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The Biomechatronic Hip Exoskeleton Team (BHET) is designing and manufacturing a robotic prosthetic
for the NAU Biomechatronics lab. The goal of the device is to provide assistive torque to the wearer
during a normal walking gait, assistance will aid with hip extension and flexion. The design has gone
through many iterations, which is reflected in the revision number for each subsystem. The following
memo outlines the team’s final implementation plan for the last weeks of the project. This includes final
design changes, applicable standards, codes and regulations, manufacturing status, and updates to the risk
analysis.

1 Implementation — Weeks 7-11

The primary goals of Week 7-11 were to simplify the design that has been created so that manufacturing
would not be difficult, and to finalize the ratio for the pulley diameter. Another goal was to machine/3D
print other parts of the design.

1.1 Manufacturing

The following sections will breakdown the different aspects of manufacturing done for this project. This
will primarily include the work conducted during March 2020.

1.1.1 Manufacturing Processes

There are two main manufacturing process used for this project, these being machining and forming. 3D
printing was also used for non-critical components. Machining applies to most of the components
included in the motor mount assembly. Forming applies to the hip belt and knee brace components of the
design. Machining was done with both a manual vertical mill (Bridgeport mills in 98¢) and a CNC
vertical mill (Tormachs in 98c). The manual vertical mill was used for roughing the outer dimensions of
the parts, as setup time on these machines was significantly shorter than the CNC mill. The below figure
demonstrates a part being roughed on the manual mill.
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Figure 1.1: Roughing a Part on a Manual Mill

The CNC mill was used to finish parts and to cut the more complicated features that could not be cut on
the manual mill. The below figure shows this process.

Figure 1.2: Finishing a Part on a CNC Mill

Both of these processes proved to be effective as a means of production for all of the aluminum parts
required for this project.

Forming was required for all components made of Kydex, which includes the knee braces and the hip
belt. When forming, the component was first cut from a flat sheet of Kydex using a stencil printed from
CAD. After the Kydex was cut to shape, the component was then heated with a heat gun until it became
flexible. At this point the component was molded over the user (who was wearing a towel to insulate from
heat). The Kydex would set after 5-10 minutes and then the part was ready for hardware and finishing
work.
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3D printing was used for all non-critical components in the design. This included support pieces in the
motor mount assembly that wouldn’t experience any significant stress during the hip exoskeletons
operation. 3D printing will also be used for prototyping and any additional non-critical components.

1.1.2 CAM (Computer Assisted Machining)

For all work done on the CNC mills, CAM was generated from SolidWorks parts to ensure that the parts
were machined effectively. All CAM was generated in Autodesk Fusion 360. Shown below is a CAM
program generated for this project.

Figure 1.3: CAM generated in Fusion 360

The CAM program details all of the specific steps in the machining process required to cut a part. This
was then used to export g-code (the programing language used by CNC mills) to load on a Tormach CNC
mill. This program aided in calculating the required speeds and feeds for the CNC mill.

1.2 Design Changes -Weeks 7-1

The below sections describe major design changes made in weeks 7-11. These changes were conducted to
fix manufacturing issues, update the design to new engineering requirements, or to fit requirements found
from individual analysis reports. The below sections are organized by specific components of the design.
Any components not listed below have had no significant design changes in weeks 7-11.

1.2.1 Component 1: Motor Mount Design Iterations

The Motor Mount subsystem functions to affix the drive components to the harness worn by the user and
maintain alignment of the belt drive and cable actuation systems. The previous revision (V3) of the Motor
Mount is shown in Figure 1.4 below.
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Figure 1.4 V3 Motor Mount subsystem

Changes to the Motor Mount design were required after the team performed a technical analysis on the
cable pulley and belt drive. The results of the analysis required the cable pulley to be increased, such that
the base plate and bearing blocks supporting the output shaft of the belt drive required modification. V4
of the Motor Mount assembly is shown below, in Figure 1.5. Additionally, the output shaft diameter was
increased from 6mm to 8mm, after performing a stress analysis using the larger pulley diameter and
applying distortion energy theory (n = 1.5), new bearings were selected to match the shaft.

Figure 1.5 Motor Mount V4
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The bearing block design had the most significant changes for the V4 Motor Mount. The previous design
was a rectangular plate that located the bearing centered between the mounting bolts (Figure 1.6). The
need for more clearance for the cable pulley and the timing belt pulley led to the design shown in Figure
1.7. The new part locates the shaft offset from the mounting point. The offset design provides the
necessary clearance for the drive system mentioned above, without extending too far which would cause
disruption to the wearers arm swing during walking.

Figure 1.6 Previous Bearing Block design

Figure 1.7 New Bearing Block design

The base plate of the Motor mount received minor changes to reduce the overall length and the location of
mounting holes to facilitate the new configuration (Figure 1.8).
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Figure 1.8 Base Plate, previous (top) vs new design (bottom)

1.2.2 Component 2: Pully Design Iterations

Though the pulley design has been relatively simple throughout each iteration of the system, the team
needed to get a ratio for the pulley diameters. Our pully design is a dual pulley and each pulley will
actuate movement in both the extension and flexion direction. In the original pulley design did not
account for slack, so the radii of the pulleys were the same. This is shown below in Figure 1.9.

Figure 1.9 Initial Pulley design
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This semester the team did tests on how much slack occurred in a length of cord when moving in
extension and in flexion, and then Inna was able to derive a ratio from this test. The ratio can be
referenced below.

1-44rback = rfTOTlt 1.1

The first iteration of a pulley design using this ratio is also shown below.

Figure 1.10

Figure 1.11
1.2.3 Component 3: Cable Clamp Design Iterations

The hip exoskeleton transmits torque from the electric motors via tension cables. The cables are routed
through a Bowden tube, which terminates at a location coplanar with extension/flexion motion of the
user’s thigh. It is critical that the termination point of the Bowden tube be maintained at a known position
deviation can cause fluctuation in the torque being applied to the user. Design of this component has been
changed to favor simple manufacturing. The previous design was a single piece block which secures the
tube using set screws. The client was concerned that this design might cause excessive mechanical wear
to the cables, as they will rub against the black prior to exiting. The redesigned clamp will hold the outer
sheath of the Bowden cable. The inner sheath will extend beyond the clamp, ensuring the cord only
directly contact the inner sheathe before exiting the tube. The new design is two pieces that achieve
clamping pressure by being bolted together. This design simplifies the manufacturing process, allowing
for numerous parts to be made quickly and easily, ensuring an iterative process may occur to refine the
design.
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Figure 1.12: Cable clamp design revisions: new (left) vs old (right)

1.2.4 Component 4: Hip Belt Iterations
Shown below is a CAD model of the current state of the hip belt design.

Figure 1.13: Current State of Hip Belt Design

The simplicity of the molded rectangular pieces of Kydex in this design has proven to be effective.
However, manufacturing this design has identified some issues with mounting the hinges. Originally the
hinges were mounted to the kydex with epoxy, but this proved to not be strong enough. To fix this issue,
future iterations of the hip belt design will bolt the hinges to the hip belt, increasing the strength of this

part of the design.
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1.2.5 Component 5: Knee Brace Iterations

Shown below is the current state of the knee brace design.

Figure 1.14: Current State of Knee Brace Design

This iteration of the knee brace design proved to be very easy to manufacture, however some possible
improvements for the manufacturing process were identified. One issue with manufacturing this design
was cutting the knee braces by hand. While this was easy to do, it left the part very rough around the
edges. Ideally, finalized parts for this component will be cut on a CNC router prior to molding. This will
allow for parts to have a better fit and finish. Additionally, the hinge is currently held together with a flush
mounted bolt and a nylon lock-nut. While this proved to effective and inexpensive, it could be improved
with better hardware.
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2 Standards, Codes, and Regulations

Engineers have an ethical responsibility to ensure a design is safe for the stakeholders. It can be difficult
to know when designing a new product exactly how to measure the inherent safety of a design. Industry
standards and legal requirements exist to ensure a design is safe before it reaches the end user. The team is
obligated to identify relevant documentation and ensure compliance of the Hip Exoskeleton design. The
following section is included to summarize the standards, codes, and regulations that apply to their
project.

2.1 Standards applied to project
Table 2.1 Applicable standards

Ref. # Standard Identifying Code Title of Standard How it applied to Project
Human Factors Design Helps in the design of how the device with

1 ASNI/AAMI HE 74:2001 Process for Medical Devices interface with the user in a safe manner.
Human Factors Design Provides aggregated statistical data for body
Standard — Anthropometry and | measurements; Offers standard practices

2 HFDS —ch.14 biomechanics when designing for human ergonomics
Standard Terminology for Provides a reference for common applicable
Exoskeletons and Exosuits terms that will be used in the final

3 ASTM F3323 documentation of the project.
Standard Practice for Specifies minimum information to be

4 ASTM F3392 Exoskeleton Wearing, Care, conveyed in user documentation.
and Maintenance Instructions
Standard Practice for Establishes what environmental conditions
Recording Environmental to consider need to be specified and potential

5 ASTM F3427

Conditions for Utilization with = performance impacts.
Exoskeleton Test Methods

Committee F48 was established by ASTM International to develop a collection of standards specific to
the exoskeleton and exosuit industry. As of the date of this memo, the committee has published three
standards (Table 2.1, Ref # 3,4,5), though they have numerous proposed new standards still in
development. Future work on the Hip Exoskeleton will be affected by the implementation of the proposed
standards.
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3 Risk Analysis and Mitigation

The Risk Analysis and Mitigation have not been changed from last semester even though we did some
changes on the design for more simplicity for the user and the manufactory progress but still all
subsystems and components same from last semester. The below sections discuss the FMEA of this
current design. This includes the top ten projected critical failures of the design and a discussion on risks
and trade-offs analysis.

3.1 Potential Failures Identified Fall Semester
Critical Failures

The following sections will cover the top ten critical failures that could result from our current design. To
categorize the failures, we split the system into four subsystems: the soft harness, rigid frame, actuation
system, and control systems. These failures were recorded and ranked in the FMEA sheet which was done
by the team. It can be referenced in Appendix A.

3.1.1 Potential Critical Failure 1: Creep in the Chassis

This failure relates to creep deformation on the chassis, which is the main metal bar in the rigid frame.
The failure can be caused by the rigid frame material being too thin, which makes it more susceptible to
deformation when is being used. When this happens, the rigid frame will no longer fit close to the user’s
body. To mitigate the failure the material of the metal can be switched out to something with a higher
cycle life.

3.1.2 Potential Critical Failure 2: High Cycle Fatigue in the Spool Holder

High cycle fatigue in the spool holder is caused by the stresses from the spool moving. The reason it is
high cycle is because the spool will be moving a lot while the system is active. This failure can be caused
by the material of the spool holder not being robust enough. When this happens, fracture can occur which
makes the spools unable to operate. This results in the system not working. The failure can be mitigated
by using a stronger material and using FEA analysis to understand where the spool holders are
experiencing the most stress.

3.1.3 Potential Critical Failure 3: Creep in the Spool Holder

Creep is deformation in the spool holder and is also caused by the stress from the moving spool. This
failure can also be caused by the material not being robust enough. When this happens, there may be
space in the mount between the spools and bracket. This failure is like the high cycle fatigue failure, and
it can also be mitigated by using a stronger material and using FEA analysis to understand the forces.

3.1.4 Potential Critical Failure 4: Combined Creep and Fatigue in Motor Mount

Combined creep and fatigue in the motor mount is a result from the stresses on the component as the
motor is running. This can result in deformation or fracture. The failure can be caused by the brackets in
the mount being too thin. If this failure happens, motor mount failure will occur which would be a serious
failure in the system. It can be mitigated by using a stronger episode in the bracket and using FEA
analysis to see the forces acting on the brackets.

3.1.5 Potential Critical Failure 5: High Cycle Fatigue in the Motors

High Cycle Fatigue in the Motors is happening by overstressing and overheating the motor parts. Also,
the high vibration can result many issues with motor. If this failure occurs, then most likely the first sign
of Potential Effect(s) of this Failure is motor will be Unable to operate. Thus, the Recommended Action to
this failure to be mitigated is to provide Preventative maintenance checks and services (FMEA) to avid
this failure.
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3.1.6 Potential Critical Failure 6: Abrasive Failure in the Spools

Abrasive Failure in the Spools can be caused by Poor Maintenance and Assembly error to the spools.
Also, overstressing in the spools can result Abrasive Failure in the Spools. If this failure occurs, then most
likely the first sign of Potential Effect(s) of this Failure is erratic operation in the system will happen.
Addition to that, the spools might run into noise and heat that will cause effects to other parts in the
system. Thus, the Recommended Action to this failure to not happen is to provide Preventative
maintenance checks and services (FMEA) to avoid this failure.

Potential Critical Failure 7: Abrasive Wear in Timing Belts

The main issue that will cause the failure of Abrasive Wear in Timing Belts can be caused by Poor
Maintenance and Assembly error to the Timing Belts. Another thing causes this failure is overload into
the motor will lead high fraction (Abrasive Wear) in the timing belts and that will lead to back it in certain
time. If this failure occurs, then most likely the first sign of Potential Effect(s) of this Failure is noise in
the system will happen. Addition to that, the Timing Belts might run into noise and heat that will cause
effects to other parts in the system. Thus, the Recommended Action to this failure to not happen is to
provide Preventative maintenance checks and services (FMEA) to avoid this failure.

3.1.7 Potential Critical Failure 8: Abrasive Wear in Pulleys

Abrasive Wear in Pulleys is can be caused by Poor Maintenance and Assembly error to the pulleys. If this
failure occurs, then most likely the first sign of Potential Effect(s) of this Failure is noise in the system.
Addition to that, as the abrasive wear in pulleys increase this will lead to the system to be more lose and
not safe to use. Thus, the Recommended Action to this failure to be mitigated is to provide a stronger
material and Preventative maintenance checks and services (FMEA) to avid this failure.

3.1.8 Potential Critical Failure 9: Fatigue Failure in Shafts

The primary issue that will cause the Fatigue Failure in Shafts is result from Assembly error to the shafts.
Also, choosing the low-quality shafts with short cycle life during the assembly of the system another
reason of this failure. If this failure occurs, then most likely the first sign of Potential Effect(s) of this
Failure is breaking the shafts in the system. Thus, the Recommended Action to this failure to be mitigated
is to provide Preventative maintenance checks and services (FMEA) to avid this failure.

3.1.9 Potential Critical Failure 10: Corrosion Wear in Wiring

Corrosion wear in the wiring is when the metal in the wiring will start to corrode due to its chemical
reaction with its environment. Though, this failure would most likely be cause by assembly error. Once
the material corrodes, it would result in a bad electrical connection which would hinder how the system
transfers electricity. Overall, to mitigate this error, checks would need to be made during assembly to
make sure there is not exposed wiring. Also, maintenance checks to see if all the wiring are up to our
standard.

3.2 Risk Mitigation

Originally the systems with the highest risk of failure were the actuation system and the rigid frame. For
the rigid frame there was specifically a risk of there being creep in the chassis. Though this failure isn’t
present in the final design since the rigid bar chassis has been removed. The main rigid member of the
design is the mounting plate which is on the back of the belt. The belt and knee brace are made of
thermoplastic which is susceptible to wear. Especially the knee brace since the cords will be attached to it
and it will be subject to consistent movement.
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There are no longer any spools in the final design, but we are implementing timing belts to the actuation
system along with the pulleys and motors. This means that there is still risk for abrasive wear for both the
timing belts and the pulleys.

Overall, the ways we can mitigate the risks in our design is to change the material the systems are made
of. Also, depending the wear on the pulleys can be mitigates by possible changing the thickness of the
overall pulley.
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4 APPENDICES

4.1 Appendix A: Failure Mode and Effect Analysis (Full FMEA sheet)
Table 4.1 FMEA of each Subsystem, highlighted are top 10 FMEA of each Subsystem

Subzgztem ’:;t;l;g Fotential Faihre Made Patential Effect(=) of Failure 59"';'" Protentia E,auseram::leMechansmsor Uc:;.lcrlalnc %‘gﬁ:‘;g?{ggr D?'ﬁgl“m REN | Flecommended Action
Belt Abrazsive Faiure Poct 2|0 ing[Contact with 5 | 1 10| Swonger material, larger suface area
Fresting Wear Fabiic could distress 3|0 7{oi 1 21| Suanger materisl
Padding Abrassive Faiure Foor appearance 1| Poor Guality 5] Displacement 1 5| Stronger material
Surf ace F atigue Poot 1l Contact with subject 5] Displ 1 Stronger material
Foing | Fatigue Fabure Eve sking, debris 7| Cverueight lacement 1| 35| Suonger material, minimize weight on points
Errittle Fraciure Eiteaking, detris T| Owerweight %) Displacement 1 35| Minmize weight
Bbrassive Faiure Foot 2|0 inglContact with subject] 5 Diizpl! 1 10| Stronger material
Freating Wear Fabiic could distress 3| Quersiressing . +|Displacement 1 12| Suanger material
Buckle Errittle Fraciure Dlebuis, system can't be worn 7| Owerweight, poor quality 3| Displacemeant 1 21| Minimize weight, high quality material
Liow Cycls Fafigue Fracture 7| Stress 3| Dizpl! 1 21| Sronger material
A Abrassive Faiure Fippng 8| Floughly used 2| Displacement 1 10 Suanger material
Low Cycte Faique Diistiess in material, stretching 5| Stress |oi 1 10| Minimize o asticzin
Creep Fidid frame no longes fits cl bod 5| Rigid ial thin ZJ_F' I 9 90| Matorial with higher cyole life.
Chassis Detomation Wear Fadig frame fallure | Material not hard enough 2| Displacement 2 32| Materidl with higher cyole liie
High Cyele F atigue Fidig frame failure: &| I aterial nat rigi i 32| Material with higher cycle life
SpoclHolder  [Hish CucloF atiquo Fracture, spools unable to operate 8| Material not robust enough & Displ 2 95| Stronger material, FEA analysis
Figid Frame Creep Flay in mourt between spools and brack 8| Material not rebust enough 3| Dlsplacement 9| 198) Suonger materal, FEA analysis
Couples Low Cycle Fatigus Dieformation of brak.et, no langer fits 5| Coupler Sesses 2| User Comfort 3 Stonger material, FEA analysis
Combined Creep and Fatigue | Eraket failire, frame detaches from harn 4| Coupler unintended stresses 1| User Comfart 7 28| Stonger material, FEA analysis
Watar Mount High Cyele F stigue Pbobor comes fee of rigid frame 4| Erahet iz oo thin 4| Displacement 1 38| Swonger materlal, FEA snalysiz
Combined Creep and Fatique | Motar mours Failure | Braket is oo thin 4] Di k] Stronger material, FEA analysiz
Diive Sys Covers | knpact Fatigue Failure, I protect user 2| System is dropped 1] User Combart 1 2] Irmp sot testing
Metors High Cyele F stigue Unable o oper ste &) Owerstreszing & |EmenziontFlesion 1 22| PMES
Thermal F stigue Oidion, he 6| Dwer VioltagedCurrent & | EmensiontFlession 1 FMCS
High Cycle F stigue Moise, erratic operation 5| Ower stressin 3| EntensioniFlension 1 I5|PMCS
Geaboy THermal Fatigue Heat &|Poor Mantenance, Overstressing 3| EmtensiontFlession 1 12| FPMES
Galing and Seiswe RMoise | Paar Tolerance stack-up 3| ExtergiondFlession 1 15|PMES
Spools Abrassive Faiure #1148liG oper Stion, noise, heat 5| Poor 4| Displacement 3 B0 PMCS
Stress Pupture debris, unable to cperate 4| Owerstreszing 1) ExtensiondFlession 1 a|PMCE
Tirming Belts Abrasive Wear Toize 7|Poor 5| Emension/Flewzion 7| zsslPMcs
Abragive West Maize 7| Assembly errce 2| Displacemnet 7| salPMmcs
F atique Falure Bz zhin 7| Assembily simor 2|ExtenziontFleusion 3 42| PMES
Eretting wear izt s in material, stretching 50 i 5[ User Comion i zslEmcs
Battery Corigion Fatigae 4 CONNEGHON, MO povet Azzembly ermee 1| Displacement 1 3|PML:
ThermalF sigue 22 power, chemical may exposed Ouersiressing 2| EmensloniFlessian 1 18[FMC
Witing Cision weal 2 electned conngction Assembly efrce 22| PMC:
Abragive wiaa eal Ouersiressing 36| PRL:
Detormstion W ear unaccurate read, e stic operation Azzembly emos 14| Calibeation schedube
Canteol Sgscema SOOI [Abiassive Wear Mais, srratic cperaton feemmth Z4[FIICS
C Cosision Wear Heat [ Swonger material, FEA analysis
ThermalF tigue heat (o] Swonger material, FEA analysis
Sullches  [Lo Eucle Pabgue no pover Assembly srroeOn Frasture 1| 7[Swonger marerial, FEA analysi=
kmpact Fatigue bad 5[ Aszembly errce 1 E!Qhungw material, FEA analysis

14




