s Hirst, the team reduced “success” within
the context of a senior design project to fourilattes:
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e Passion Centered: meaning that the subject of@hmisdesign project represented the
interests of the team members.

e Design Oriented: meaning that the project outcodesaonstrate the ability of the team
to design a product which meets the specificatajrescustomer, real or modeled.

e Demonstrates Learning: meaning that the project have demonstrated the teams
accrued skills over the course of a calvin engimgezducation and the ability to adapt to
new challenges.

e Achievable: meaning that the project should havammgful and attainable goals and
deadlines to keep the team on track and show Hgnesithers what the team is doing.

These attributes were coupled with the team's patstefinition of success in a fixturing project
to help in decision making. The team to concludg tlesigning fixturing was more achievable,
equally relevant to personal passions, better ftusn design, and a more obvious
demonstration of analysis techniques learned atiC&lollege.

Design

Fixturing

Tooling

Timely
WBS
Analysis

Documentation

Fixturing Tooling

Functional

Stahle Analogous

Na overheating or chipping bone

7 = . Time comparable to traditional
Minimally invasive / pa o

Gentle to soft tissues Robot EOA Design

Defines Knee Orientation
l no tool change
Successful
Senior Design
Reliable Operation PPFS PI'Oj ect
Representative Website
Workstation Design Presentations
Safety Sys. Posters
Base
Speeches
Robot Application

Senior design night
Demo

Analysis

Documentation
PPFS, Website, Presentations

Figure 3. Fishbone Diagram

To advance surgical automation in total knee repteent operations with a feasible project, this
team will design and produce fixturing which wilbld a patient's leg still within tolerance
during the operation. To validate the design, tent will also construct an automation test
station using the donated Fanuc and analogouscsiitgoling.
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2 Project Management

This project demanded a multidisciplinary teamaickte all aspects of process, controls, tooling,
and system design. Both people and tasks had togamized so that tasks critical to later work
were accomplished in a timely manner without owirtg any one individual. More material
regarding team organization can be foundSgstion 2.1 Team Organization, and scheduling
information is found irSection 2.2 Schedule. This project has been more complex and rigorous
than any other previously attempted by the studants so this team has had to adapt their
experience and learn as the project progressedevdiation of project management in response
to this learning is addressedSection 2.4 Method of Approach.

2.1 The Team

Bethany is a senior mechanical engineering majtin @wimath minor. She started working as a
robot service/controls engineering intern at JR ofndtion in Holland last summer. JR
Automation is sponsoring team 22 with a FANUC LRt&13200id, due to her familiarity with the
company and robot she will be the team’s contralgireeer as well as the team’s connection to
their sponsor(JR Automation) as well as to theap#dic surgeons Nicholas Waanders and Dirk
Bakker who will be providing the medical perspeetiand she is responsible for maintaining the
website.
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Carlos Payer Vivas is an industrial engineer ance@achange student from the University of
Oviedo in Spain, with experience in steel manufactuand project management. He is at
Calvin College studying to obtain his master's éegimn electrical engineering speciality. His
responsibilities include experiment design, quatignagement, and electrical design.

Joel is a senior mechanical engineering studettt @iperience in public speaking and writing,
who helped to polish each aspect of the project exylain it to the public at large while
performing ongoing topical research in his roléPassentation Manager. He is also in charge of
making and coordinating the team budget. Joel als®ctly handles or supervises
communication with the various mentors and adviset® keep the team grounded and
realistic.. He has spent the last few summers emthduction line of the Herman Miller Main
Site in Zeeland, Michigan.
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Devin is a senior mechanical engineering studerth wkperience in automation design and
engineering research with the honors program avi€&ollege. He hopes to graduate with

honors and continue to graduate school to studyhatemnics and engineering education. He was
unanimously elected to be the team leader, resplendor task delegation defining and

allocating tasks and responsibilities as needededsand watching and reminding the team of
upcoming deadlines. He is also lead on the mechhmiesign which means he manages
brainstorming, drafting, alternative consideratiassembly, and testing regarding mechanical
systems.

2.2 Team Organization

Members of Team 22 are responsible for specifiasaof project and design management which
are assigned based on experience, talent, andna¢geference, shown in Table 1.

Table 1. Team Member Responsibilities
Name Directly Responsible For...
Devin Auld Schedule Management, Task Delegation;iMaical Systems Design
Joel Van Dyke|Presentation Management, Budget Management, Safétgsurance
Communications
Carlos Payer | Quality Management, Electrical SystBesign
Bethany WaandefRobot & Workspace Management, Website ManagemetioRT raining

All team members are encouraged to delegate asssage The team member maintains
responsibility for the completion of all assignedtids, but the tasks necessary to complete each
duty are often executed by two or more team memhbera time. In this way, the load of
responsibility is always distributed evenly buttmadar tasks can always be given to those best
suited to them.
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Calvin Faculty/Staff
Industrial Consultants
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: Wes Richards
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Carlos Payer Joel Van Dyke
Design Team kembar Beslgn Team Memsr e
nrarmatian

Direct report

Figure 4. Organization Chart

Team 22 also depends on input and support from reesmif the engineering department, JR
Automation, and other organizations as seen inrEidu In this Organization Chart, blue lines
show the general flow of information (colors arewh in the key in the lower right of the
figure). Communication between Industrial ConsukarDepartment Management, and the
Senior Design Team is maintained and facilitatedh® team manager, but available through
every team member.

Team meetings are held every Monday and Fridaymer hour at 3:30. In the second semester
this was changed to one 90 minute meeting Thuréofégn with the industrial advisor), with a
10 minutes standing meeting on Monday. Meetingsisbiof reading minutes, reviewing design
alternatives, discussing group decisions, and asgjgasks. This team has found that regular
meetings of less than 90 minutes are essentiadodmation of work and the communication of
ideas. Over the course of the semester team dodsmealuding meeting minutes, have been
stored in a google drive to facilitate communicatiand real time feedback. Completed
documents are saved on the TKR Robotics websitettadeam 22 folder in the engineering
shared drive.

2.3 Schedule

Tasks were broken down based on top down delivesableginning with the final products and
ending with a large organized set of task objestive this way the team was able to see how
scope affects necessary work, and manage goalsdaugly. These incremental deliverables
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indicated the necessary tasks and the amount efrieeded to complete each task. This process
can be seen in the WBS chart, where final delidesabke Project Proposal, Website, and
Final System Design are broken down from objects into tasks IBefine Process Layout and
Take Team Photos.

In November, with the help of advisors and consitathe team realized that the workload

associated with the original scope would be exgesgit this point, a new WBS was drafted and

has been adhered to since. The latest Work Breakdsehedule can be seen on the team
website. The WBS has been reviewed updated assagds keep the tool useful and realistic.

At the end of each month the WBS is reviewed fasgae revision. Older versions are saved on
the shared drive and the latest version is kegherteam website. In addition the team utilized

an open issues deck to keep track of new or urderetasks, noting the task, proposed solution,
responsible person, and deadline on the card.

2.4 Budget

Several parts of the final project were donatetent to the team free of charge. The FANUC,
the cart it was mounted on, the sawbones, and @ ikmalant were all approved for team use by
their respective owners.

Table 2. Team Budget

Date Team member Description Cost | Remaining Balance

9/30/16 | n/a Beginning Balance 500.00

2/27/17 | Bethany Meijer Supplies 47.99| 452.01
Waanders

3/3/17 Bethany Meijer Supplies for Re-testing 12.28 439.73
Waanders

3/3/117 Devin Auld Lowe's Supplies 5.06 434.67

3/10/17 | Devin Auld Amazon Dremel Bit Order 31.76 24p

4/10/17 | Bethany Dremel +Insurance 114.91288.01
Waanders

4/18/17 | Devin Auld Payment for 3D scans 250.38.01
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Once the general design for the fixturing was degidpon, it was realised that the budget would
be spent primarily on the tooling for the syster®0& was set aside to purchase a motor that
could be run off the compressed air feed contrdigthe FANUC, as well as a spherical bit and

a few backups in case the bit failed. However, tdgm’s advisor Professor Renard Tubergen
was able to lend the team a dremel for free. Whenfriee dremel broke down, the funds were

reallocated to purchase a new one for $114.91.vildwd used for the prototype was purchased
from Lowe’s for $5.06. When it was decided that kbg needed to be modeled with ballistics

gel, $50 were approved to be spent on equipmemiaiee and form the gel around the bone. Of
that, $47.99 was spent. A further $12.28 was usdzliy more molding materials a week later,

when alternative solutions were needed. It wasged for a 3D scan to take place for free, but
upon delivery the team was told that it would c®850. Thankfully, there was enough of the

original budget left to cover this, and the teamished out the year with $38.01 as outlined in

the budget included above.

2.5 Method of Approach

Throughout the semester, the team has approacloddeprs with an attitude of generosity,
dedication, open communication, and honesty. Etadpesof design is completed by one or two
members, then submitted to the rest of the groupribque and approval. Research is presented
in a similar fashion but only for information angports critical to the work of all team members.
All research and design must be supported by academexpert sources, be free of plagiarism,
and be reviewed by the whole team before implententaln this way, the team promotes
awareness and communication between sections opribject. Additionally, team building
events are encouraged to promote holistic reldtipssbetween co-workers which improve
performance and develop community.

3 Requirements

In this section, specifications that the productdseto meet in order to satisfy the customer's
needs are discussed. The product is aimed at gmrslof surgical automation and the doctors,
nurses, and patients who will be interacting with product. The goal is to design a fixturing
system to work alongside an automated system soreegents will be based on this application.
The requirements were classified under: hardwanectionality, and safety. Throughout this
section, “Expected Loads” refers to preliminaryiraates of cutting force through analogous
materials found irBection 5. Design. Further study is necessary to validate the ergeldads
and is accounted for in the WBS. In the second stameall efforts were focused on improving
rigidity and validating the fixation method, as tieam decided to go with a more experimental
fixation technique to avoid potential harm to thaignt and reduce unknowable variables. This
decision is detailed in the design section of #peort.

3.1 Basic Function

The device will be comprised of a femur fixturingvice and comply with the following
requirements.
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e Mobile: The system will be transferred from onegsuy room to another by the medical
staff. During surgery, once the cutting processvisr, the rigid fixturing will be removed
by the medical staff. It must be adjustable andoeable by one person with at most a
single hand tool, with each piece weighing less1th@ Ib. The system will be Small
enough in size to fit in a surgery gurney (0.5 nObgs m)

e Rigid: The maximum deflection of the fixture itsalfie to the tooling forces in any
direction must be less than a tenth of a millimetérich corresponds with the FANUC’s
maximum point to point accuracy. This will establite fixture error around 0.2 mm for
expected loads. The system will minimize the re&atnovement between the bone and
the clamp (0.3 mm maximum) under expected workdo@ddhy measurable (more than
0.01 mm) displacement between the device and tambpg table will be eliminated.

e Easily sanitized: All fixture components not smalough to be autoclaved will be
contained by a plastic sheet. Surface of expossmsanust be polished to avoid crevices
in which bacteria may grow.

e The system will minimize potential injury to thetigat.

e The system will be designed for an expected lifatdeast 12 years, to be measured by
expected life of materials and similar products.

3.2 Features

e The device won't get in the way of the doctor a& #ssistants complicating the after-cut
maneuvers, eventually, it will be partially remolgbleaving just the ankle holder in
place to continue the procedure similarly as thé&darocedure.

e The height and horizontal position of the clamp8 be adjustable to be able to fit in
different types of lengths and legs’ shapes.

o Bone diameter, three centimeters above the knagingfrom 5 cm diameter to
8 cm diameter.

o Leg length, femoral length, ranging from 40 cm $ochn.

o Leg circumference, three centimeters above the,k@ging from 25 cm to 55
cm.

3.3 Safety

e Lockout/tagout procedure will be developed befosgallation and use.

e The robot will either be off and locked out in gfbsition or be supervised by a team
member.

e The station base will be stable.

e The controller and teach pendant E-stops will gelesed when not actively in use.

18



4 Task Specifications and Schedule

Tasks have been scheduled in blocks using appréoimark day estimations. The breakdo
of tasks into daily subtasks seemed to introduceecessary error, so tasks are ins specified
down to the weekly level. After a general estimait¢he total process time was produced, t
time required was multiplied by a safety factorld?5 to assure the team would be done be
final presentations and reports would be due. Cconsiderations include generous estimate:
shipping time, blocking out weekends and holidays@-work days, and considering who w
be assigned to each task to optimize concurreks.tdhe full WBS can be found on the te
website or on the engiegng shared drive. Areas of focus with regard asktassignmer
include, presentation preparations, designing aachparing alternatives for systems ¢
subsystems, ordering components based on finatiestyns, assembling and troubleshoot
potential gaps for reesign, and final prototype testir

Total person work hours are reported starting Gat@h to aid in work time estimations and
shown below. Average team work time per week i® 2urs, based on a daily average of
hours. This bils down to an average weekly load of about 6 hpersteam member, which is
line with the original estimate. Time spent in nireg$ is reported but time spent in senior de:
class is not.

14

Hours

Figure 5. Team Work Hours and Average Team Hourslagg ir November
An open issues deck was also utilized to greatefifethe second semester. 15 were create(

all but 2 were closed by the end of the semesters@ cards can be found in the de:
notebooks.
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5 Design

5.1 System Architecture

While theprimary focus is on designing fixturing, anothepiontant goal for the team is a ser
design night demo incorporating the robot (FANUC Idrate 200id/7c) the sponsor
Automation is generously lending us. In expectettoarder the project subsysterare: tooling,
fixturing, and robot cell.

5.2 Final Design

The final fixturing design is complete, and thehatecture of the cell is as follov

One FANUC LR Mate 200 iD/7
End of Arm Interface Attachme
Dremel 4000 serit
Interchangeable E

The TKRFixturing Structur
Mobile Cart

Press Brakes

Figure 6. Final Design Architecture

20



5.3 Design Criteria

Several criteria were used to tank potential desigmd eventually decide on which design to
pursue. These are shown below in order with atstescription.

1.

7.

Safety; The team cannot and will not claim that the dixtg is perfect, or able to
eliminate the advantage of keeping secondary safetiems such as the vision systems
employed by both Omnibotics and MAKO, but it isithgope to not be dependent upon
them in autonomous surgery because the robot attevath the human body in a very
vulnerable state. In order to gain and retain thsttof the doctors, nurses, and patients
directly or indirectly in contact with it, the robmust perform without endangering their
lives more than necessary, and come equipped adltndant failsafe measures.
Applicability; the system should be a reliable tool without geamduous to obtain or
cumbersome to apply or adjust. This is also relewahen discussing size and
transportability, though that ranked lower overall.

Ease of Sanitation; The fixturing will be a combination of clean shem®ver for the
central structures and disposable pin/screws. Thisecessary and ethical for any
surgery.

Adaptation; anything dealing with something as varied as daenage to an organic
material needs to be able to take some deviatisiosaccount. This is essential to the
robot’s ability to function as a better surgeryesiiative.

Transportability; the system retain the multipurpose function of cgrerating room
containing the system.

Ease of Use; the plan includes having a technician and a surgethe operating room to
use the robot so while this is still an importaattpf the design it is less important than
other aspects.

Cost; normally purchased medical equipment is alreaghgesive,

5.4 Design Alternatives

Originally, the Team pursued the idea of fixturititge bone by pinning it to a rigid external

framework. Three general shapes were consideredoaigth mock ups of each idea are pictured
below, the first of which is the crane. The crarmuld be a support mounted to the table, floor,
or automation station which reaches over the kmeehalds it in place. The femur clamp would

be held by the “boom” of the crane. This configimatallows for quick and secure removal of

the rigid fixturing by spinning the “boom” arountiet z-axis. One of the problems with this

configuration is its flexibility. In order to hawerigid system, both, the main pillar and the boom
have to be thicker and therefore heavier thaneratternatives.
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Figure 7. Crane model sketch

Secondly, a tower model design was taken into demation. In this case, a support mounted on
the table would reach directly up to the knee aold It in place. A direct benefit of this model
would have been the reduction of material needdsb,Ahe distances between elements would
be shorter and therefore the moments would haydadisd the structure less. However, there
was little room beneath the crook of the leg (atbQr25n) to install the system and this would
also be a problem when trying to remove the rigitufing.

Figure 8. Tower Mock Up
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Finally, there was the arc model. A square basppat that reaches up and supports the knee
from the directions needed. This is the most staipgon as the shape of the arc reduces
flexibility inherently. It would also reduce the teaal necessities and the weight of the device.
The main problem with this option is that it woldd harder to manufacture. It would also be

hard to find a mechanism that allows it to be adjole for different leg shapes and lengths.

Figure 9. Arc Mock Up

With further research into current knee surgerwas discovered that another way to

immobilize the knee was with an operation that wiallow a rod to be inserted into the
medullary cavity of the femur. It was consideredbéoa less invasive option than the pins since it
required only one hole to be made in the bone. dpi®n would have also isolated an axis of
the bone rather than a point, leaving only a rotei force to be negated by the hip.

Finally, Dirk Bakker recommended a strapping solutihat would expand upon the existing
tourniquet system used in knee replacement sutgedgep the patient from bleeding out. This
was the least invasive of the three, though thddsrto model, as it required an analog to human
flesh for proper testing, since the straps actetherilesh rather than the bone directly.

5.5 Design decisions

All of these alternatives refer to the rigid fixitug and for all of them, the ankle fixturing wileb

a boot clamp model which will hold the foot sta##icstopper can be loosen to rotate the foot
around a spherical joint and be tighten again ase@ A design matrix was used to discern the
best solution of the options presented. At fifs¢, pinning solution won out. However, it was
brought to the Team’s attention that the stregssisaused by the pins combined with the nature
of the vibrating tooling could cause the bone &xfure, ruining the surgery. In the same
meeting, it was revealed that the intramedullad/nisked drawing fat emboli from the
intramedullary cavity which could find its way intiee bloodstream and from there into the
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lungs, causing pulmonary embolism. With the factor of patient $afdded to the matrix,
was clear that the winner was the strap de:

Table 3. The Team’s Design Matrix

Two Screw Design | Rod & Lock Design Rod & Screw Strap
Weight opt pes opt pes opt pes opt pes
Stabilty 10 9 4 10 6 9 4 8
Positioning difficulty 6 9 7 10 8 10 9 10 9
complexity--failure 6 10 9 8 5 ) 7 10 9
complexity-- sanitation 4 10 10 10 10 10 10 10
cost to prototype 6 10 10 6 4 9 8 10 10
risk to patient 10 g 6 8 5 7 6 10 8
recovery time 5 9 T 10 8 9 8 10 10
current parrallels 2 9 6 T 6 9 6 8
accomidate patient variability 5 9 8 10 7 10 8 (4 6
Weighted Average 44.73 34.82 43.45 30.82 43.73 34.18 45.55 | 39.64

When it came to carving the bone, there were relevant tool types considered for thb of
cutting down the femur. These were a traditionaillading bone saw and a milling end effect
After observing the cuts made on a model bone nigdée existing Mako robotic surge
assistant, it was decided that the milling endatfiewas theool most capable of the accure
demanded by the team’s goals. Additionally, ostilta friction forces are minimized whe
using a milling bit compared to an oscillating sawhich reduces the vibration forces f
fixturing had to compensate f An electic dremel was selected to be used rather thanre
powered motor due to the availability of a drenoelthe team to use, free of cha

The final aspect of the design under considerattas the test subject, the bone or I-like
substance the dremefould be operating upon. First, wooden approxinmtioere considere
The difference in density would affect the forcesated by the milling operation. While tt
difference could be partially corrected for in sphedepth of cut, and bit selectione porosity
and hardness of bone would not be fully replicaBsthany’s contacts were kind enough to ¢
the team a few model Sawbones; foam replicas wéygitoximated bone density and struct
with a rigid foam. Since the sawbones more closeplicete the porosity and density sk
between outer shell and inner bone, the team deédllat performing additional tests w
sawbones would be worth the additional cost of %" . Once it was decided that the fixturi
would be as nomvasive as posble, it was realized that a human flesh analogue meedel
around the bone analogue to model how the systeaidwespond to an actual human pati
Ballistics gelatin was molded into the right shapth a plastic pitche

6 mplementation

After designing the major components, the system was rwmst. As expected, not everythi
went as planned. The following describes each pigiceéhe final prototype, how it we
constructed, and any changes from the originabtdetfiat were mad
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6.1 Fixture

The fixture base was built, as discussed in theipus section. The initial design was compo
of two boards connected by a hinge, therefore afiguior adjustable height. Some slots wh
to be carved in the top board to allow for thesdr

Figure 10. CAD model and first model leg fixt

Early testing of this prototype proved that theeemal fixation of the straps around fle
provided insufficient resistance to lateral foreapected, this led to a design iteration in wt
rigid but adjstable lateral clamps were adc

Lateral Clamps

As a team, several possibilities were brainstorfioeghreventing lateral motion to occur. It w
decided that the solution should be built off of triginal adjustable angle base, obtaining
improvedversion. It would be built in as rigid supportseaither of the device that would preve
the leg from moving laterally. This needed to bagsand yet remain accommodating to a re
of leg sizes thus needed adjustability that woudd ecompromise uponhe stability/rigidity.
Taking inspiration from handscrew clamps, the sand-igure 11 were added to the struc
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Figure 11. Fihalmodel leg fixture

By adjusting the screw/nut that holds both sideaga together the brace could accommodate
the pressure for different sizes of legs. Alsohenswas added later on to improve the contact
surface between the flat sides and the conicalesbthe thigh.

6.2 Tooling

The rotary tool itself was a Dremel brand die gendent to the team by Professor Tubergen. A
tool adapter was designed to hold the Dremel stealdyive to the robot via a keyed nut around
the tool's grip adapter, and a hole into whichrtbefit with a retention screw to hold the tool in
place. In this way, it could be assured that tle# itself was in a standard position by keeping
the front surface of tool flush with the tool adaptAt one point the borrowed dremel failed
internally and rather than repair it the team opteckplace it with a new dremel purchased from
Lowes. This new dremel, a Dremel 4000, had a singgeed change interface and wider speed
range and came with a selection of parts and Nitgably, the 565 Multipurpose Cutting Kit
including a sparef the tool grip adapteglready incorporated into the bracket design aed th
561 multipurpose cutting bit mentioned below.

The original milling bit was chosen to resemble kako robotic system with a spherical head,
which is advantageous in that it would leave addath cut profile even used at different tool
angles. However, while working on a tool path foisttype of bit (discussed below in Section
6.6), the team realised its inefficiency. So iniacdssion with Dr. Nicholas Waanders and
Hannah Halcolm, it was suggested that an endmilllevét better with the shape of the cuts and
would still generate acceptable forces, wiselyiogtto the final plane directly and leading to
drastically shorter surgery time without incregsiime vibrations to a significant degree. A
standard FANUC end of arm bracket was modifieddiol the dremel in such a way that it could
be operated at any angle.

26



6.3 Workstation

To mount the robot, a workstation had to be coostdi Early in the process, this workstat
was designed for robust use in a demo environniriitdie to cost this was scaled back
simply producing a station on which tests couldpbgormed. The cart was constructed usit
frame found in storage in the engineering buildisgrap and stock from the engineer
building machine shop, and breaks vh were provided by Wesley Richards. The wheelshe!
original cart were discarded, and replaced witlckdowhich offset the new wheels from i
floor, so that the breaks could be effectively egyegh and disengaged. The final wh
construction can be seén Figure 12

Figure 12 . New wheels on the cart

6.4 Interface

In order for the robot to accurately execute a @ogned path in space, it needed to know w
the bone was. Ordinarily, the work piece would égistered into a predetermined ltion, or
the robot would identify it with a vision systenm this case, neither of these options woulc
accurate enough. The first method would fail beeaach leg could potentially have a differ
size and shape and so cannot be locked into aard fixture. The second method could worl
coupled with another, more accurate system, buth®mproject’s scope, vision alone would
accurately locate a shape with multiple soft edgesa rotational axis. So a new system
devised. The proposedstem would use a scan of the leg (generated biiRhin a final
procedure), to produce a molded end piece whichldvbe registered to the leg during f
surgery, and utilized to establish a user planefndhich the robot could opere

The first iterdion of this piece utilized a free model of a fenfaund online. While it was
useful proof of procedure, it did not yield a pigbat would fit any of the sawbones owned
the team. Even with careful scaling, the end offémur in the digital modeand the end of the
femur on the physical sawbones would not registéably. At this point a simplified versic
which utilized measurements from the bone to predutightly fitting box was attempted. Wh
more useful than the last rendition, the bequired far too much guess work and iteratiol
produce a reliable position. Finally, -D scan of the bone was procured at a price withoiget
and the final piece shown below was manufact
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Figure 13. 3D printed mold fitting the sawbone

This piece worked for the bone scanned, but noslightly varied bones given and purchased
for the team’s use. In order to accommodate th#ser shapes, several molded locating pieces
were also made. The final rendition used a siliand cornstarch mix to form to the bone, and
flat square of clear polymer to provide the plahesterence, as shown in Figure 14.

Figure 14. Final Ioatin method

6.5 Soft Tissue M odel
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When it became obvious that the fixturing was gdimdpe inflicted on the leg exclusively from
the outside of the flesh, a soft tissue model n@¢dde developed. Ballistics gel was chosen for
this purpose as it is recognized to be behave airtol the human muscle and have the correct
density (around 980 kilograms per meter cubedyalt also easy to cast in the right shape. Once
a structure was established in order to hold theebm the correct orientation as the gel
solidified, it was simple to generate a standadlitlegg model for testing purposes. An artificial
“skin” of elastic bandages was used to further sedae gel and, therefore, prevent the outer
surface of the “leg” from splitting when been puader pressure by the fixturing. When tested, it
was proven to respond in a similar way than hurfeshf although it was less stiff under loads.

Figure 15. Testing station including final fixtutepl and leg model
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6.6 Programming

Goal

In order to obtain the final shape of the knee thatld fit the implant, the robot would have to
drive the tool to perform the desired cuts. Thgioal idea was to use a 3D model of one of the
sawbones to calculate the positions of the cutgsdaelative to the reference at the end of the
bone.

Procedure

The procedure involved training the the robot frima interface tool 6.4 which ought to be a
plane normal to the mechanical axis (our Z direqtiof the bone and rotationally have a x
direction line in line with the Epicondylar axifiig would be used to teach the user frame that
the robot made all cuts relative to that plane, iiadbffsets, the overall user frame offset from
possible interface inaccuracy (X,Y,Z, W,P,R), thstal resection depth and angle offsets from
the user frame, and the using position registesetdf for the locations of planes of the five
different cut planes relative to the original iriéee zero plane, the start and stop X positions.
Then program was setup to set one/each in turheobtplanes as “current plane” and cut from
“start X" to “stop X" and back to “start X” for arfishing pass all with “tool offset” and “plane
offset” before moving to a safe distance to rotat@ into position for the new/next “current
plane.” Cutting the tool path was mostly practicedfoam to perform any necessary adjustments
without wasting sawbones, and once repeatedly sdoog at that, practicing (and failing and
learning) with some practice on half sawbones fieefimally successfully running on a sawbone
held only in the fixture within the ballistics getoving the proof of concept.

Challenges

The programing had many challenges some bettesderethan others. The team knew at the
outset that the FANUC robots were designed primdal pick and place and not the CNC
applications. This is primarily derived from th@ternal positioning system which optimizes for
repeatability of point to point accuracy, not thaaptability of old programs to new reference
frames. Additionally, when selecting a non-invasfu@tion method the team understood that
the interface would need to be a high tolerance and indirect (through soft tissue) clamping
would lead to a partially uncontrollable deflectiohthe workpiece. Additionally if forces are
too high on any one or all of the 6 axes, becaash & controlled by servo motor containing
potentiometers which tell the robot where the asncan accumulate error easily overtime
contributing to error and in some cases causingdhet to crash into its environment or itself.
The program was tested on sawbones which were ebdirom a local Zimmer representative,
however many of the bones collected were dissineiteugh (ranging in size from adult male to
child) that tests were costly to execute. Seveosakb were purchased in the end to finish testing
with. Finally, scheduled time for programming wa&sluced in the second semester due to a
WBS adjustment, which limited the scope of prograngpossible for the demonstration.
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Programming the Spherical tool

Figure 16. Current tooling used by the Mako sy{*?

The original milling bit was chosen to rimble the Mako robotic system with a spherical h
because it would leave a standard cut profile exss=d at a different tool angles. However &
programming it to cut a square spiral plane pasetscaled and used within a changing usel
tool frame several flaws were brought to the forefront. Thiave this each surface was remo
by a series of concentric spirals, removing theebtayer by layer until a final surface w
reached. Unfortunately due to material limitatiaghs proceeded 1.5 mnf depth per pass, a
rather inefficient approach in terms of tit

Programing the Endmill tool bit

After consulting with Hannah Halcome who had sompeeeience with FANUC machinin
applications and the teams surgeon Nicholas Waandéro recommended swhing tool and
even provided us with figure __ while giving helpfeassurance and cautions concerning
tool path obstacles inspired the team to switchrtextra long end mill bit, (or at least the ¢
multipurpose cutting bit which provided identi programming but ever so slightly inferi
flatness/finish to the final result). This programocedure as is described in 6.6.2 simply plur
(laterally for all but posterior which must pluntggeavoid ligaments) to final cut plane and mo
very slowlyacross drastically reducing cycle tin

.

Femur

EndMill

Tilia //

Figure 17. Final tool design as suggested by Dehblas Waande
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/. Testing

One of the main concerns of the project was vafidathe design in the face of unknown
parameters, the largest of which was the elastipgaties of tissue around the leg. To better
understand this, stress tests were performed orletheand the ballistics gel model in the
prototype fixture, including the sawbones. Thesstevere used to gain three things; a beam
based model of the leg, a simple tool force comdirand a validation for the response of
ballistics gel. The procedure of the experimentloamead below.

Objectives:

Obtain the displacement of the tip of the bone wéygplying force with the robot.

Measure the relationship mm/Ib.

Comparing between real leg deflexion versus botetigedeflexion.
Equment necessary:

Fish scales to measure the force versus displademen

Micrometer to accurately measure the displacemietitectip of the bone.

Stand to support the dial gauge.

Robot to apply the force

Stand to support the bone/gelatin system andegal |

Bone/gelatin system.

A Patient.
Procedure
The patient was laid on the operating table withrtleg strapped into the fixture. The distance
from the touch point to the edge of the clamp wagasuared to maintain consistency. The dial
gauge was zeroed against one condyle of the krfeeeltesting began. Next, force was applied
to the opposite condyle with a spring scale. Is thay the displacement of the tip of the bone
was obtained for forces ranging from 5 to 50 N veithinterval of 5 N. This test was repeated 3
times. The data plotted was the average of the theues. The experiment was then repeated
with a ballistics gel leg analog as well as a savebalone, and a board to establish the
displacement of each component of the system.
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Figure 18. Leg model test station

After running several tests on both, humnd simulated legs, a comparison chart was obt¢
as displayed in Figure 19.

Lateral Displacement Comparison
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G 5.00
£ A
g 4.0 A
g 300 I .
o 2.00 et et
PSS o ¢
1.00 A . [ 3
0.00 A AT A PR { T
1] 5 10 15 20 25 30 35 40 45 50
Force applied (N)

Figure 19. Comparison chart between lateral digprent of a real knee compared to a ballis
gelatin model

It was concluded that both relationships were lineaespoise to force and that the ballist
gelatin leg analog deflects around 3 times as naschreal le
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8. Analysis

The data gathered in the tests was used to estthmteidity of the system and check whether
or not the fixture would hold the knee within theegcribed 0.5 mm displacement. Additionally,
the displacement of each portion of the systemig@ated and associated with a stiffness. Each
of the following sections solves for the portiortiogé deflection associated with one of the three
components of the system.

Sawbone

The sawbones used were made of two materials:ra tmaie and a hard plastic shell. For this
analysis it was assumed that the internal matermalld not have a significant rigidity compared
to the external layer, similar to the relationskipthe layers in living bones. Therefore, the
displacement equation for an embedded beam wastos=stimate the modulus of elasticity of
the sawbones.

3
— L ) Dy =
o) —mW, Testmodel :y=Ax-B
Using the analogy:
L3 s
= —— = — = 0.0393in/lb. f + 0.0006
3EI w

where the quadratic err@? = 0.995. For the test,

L =9.25in + 001
I, = 0.098n* + 0.001

A modulus of Elasticity of 473 MPa for the sawb@wenposite material was computed.

To estimate the error the following expression wsed:
_0E S6E S0E
AE = EAL + EAI + aAA

Using the above equation the elasticity was founolet 472.78t11.42 MPa

The same process was followed for the lateral &rapplying the corresponding moments of
inertia. The modulus of elasticity of the mateshbuld be the same in both cases, though the
results reported were E = 456.23.15 MPa. The frames in which the E was encloseddch

test should at least overlap. That was not the sasiecan be concluded that the inner material of
the sawbone has a notable influence in the rigioityaviour of the sawbone. However, it was
assumed that the modulus of elasticity of a sawlwsebetween 472.78 + 11.42 and 456.23 -
1.15 MPa. Therefore, the final result of the studs found to be:

Esawbone = 469.64-14.56 MPa
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Ballistics Gel

While ballistics gel is accepted by the scientdmmmunity as an analog for human flesh, its
function is usually applied in impact tests. Ikiown that the gelatin can model what happens to
human muscle tissue when a bullet hits it, butsteady application of low pressure does not
have a well documented response. However, enoggihgehas been done to establish that light
force applied to the surface of gelatin generatestatic repulsive force without a jump into
contact,”[gelatin viscoelasticity source] thoughaglrforces exists if the force in question
penetrates the block of gel. This means that ag &nthe pressure does not cleave the gelatin,
the resistance to force can be modeled as a spongtant. This spring constant (k) was
calculated experimentally.

The model used takes into account the spring f@fsg fighting against the test load (W) at
different distances, creating a displacement atethé of the beam({() that is theoretically
smaller than the one found for the sawbone alaneat assumed that the spring load was a
point load.

F<l? (211+3b) WIS l
5 = sli (211+3b) 2: iy = 1§
BEI 3EI L

VSIS
Fs

Figure 20. Assumed Beam Model

For the test,
L1 =14in £ 001
L2 =17.5in £ 0.01
b=L1-L2
Esawbone = 469.64:14.56 MPa
L5 = 0.07G£0.001.
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The test results were plotted in Excel and thedliiae /=AW + B was found, where
_ 215

T h, 2
ok 1 (211+3b) ~ 6E1

= 0.0314 in/Ib. f + 0.0006

and the quadratic error is? = 0.985. Next, the value of the spring constant was foand
recorded below.

K =10.75 N/mm.
Fixture
The original fixturing system was constructed ouplgwood and assumed to be quite stiff, with
minimal flexion originating in the structure itselfhis was tested as above with a stiff board in
the fixture instead of a flexible leg. The deflectiwas found to be negligible (less than 0.01 mm
at the maximum force of 50 Newtons).
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O Recommendations

While the team was able to produce and test a fyymofixation system, they were not able
produce a final fixturing system which met the ora specifications. In order to meet
specifications, more testing must be done to enthatean external fixation method can produce
the rigidity required for the high precision macdhon as attempted in this operation.
Additionally, some factors of total knee replacetmsurgery disregarded by the team to ensure
completion of the project must be addressed. Ratevitstacles, further research required, and
design suggestions for such a future project arengbelow. While this project has produced
both research and many unique opportunities ta)eéhe team recommends that those pursuing
this fixation method first consider medical traigiin order to fully understand the project.
Furthermore, while the FANUC performed admirablygrenrobust systems which don’t require
fixation at all, like the Mako system by Strykerositd be used as a more direct inspiration than
the project Team 22 put together this year.

9.1 Future Obstacles

Some future obstacles will include:

e Optimizing clamp for anatomical factors. Some p®irdn the leg have higher
concentrations of fat (which will compress moredigathan muscle), or an overall
thinner layer of tissue between the skin and theeb@his could be taken advantage of to
more rigidly clamp the leg without applying moreegsure. Additionally, some clamping
surface shapes will reduce shear forces appliettheéatissue, reducing bruising, while
allowing for greater concentrations of force atafiepoints while still exerting the same
amount of pressure.

e Optimizing machining path to reduce soft tissue dgen The tool used, while able to
perform all cuts, is only a rough simulation of #w®l loads that might be incurred in
legitimate surgery. A final rotary tool system shlibbe designed and tested with the
clamping system and a cadaver to verify that aumed clearances between soft tissue
and tooling can be met. Additionally, reducing timachining time required by re-
optimizing the tool and tooling path would reduamée the leg spends in a stretched
position during the surgery, which would in tumduce soft tissue damage, itself a
serious concern during the patient’s recovery.

e Creating feedback to alert the robot if the leg esoVFor the safety of all concerned, and
for the robustness of the system, the robot musbleto discern whether or not the knee
remains in the same position from moment to moment| whether or not anything
enters the working area. This would potentiallyuieg|the integration of a vision system,
and perhaps sensors in the fixture to determineatrdnal loads and correct the tools
lateral and rotational speed to maintain contr@rdfae piece.

9.2 Future Resear ch
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To fully address the obstacles listed above, mesearch will be required. Some of that research
will have to include:

e Significance and cause of periprosthetic fractu@se of the reasons this fixturing
system was chosen was the greatly lowered potdntidtactures incurred by pin based
methods. While the stress risers that form at thiatp of penetration appear to be a
significant downside to a pin method, further reskas required to determine the effect
of such stress risers on the overall mechanicabldlity of a complex composite
structure like bone in order to completely dismassapprove the idea. If periprosthetic
fractures are less likely than previously thoudiin an invasive fixation method may be
recommended over the non-invasive method.

e Dynamics of muscles, adipose, and tendons undsesyre Non-invasive fixation relies
upon predicting the potential deflection of compegissues under particular loads. The
current method of estimating deflection is basedaospring model, but other papers
recommend using a “Neo-Hookean Hyperelastic MdtélThis is popular for materials
like rubber where cross linking between polymers ilrge factor. It would not only
serve to advance understanding of such tissuesriubve the accuracy of the model,
especially with regard to directional stresses.

e Costs: very little cost estimation was possiblenimitthe confines of the prototype, but a
few are given below to guide future cost estimalde first is the cost of producing or
purchasing a 6 axis robot arm of the appropriate and capability. The fanuc LR mate
used in the demo is not recommended for a finadlyeh as other models and brands are
be better equipped to accurately compute the coatelitranslations necessary for the
type of locating system proposed. While furthereeegsh would be required to optimize
the choice of brand and model, it is safe to asstima¢ purchasing the robot and
associated equipment could cost between $40,000 $@jJO00. Additionally, the
manufacturing costs for a final fixture, assumihgyt are to be made in low quantities of
less than 100 per year by a job shop, may be asiimat around $400, due to their
stainless steel composition, the number of compsneand the average amount of
welding necessary to construct a system similghéoprototype. This estimate is based
on a $25 per weld/cut cost to include finishingtspassuming 4 hours of labor at $50 an
hour of labor and overhead, and a per ft usagé of by % in stainless steel sheet cost of
$12.00. The cart is simple enough to estimate bkitm at similar products, which sell
for around $200, and adding features like brakesraimforcements which are estimated
to cost another $300 including materials and labwlustrial tooling estimates are based
on the current cost of rotary tools and tool mauptystems for robots, which can reach
up to $300.. With the addition of a computer iraed ($300) and a cabinet which
includes better wire management ($400), the castipie comes out to around $2,000 not
including the cost of the robot itself. The costdinal system is vastly dominated by the
robot system as well as the investment requireddearch and design a final system.

10 Conclusion
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In conclusion the team was able to adequatelytihest concept and produce a demonstration of
the proposed method. It was found that the tissoena the tissue of the leg was not stiff
enough to be purely clamped down and must be woakednd, either by fixing directly to the
bone or by holding the leg with an excessive, cotraged force that could potentially injure the
patient. Throughout development the team learned todbetter utilize time by identifying and
prioritizing value adding tasks. Some decisionpractices that the team would change if given
the opportunity would be establishing better andremopen channels of communication,
dedicating more time to prototype iterations, asthg their professional contacts and advisors
more readily in order to gain useful informatiorthexr than researching ineffectively in the
wrong directions. As a result of their limited knedge some time was used inefficiently, and
because of this the team was unable to make ateeation of the fixturing station before the
deadline. However, there is potential for non-imvadixation in the future, especially for the
interfacing system like the one outlined above.
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