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1. ABSTRACT

A planar bipedal robot, MABEL, is designed to test new control algorithms that optimize walking and
running. MABEL’s legs are currently terminated in point feet that contribute to instability when walking
over uneven terrain or running. Feet would improve energy efficiency and the ability to walk over uneven
terrain. Our task was to design, build, and test a set of feet for the robot. These feet must improve stability

and efficiency, have sensors to detect the ground contact, and move freely normal to the direction of
motion.



2. EXECUTIVE SUMMARY

MABEL is a planar bipedal robot used to test control algorithms for achieving robust walking and stable
running gaits. She is connected to a boom which allows her to walk in a circle with a large enough radius
to approximate planar motion. MABEL’s legs are terminated in point feet. This does not provide much
traction and stability while walking over uneven terrain and running. Our task was to design, build and
test a set of feet for the robot MABEL that will improve the energy efficiency of running and walking as
well as her ability to walk over uneven ground.

These feet must meet a number of customer requirements in order to be a viable design. The feet must be
able to handle the loads from MABEL while she is walking, running or hopping. From previous data
these loads peaked around 2000N; therefore it is a goal to design the feet to withstand loads of 4000N
providing a safety factor of two. Since MABEL is constrained by a boom, simple trigonometry shows that
as she moves up and down while walking, her distance from the center of the boom will fluctuate.
Therefore, the feet must have a degree of freedom in the direction normal to motion allowing for a 3-4 cm
shift. The feet must also be an acceptable size. Comparing dimensions from human and prosthetic feet,
MABEL’s feet will need to be 7-12cm wide, 18-31cm long and have a surface area contact of at least
50cm?. The feet also need to be passive, which means that they can have no spring-like properties and
will consume no power. The reason for this being, if the feet produce a large dynamic response they will
interfere with current control algorithms. In order to prevent large amount of energy storage and release
from the foot material, we will be using a material with a Young’s modulus greater than 60Gpa. Other
requirements include the feet being lightweight, less than 1.3 kg, having sufficient traction with the wood
surface she walks on to prevent slipping (coefficient of friction 0.5-0.8) and increasing the stability and
efficiency of MABEL. Lastly the feet must be easily attached or removed in less than 30 minutes, while
staying firmly attached during testing.

The main challenges that we encountered during our design, manufacturing and testing process include,
achieving a degree of freedom normal to MABEL’s direction of motion, the tradeoff between weight and
the ability to withstand load, designing testing procedures, and the manufacturing time constraint.

In order to meet the sponsor requirements and overcome the main challenges of this project, we began
with a functional decomposition. This breaks up the foot into the main function it needs to perform and
then the sub functions of those main functions. From this we brainstormed all the possible solutions to
each of these sub functions. These brainstorms for each sub function were then combined in various ways
in order to solve the main functions. We created five main concepts from the solutions to each sub
function. These five designs were then evaluated using Pugh charts to weigh their strengths and
weaknesses in relation to the customer requirements.

This analysis led to our Alpha design, a hinged ankle. This design relies on a curved front and side profile
and a hinged ankle to provide maximum efficiency and motion normal to the direction of walking. This
design also eliminates the need for wheels, and therefore makes the design lightweight, which is
important because if it is too heavy the control algorithms would need to be rewritten.

We performed stress, dynamics, trigonometry and material selection analysis to obtain a final design. We
then manufactured and performed validation testing on our prototype to ensure that the proposed design
will meet all of our sponsor’s requirements and our engineering specifications. The purpose of this paper
is to detail the final design and the analysis and validation used to explain how and why it will work. This
paper also describes both the offsite and in house machining plan, along with a detailed plan for
assembly.



3. INTRODUCTION

MABEL is a planar bipedal robot, as shown below. She is composed of five links that form a torso and
two legs with knees. The legs currently terminate in point feet, which are wheels that allow for movement
normal to MABEL’s direction of motion. MABEL is attached to a boom and walks in a circle; the radius
is sufficiently large so that this motion approximates locomotion along a straight line. She walks up to 1.5
m/s and is currently the fasted bipedal robot. The goal of our project was to design, build and test a set of
feet for the robot. These feet will help to improve the stability of the robot as well as enhancing its
efficiency and ability to walk or run over uneven terrain. These feet must be allowed to move freely in the
direction normal to the robots motion, and have contact sensors to detect when the foot is in contact with
the ground. Figure 1 shows MABEL walking connected to the boom.

Figure 1: MABEL Shown with Point Feet and Connected to a Boom

Point feet

The sponsor for the project is Professor Jessy Grizzle. He, along with engineers from Carnegie Mellon
and his team of graduate students, designed MABEL to test new control algorithms that will make the
robot both a robust walker and a fast runner.

Two main goals for MABEL are to achieve a stable running gait and to be able to step up and down a
standard US stair (7% inches). The addition of feet will allow for increased stability when walking over
uneven terrain and enhanced efficiency while walking and running. The creation of a robust set of feet by
our team and a refinement of control algorithms done by Professor Grizzle and his students will help
MABEL achieve these goals.

To determine our customer requirements, our team met with our sponsor, Professor Grizzle, and his
Graduate student Hae-Won Park, to discuss project requirements. From this meeting we created a list of
customer requirements. To determine the relative importance of the project requirements, we asked both
Professor Grizzle and Hae-Won to rank the twelve requirements from 1 to 12, 12 being the most
important and 1 being the least important requirement. Table 1 shows the list of requirements and their
corresponding weight based on Professor Grizzle and Hae-Won’s rankings.



Table 1: Customer Requirements and Corresponding Weights in Order of Most to Least Important

Rating: | Customer Requirement:

12 Withstands Load
11 Stays Attached

10 Realistic Size

9 Passive (no motors/actuators)
8 Lateral Movement
7 Has Sensor

6 Light Weight

5 Traction

4 Easy to Attach

3 Stability

2 Efficiency

1 Fatigue Life

The requirements were further classified into different categories. The requirements listed as 12-10:
withstands load, stays attached, and realistic size are specifications that every mechanical design must
have and are absolutely necessary. Our design must withstand the load produced by MABEL while
standing, hopping, walking, and running. In order to ensure the feet are secured to the robot a staunch
attachment from foot to shin must be designed. Our sponsors have given us the freedom to machine
MABEL’s existing shins in order to create this attachment. The feet must be a realistic size. Feet too large
would be analogous to a person walking with skis and feet too small would be akin to walking on one’s
heels.

Requirements 9-7: passive, lateral movement, and has a sensor are categorized as actual requirements for
MABEL. Our design must be passive and not have a dynamic response. Therefore the foot mechanism
should not store or release large amounts of energy by means of springs or actuators. Because MABEL is
attached to a boom she is constrained to follow the boom. Therefore when she steps she raises the boom
and slides 3-4cm closer to the center of the circle, which can be explained by simple trigonometry.
Consequently, our design will need to allow for lateral movement which is movement normal to
MABEL’s direction of motion. Also a contact sensor that enables MABEL to sense ground contact is
necessary for the control algorithms used on MABEL, so we will have to incorporate this sensor into our
design.

Requirements 6-2: light weight, traction, easy to attach, stability, and efficiency are parameters that would
be beneficial to MABEL but are not required. The robot’s size and weight is similar to a human, so the
weight of the feet should also be similar to a human’s. A foot that is too heavy will make walking or
running difficult or impossible for MABEL. Traction is a parameter that will be dependent on foot
material. We will have to consider the surfaces and inclines MABEL walks on and determine a material
that will restrict slipping of the foot. The feet must be easily attached and removed from MABEL in order
to speed up turnaround time if repairs need to be done or they need to revert back to point feet. The feet
need to keep MABEL stable while walking on uneven terrain, and efficient while running and walking.
Finally, fatigue was listed as least important because MABEL is only run approximately 1-2 hours per
month.



4. ENGINEERING SPECIFICATIONS

Using our sponsors’ requirement rankings, we created a Quality Function Deployment (QFD) diagram,
found in Appendix A. By examining the relationship between customer requirements and the engineering
specifications, we determined the most and least important engineering specifications and their
corresponding quantifications, shown in Table 2.

Table 2: Technical Engineering and Corresponding Weights in Order of Most to Least Important

Rating: | Technical Specification: Quantification:

13 Weight <1.3 kg each

12 Width 7-12 cm

11 Strength Withstands Load of
4000 N

10 Height (from foot to leg) <20cm

9 Length 18-31 cm

8 Radius of Curvature ~Leg Length

7 Coefficient of Friction 0.5-0.8

6 Power Consumption ow

5 Stiffness E >60 GPa

4 Move Laterally 3-4 cm with 65 kg Load

3 Sensors: Displacement of Contact <lmm

Switch
2 Time to Attach ~30 min
1 Surface Area Contact with Ground | 50 cm?

For our project we designed, built, and tested a set of feet for the planar bipedal robot, MABEL. The
specifications are as follows:

e The feet must be lightweight in resemblance of a human foot. Each foot should be no more than
1.3 kg as heavy feet will disrupt the proper walking motion of MABEL.

e The feet must be of realistic size when compared to a human foot, with a length of 18-31 cm and
a width of 7-12cm [6].

e The feet must withstand a load of 4000 N. MABEL herself has a mass of 65 kg and is expected
to experience impulse loads up to 2000 N while running. We would like the feet to have a safety
factor of 2 for failure so having the feet withstand 4000 N is our goal. Using force balances and
accurate estimation methods we calculated whether our foot design will be able to handle the
applied load before we begin manufacturing.

e The feet, once fixed, must remain attached to MABEL. To properly secure the feet to MABEL,
Professor Grizzle has given us permission to redesign the bottom 20 cm of MABEL’s shin in
accordance to how we choose to attach the feet. A schematic of MABEL’s lower leg is shown in
Figure 2.



5.

Figure 2: Allowable Distance from Foot to Leg

To achieve an energy efficient foot without the use of motors or actuators, the feet must be of a
curved rather than flat design. We will use a relationship between leg length and radius of
curvature of the foot found by Professor Kuo. His research suggests that the radius of curvature
of the foot should be equal to the length of the leg for energy efficient walking [1].

The feet must provide traction when MABEL is walking. Materials possessing high coefficients
of friction between 0.5-0.8 will need to be incorporated into the design of the bottom surface of
the feet [12].

The feet must be a passive design with no actuators of any kind. Having the feet possess spring-
like properties of storing and releasing energy is also prohibited as this would disrupt the control
algorithms being used for correct walking motion. A material with a high Young’s Modulus (a
measure of stiffness) is ideal since a negligible amount of energy will be stored and released
during walking. A suitable stiffness would be ~60 GPa, which is the modulus of elasticity of
aluminum [5].

The feet must have a degree of freedom that is normal to the walking direction. As MABEL
walks, her torso and the attached boom slightly bob up and down. Simple trigonometry shows
this bobbing alters her horizontal position by 3-4 cm. It is this small change in horizontal position
that drives the requirement for a degree of freedom normal to the direction of motion. This is a
unique challenge and the design must allow for the freedom of motion normal to the walking
direction at all points of contact on the foot.

Each foot must have at least one contact sensor that determines when that foot impacts the
ground. This sensor must be activated by a displacement of less than 1 mm and is important for
the proper function of the control algorithms

The feet must be easily attached to MABEL. In case anything goes wrong with the feet or shins
of MABEL, the feet should be easily detached and reattached in around a half hour.

The feet must have a surface area in contact with the ground greater than 50 cm?®. This number
was generated from the proposed length and width dimensions of the foot, taking into
consideration the rolling contact. The increased surface area from the point feet will assist
MABEL in walking on more diverse terrain and improve stability and traction.

INFORMATION SOURCES

To learn more about our project and to see what kind of work has been done in the area of prosthetic and
robotic feet, we have found multiple patents and scientific journal articles that relate to our project. Also,
many information sources that we found were used to obtain general knowledge. Therefore, they are not
specifically cited in this report however all of these sources can be found in the References section. We
have also interviewed Professor Art Kuo, an expert in the field of foot prosthetics and robotics in order to
gain insight into his research and also ask for his opinions about some of our concepts [10]. Finally, we



have used Mechanical Engineering textbooks to obtain equations that will govern the design of our
prototype.

All of the patents that we have found are with an energy storage and release mechanism. We were
specifically asked not to include an energy storing mechanism in our device; however other aspects of the
designs that are exhibited in these patents offer possible solutions to some of our design problems. For
example, there are patented designs that exhibit multiple “toes” that would allow the foot to be more
stable while walking on uneven terrain [2]. There is also a patent for a prosthetic foot that is made out of a
carbon composite material [7]. Using a composite material could decrease the weight of the foot while
also providing an acceptably large amount of strength. The drawback of using composite material would
be difficulties machining it and cost.

We have also found articles from various scientific journals that contain useful information for our
project. We found multiple articles written by Professor Art Kuo, a Mechanical Engineering professor
here at the University of Michigan, that discuss the dynamics of walking as well as discussions of
different approaches to bipedal robotic motion [1]. We also found articles that discuss bipedal robots
other than MABEL, such as the M2V2 made by Yobotics, Inc [11], and how these robots use feet in their
walking dynamics. Furthermore, we found articles that discuss the biomechanics of various types of
prosthetic feet such as the Solid Ankle Cushioned Heel (SACH), Single-Axis [13], and Semi-Circular [3]
designs. We also found articles that relate to the use of omni-directional wheels [4]. The information in
these articles could be useful as we try to design a mechanism that allows our designed feet to move
laterally while the foot is planted.

While we have found articles that deal with omni-directional wheels, the applications for these wheels as
discussed in the articles are quite different from our intended application. Since the idea of a robotic or
prosthetic foot that needs to slide laterally is fairly novel, we must extrapolate a design that allows us to
meet this design requirement. Also, we would like to have a deeper understanding of the interaction of
robots and prosthetic feet so that we can generate the best design possible. Professor Kuo is an expert in
both the field of prosthetic feet and that of robotics, so we have scheduled an interview with him so that
we may discuss the findings of his research as well as discuss design considerations with him.

To gain a deeper understanding into the interaction of robots and prosthetic feet, we interviewed Professor
Art Kuo. During this interview, we described our project to Prof. Kuo and asked for his feedback in
regards to our concept designs as well as clarifications to the results of his research that we had previously
found. During the interview, we first asked Prof. Kuo about his research regarding the ideal radius of
curvature for a foot to obtain maximum energy efficiency. He informed us that, ideally, a foot would have
a radius of curvature equal to the length of the leg. This is different than the relation that we found in our
literature review but Prof. Kuo informed us that the relation published in his article was to be used if a
radius of curvature equal to the leg length was impractical. We also asked Prof. Kuo about how energy
efficiency is increased by having curved feet. He told us that with point feet, much of the energy of the
foot is used in the collision of the foot with the ground. With a curved foot, this energy is transferred into
motion, instead of being dissipated in the collision. For our designs, this means having multiple wheels to
simulate a curved foot would improve energy efficiency but this still results in multiple discrete collisions
which lead to energy loss. The ideal design (in terms of energy efficiency) would have no wheels and
instead have a curved contact surface. With this in mind, Prof. Kuo told us that for our wheeled designs,
we would want as many wheels as possible to reduce the energy lost in each collision. He also said that
longer wheels (in the direction of the foot) would limit the number of collisions and make the motion
smoother. Prof. Kuo liked the idea of a hinged ankle and urged us to strongly consider it for our final
design as long as it would meet all of the customer requirements.
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To obtain the equations that will govern the design of our prototype, we used Mechanical Engineering
textbooks. In Statics and Mechanics of Materials by R.C. Hibbeler [8] we found equations that allowed us
to calculate the stress that the foot would experience throughout its motion. From these equations, we
obtained the minimum dimensions for our foot design. Also, we used the textbook Systems Dynamics by
William Palm [11] to obtain equations for linear and torsion springs. To obtain proper speeds for
machining, we also used The Machinery’s Handbook.

6. CONCEPT GENERATION

To begin generating concepts, our team used the method of functional decomposition to break down the
design into the functions and sub-functions it needed to accomplish. We then looked at each subsystem of
the foot and generated as many concepts as possible for each subsystem. We then evaluated how each
concept within each subsystem accomplished the given functions. From here, the concepts from each
subsystem were combined to create many different concepts, five of which are presented in detail.

6.1 Functional Decomposition
From our customer requirements, we were able to find six overall functions that our foot design must
accomplish. These functions are shown in our functional decomposition diagram in Figure 3.

Figure 3: Functional Decomposition Diagram

Attaches to Motion Normal to Senses
Leg Walking Ground
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Our design must allow for attachment to the current MABEL leg. To attach to the leg, the foot needs to be
constrained so that it does not move in relation to the leg. Another sub-function is that our attachment
mechanism needs to handle the load exerted by MABEL. Some sub-functions of handling the load
include no significant deformation as well as no failure or fracture due to the load.

The foot must allow the leg to move in direction normal to motion. For this motion to occur there needs to
be low resistance to motion in the lateral direction.
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The foot must provide stability to MABEL. To provide stability to MABEL, the foot must support the
load that is exerted by MABEL without failure and must have a maximum amount of surface area that
contacts the ground.

The foot must increase energy efficiency. To increase the energy efficiency of the robot, the foot must be
light weight; otherwise MABEL will use too much energy while trying to swing her legs. In order to
increase energy efficiency the foot will have a radius of curvature, this rolling contact decreases the
amount of energy lost when the foot collides with the ground. The ideal radius of curvature to maximize
efficiency is approximately equal to the length of the leg [9].

The foot must provide traction at ground contact. To provide traction, the foot must have a high
coefficient of friction between the foot and the ground in the direction of motion. Also, increasing the
surface area that contacts the ground will allow greater traction.

The foot must sense contact with the ground. To sense ground contact, the foot must have a mechanism
that compresses by less than one millimeter when the foot is in contact with the ground in order to trigger
a contact sensor.

6.2 Brainstorming
We split up the foot design into five main subsystems. We then generated multiple concepts for each
subsystem which were then used to generate the overall concept designs.

6.2.1 Foot to leg attachment

This design needed to be decided on quickly, as we had to send in our CAD drawings to MABEL’s
machinist so that they could re-make the legs to our specifications. We decided on using an adaptor plate
that fits inside of MABEL’s legs and bolts to the legs from the side. The plate then has four holes through
the top, which allow the foot to be attached, see Figure 4. There are also four bolts through the side that
allow for the plate to leg attachment. Also, we will fix a contact switch to the adaptor plate, as well as
rubber stoppers. The rubber stoppers will allow the contact switch to be depressed when MABEL is in
contact with the ground, see Figure 4.

Figure 4: Foot-to-Leg Adaptor Plate
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Figure 5: Contact Sensor Placement

6.2.2 Ankle design

The ankle for our foot can either be rigid or jointed. A rigid ankle is very straightforward and is a simple
bar. The lateral motion of the foot would be provided by the contact surfaces at the bottom of the foot. For
a jointed ankle, we first discussed having a joint that allows the foot to roll in the heel to toe direction
with the thought that this may provide a more stable and natural gait. Also, we discussed having a joint
that allows the foot to roll in the sagital direction. This could give the foot the necessary degree of
freedom in the direction normal to motion provided that the bottom of the foot has a curved front profile,
allowing the foot to roll.

6.2.3 Foot plate

We generated many concepts for the foot plate, all of which can be seen in Appendix 11. One concept is
having two lines of wheels (or similar rolling objects). This would increase the total surface area in
contact with the ground but would also weigh more. This “double ski” concept was further split up in that
the lines of wheels could either be parallel or they could be angled in a “V” shape. Another variation of
the double ski concept was having the wheels be either in-line with each other or be staggered. The
double ski idea led to a similar idea of only one line of wheels (single ski). Also, the front profile of the
foot plate could be curved (which would allow the foot to roll if the ankle was jointed), or flat (which
would be appropriate for a wheeled/sliding foot or for a foot with varying wheel height).

6.2.4 Contact surface attachments

If we wanted to use wheels on our foot to allow lateral motion, one way to attach them to the foot is to
mount the wheels around the shaft of the foot. Another concept to attach the wheels is to embed the
wheels in the foot. Also, the wheels could be attached at the edge of the foot where we would cut out slots
into the foot so that the wheels could be more easily fixed to the foot plate. Another concept is that the
foot plate would have holes drilled through it and each wheel would be attached to shafts of varying
heights. The wheels would then be bolted through the holes in the plate such that the varied height of the
wheels simulated a radius of curvature for the foot.

6.2.5 Contact Surfaces

The contact surfaces are, in general, what allow the foot to move in the direction normal to motion and
also provide the ground contact surface area. The standard idea for contact surfaces was to use a
skateboard or roller-blade wheel, which is what MABEL currently uses. We also considered using only
bearings in direct contact with the ground. Another possible concept is to use barrel-shaped rollers. These
are longer than normal wheels, so would provide an increased surface area. For all of the above concepts,
we considered sand-blasting the contact surface or covering the surface in a rubber material to increase

13



the coefficient of friction. We also thought of using a “paint roller” design where the entire foot rolls
about a shaft through the middle. Another concept was to connect treads in between the wheels. This
would increase the total amount of contact surface area. We also considered having the contact surface be
a simple sliding surface.

6.3 Five Main Concepts

From the subsystems detailed in the previous section we were able to take the most promising aspects and
combine them into many different designs. This section will detail five main designs. Each design has a
radius of curvature in the side profile equal to the length of the leg. Research done in biomechanics and
walking dynamics, by Professor Kuo here at the University of Michigan, shows that this radius of
curvature provides the maximum energy efficiency for walking. A curved foot reduces step-to-step
transition energy costs by the rolling motion it provides. A larger radius of curvature, such as one
equivalent to leg length, reduces the work performed on the center of mass during the step-to-step
transition. Our design needs to move normal to MABEL’s walking direction (lateral motion). All of the
designs meet the customer requirements which are detailed in Table 1.

6.3.1 Tank treads with varying wheel height

The first design is based on the concept that the foot plate does not have to be curved in order to achieve
the desired radius of curvature for increased efficiency. This curvature can be approximated by
introducing a series of wheels with varying heights. These wheels will be adjusted in order to mimic the
radius of curvature that provides maximum efficiency. The wheels will be arranged in two rows parallel
to one another, like a pair of skis. To further enhance the function of this design “tank treads” are
threaded around the wheels. This allows for the necessary lateral motion while increasing the surface
contact area, and therefore increasing the traction. The two lines of wheels also increase the stability of
this design.

Figure 6: Tank Treads with Varying Wheel Height

) verded

6.3.2 Hinged Ankle

The next design is a hinged ankle. The concept is based on eliminating wheels from the design and
allowing a curved front profile, along with a hinged ankle, to provide the necessary lateral motion. This
design will also have the radius of curvature from the side to provide maximum efficiency. Therefore, the
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foot will have a curve in both the lateral direction and forward direction. The foot plate will have a flat
surface for easy attachment of the hinged ankle. The ankle will consist of an axle to provide the motion.
The motion will be controlled with torsion springs and a set of bumpers.

Figure 7: Hinged Ankle

6.3.3 Single Slider

The Single Slider design is the simplest of the five main concepts. It relies on an extremely low
coefficient of friction so that the foot can glide effortlessly across the wood floor, in the lateral direction.
The foot has a flat front profile, and is a ridged ankle attachment. The entire foot can be cut from a single

piece of material.
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6.3.4 Edge Pocket

The edge pocket design is made from a single block of material this provides ease of manufacturability
along with the ability to withstand the loads. The wheels are attached through the use of carving pockets
out of the sides of the main block and threading axles into these pockets. The radius of curvature in this
design is achieved through varying wheel heights as in the tank tread design.

Figure 9: Edge Pocket

6.3.5 Around Shaft

Lastly, the around shaft design is based off a pair of skis. Two circular shafts with the proper radius of
curvature run parallel to one another. Around these shafts, wheels are fitted to allow the lateral motion,
and the two skis are attached in the middle by the ankle fixture.

Figure 10: Around Shaft
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7. CONCEPT SELECTION PROCESS

We determined our top five concepts and used a Pugh Chart, shown in Figure 11 to evaluate each design.
The top five designs are: Hinged Ankle, Treads, Single Slider, Edge Pocket, and Around Shaft. The Pugh
Chart compares the five designs based on our customer requirements. We added manufacturability to the
customer requirements even though our sponsors never specified this as a requirement. When picking our
top five designs we considered the difficulty to machine each design and rejected some concepts because
it would be too difficult or time consuming to machine. Therefore, we felt it was very important to
consider when choosing an alpha design and added it as a requirement in the Pugh Chart.

Figure 11: Pugh Chart
Customer Reguirements Weight Hinged Ankle Treads Single Slider Edge Pocket Around Shaft

Withstand Load 12 0 0 + + 0
Stays Attached 11 0 0 0 0 0
Realistic Size 10 0 0 0 0 0
Passive 9 0 0 0 0 0
Lateral Movement 8 + ] --- ++ ++
Sensor 7 0 0 0 0 0
Lightweight 6 + -- ++ -- 0
Increase Traction 5 ++ + 0 0
Easy to Attach 4 0 0 0 0
Increase Stability 3 ++ 0 0
Increase Energy Efficiency 2 ++ - + 0
Mot a customer reqg
but should be takem
Manufacturability 1 + - into account

Total 24 -4 -4 17 12

For each requirement in the Pugh Chart, we gave it either a minus, “-”, if the design has difficulty
achieving the requirement, a zero, “0”, is neutral, if it neither supports nor hurts the requirement, or a
plus, “+”, if it readily achieves the requirement. We gave one to three plusses or minuses based on how
strongly the concept fit the above criteria. Using the individual weights for each requirement, we
determined a score for each design and established an alpha design.

The tread design tied for the lowest score receiving a -4. Although it would increase traction and provide
the most stability over any other concept, it is the heaviest design, would be inefficient, and difficult to
manufacture. The weight is due to the large amount of material needed to create two skis, the number of
wheels necessary to approximate the desired radius of curvature, and the treads. The efficiency is affected
because as the foot rolls it will be a series of point contacts rather than a smooth surface, which allows the
contact to be transferred to motion.

The single slider tied with the tread design for lowest score. It received good marks for withstanding load,
lightweight, increase stability, increase energy efficiency, and manufacturability. This design received
minuses for lateral movement, one of the essential design parameters. The single slider requires a material
for the foot that would allow the foot to slide normal to MABEL’s walking motion. Due to the large
normal force from MABEL, this requires the coefficient of friction to be extremely low for this lateral
movement to be feasible. We were unable to find a material that could provide a low enough coefficient
of friction in the lateral direction while providing traction in the direction of motion because of this the
design also received a low score for increasing traction.
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The around shaft design received a score of 12. It would provide lateral movement better than most other
designs but would not increase energy efficiency, due to point contacts and be difficult to manufacture,
because we would need to be fitting wheels and holding them in place around a curved shaft. All other
customer requirements received a zero for this design because it would neither help nor hurt the
requirements.

The edge pocket concept received a score of 17. It would withstand the load and provide lateral
movement because of the high surface area contact with ground the design provides. However, it received
minuses for lightweight since the wheels and solid plate desigh would add a significant amount of weight
to the foot. The radius of curvature in this design is achieved through varying wheel heights as in the tank
tread design; this limits the efficiency of the design.

Finally, the hinged ankle received the top score of 24. The ankle would provide lateral movement, be
lightweight since there are no wheels on this design, increase traction because there are no wheels so there
is a lot of surface contact with the ground, and increase energy efficiency due to the continuous curve.
The challenges with this design are the stability and manufacturability due to the fact that there are many
small intricate parts in the hinge.

8. Engineering Design Parameter Analysis
Our foot parameters were determined through analysis of stress, trigonometry, as well as spring
dynamics. All calculations and results can be found in Appendix F. While walking, MABEL is constantly
experiencing relatively high stresses. Due to this fact most of our foot’s parameters were determined by
ensuring that they would be able to withstand the forces exerted by MABEL. In order to increase walking
efficiency and allow for rolling motion in the direction normal to MABEL’s walking motion;
trigonometric analysis was conducted to determine the proper curvatures for the feet and angle of rotation
for the lower ankle. Both axial and torsion spring analysis was carried out to ensure that our ground
contact sensors and ankle pivot joint would function properly.

8.1 Attachment Plate Stress Analysis

We identified the areas of our basic foot design that we believed would experience the most stress. These
areas being those of high shear stress concentration: where we used fasteners to connect our attachment
plate to MABEL’s existing shin, where the ankle joint axle passes through the upper ankle housing, and
where we connect the foot to the lower ankle. Also areas of high bending stresses including the foot, the
lower ankle, the ankle joint axle, and the upper ankle housing were identified. Once we identified the
“danger” areas for stress concentration we moved forward to calculate the maximum stresses at these
locations. We started by calculating the maximum shear stress exerted on the four bolts connecting
MABEL’s shin to the attachment plate using a manipulation of the shear stress formula and shear stress
criterion.

Shear Bolts shin to attachment plate: =~ (0.577) = iz
X NmD

We found the stress exerted on each bolt to be 12 kips, for the average load of 450 Ibs, which is less than
the 72 kips yield strength of each bolt. For the impulse load of 2500 Ibs we calculated the stress on each
bolt to be 22 kips which is still far less than the bolt yield strength.

a'y F

Bearing Stress on attachment Plate: =+ =—
Xs  ND(1-t)
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We determined the minimum allowable bolt diameter to be 0.0338 inches for the average load and 0.0625
inches for the impulse load. We chose a much larger bolt diameter of 0.25 inches.

Using this data along with a bearing stress calculation on the attachment plate, and the fact that the
attachment plate’s dimensions were pre-constrained to fit within MABEL’s existing shin, we were able to
define a minimum bolt diameter and length, as well as the necessary bolt material to prevent failure due to
shear of the bolts, and failure due to bearing stresses on the attachment plate, both with suitable safety
factors. We then used another manipulation of the shear formula in order to calculate the edge shear
stresses exerted on MABEL’s shin.

Edge shear on MABEL shins: 2~ (0.577) = £
Xs Nat

We calculated a minimum distance from the edge of the shin of 0.0225 inches for the average load and
0.042 inches for the impulse load. We chose a distance of 0.4 inches.

Using this data we were able to determine the minimum thickness needed for MABEL’s shin as well as
the minimum distance necessary from the edges of the shin for the fastener holes to be placed in order to
withstand edge shearing. These parameters were determined first as we needed to send out our
modifications to MABEL’s shin and dimensions of the attachment plate in early October so that they
would be machined and returned in time for our prototype assembly.

8.2 Foot Plate Stress Analysis

We then focused on defining the major parameters of the actual foot design. With the constraints of
having the foot be a realistic size and under 2.86 Ib we decided we wanted our foot to have a width and
length similar to that of a human foot: 4 inches and 8 inches respectively. Using general engineering
knowledge we knew the maximum stress of the foot would be a bending stress occurring where the foot
meets the lower ankle at the end of a step when the front of the foot is pushing off the ground. Using a
bending stress equation and estimating the cross section of the foot to be that of a rectangular shape we
were able to determine the minimum foot thickness to handle the applied bending stress with a suitable
safety factor.

i : Iy _ SFL
Foot thickness: X, = on2

We calculated a minimum foot thickness of 0.5 inches for the average load and 0.685 inches for the
impulse load. We chose a thickness of 0.787 inches.

We desired the minimum foot thickness in order to keep our design at the lowest mass possible. We also
knew that a large shear stress would occur on the two bolts connecting the foot to the lower ankle due to
the tangential force that occurs when the foot hit the ground. Again, using the maximum shear stress
formula we calculated the stress exerted on these two bolts to ensure that the bolt material and diameter
previously chosen to fasten the attachment plate would not yield, with an exceptional safety factor, if they
were used to fasten the foot to the lower ankle as well.

4F(1+sin0)
TND?2

Shear of bolts foot to lower ankle: % (0.577) =
We found the stress exerted on each bolt to be 29 kips, for the average load of 450 Ibs, which is less than

the 72 kips yield strength of each bolt. For the impulse load of 2500 Ibs we calculated the stress on each
bolt to be 52 kips which is still far less than the bolt yield strength.
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8.3 Lower Ankle Stress Analysis

Next, we moved on to defining the lower ankle dimensions. The lower ankle experiences the most stress
when the foot first impacts the ground. This is due to the fact that the foot contacts the ground at a 30
degree angle which causes a normal and bending stress to be exerted on the lower ankle. Using a
maximum stress formula combining both the normal and bending stresses we calculated the minimum
cross sectional parameters necessary for the lower ankle to resist yielding with an exceptional safety
factor.

gy — 6FL(1+sinf8) = Fcos6

Shaft Area: %, ™y ™

We calculated a minimum shaft thickness of 0.305 inches for the average load and 0.42 inches for the
impulse load. We chose a thickness of 0.591 inches.

At this point we used an estimation for the length of the shaft as the cross sectional dimensions of the
lower ankle are the dominant parameters in the bending and normal stress formulas. We also did a stress
analysis on the snap rings that are along the axle to ensure that they will not fail when the foot strikes the
ground. Once again the minimum parameters are desired because we want our design to have as little
mass as possible.

8.4 Upper Ankle Stress Analysis

Lastly we focused on the ankle housing which experiences normal, bending, and potential edge shearing
stresses. Edge shearing can occur where the ankle joint axle is secured in the upper ankle outer walls.
Utilizing the previously stated edge shear formula we were able to calculate the minimum wall thickness
of the upper ankle housing, as well as the minimum distance that the axle holes need to be placed from
the top edge of the housing, both with a suitable safety factor, in order to prevent failure due to edge
shearing.

Edge shear on upper ankle housing: % (0.577) = Niat
S

We calculated a minimum distance from the edge of the ankle of 0.075 inches for the average load and
0.139 inches for the impulse load. We chose a distance of 0.5 inches.

Also using a simple force balance equation we calculated the forces exerted on the two bushings that
house the ankle joint axle and their necessary tensile strength to prevent failure with a suitable safety
factor. When the lower ankle rotates to allow rolling motion in the normal to MABEL’s walking direction
its angle of rotation is bounded by the inner wall surfaces of the upper ankle housing that are
perpendicular to the sides that experience shear stress. As the lower ankle contacts the inner wall surface
at a 29 degree angle it exerts a normal and bending stress on that section of the wall. Using a max stress
formula including the normal and bending stresses exerted, we calculated the minimum wall thickness
necessary to handle these stresses with a suitable safety factor.

h—t
. . o 6FLcos6(——) Fsin®
Housing thickness: 2= 2 sin
Xs  bh3—(b-2t)(h—-2t)3 ht

We calculated a minimum housing thickness of 0.025 inches for the average load and 0.035 inches for the
impulse load. We chose a thickness of 0.225 inches.
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A large bending stress will also be exerted on the ankle joint axle that is secured in the upper ankle
housing. Using a bending stress formula and the axle material of steel we determined the minimum axle
diameter necessary to withstand the failure due to bending.

Oy _ 32FsinfL
Xs  mD3

Axle diameter:

We determined the stress exerted on the axle to be 96 kips which is less than the 100 kips yield strength
of the axle.

8.5 Rolling Motion Trigonometry Analysis

With all of our major structural parameters determined we then moved forward to more intricate details of
our design. These details included using trigonometry to evaluate the proper radii of curvature for the
foot, the necessary ankle joint height, and rotation angles of the ankle joint. Other intricate details
included determining the necessary spring stiffness and size for our contact sensor rubber stoppers and the
required spring stiffness for our restoring torsion spring in the ankle joint.

In order for our foot to increase MABEL’s energy efficiency we determined from speaking with Professor
Kuo that the radius of curvature of our foot in the walking direction should be equal to the length of
MABEL’s leg. Again, this is because these dimensions allow the leg to roll with a smooth wheel-like
motion while the foot is planted. Using trigonometry we determined that in order for our foot to have
correct wheel-like rolling motion in the normal to MABEL’s walking direction, our ankle joint would
need to be placed in the center of the circle created by the radius of curvature of the front profile of our
foot. Using this idea and the fact that we wanted our ankle joint to be placed relatively close to the bottom
of the foot in order to reduce the bending moment on the lower ankle, we generated multiple front profile
designs using different radii of curvature. For each of these designs we used the arc length formula to
calculate the necessary angle of rotation of the lower ankle to achieve the required 3 cm of travel. We
then chose the optimal front profile design based off the criteria that we wanted both the angle of rotation
and joint height to be as reasonably small as possible.

Arc length front profile of foot: S = 6R

We calculated the necessary angular rotation to be 29 degrees.

By defining the ankle joint height we also solidified the length of our lower ankle. Utilizing the required
angle of rotation at the ankle joint we then used trigonometry relations to calculate the new wall thickness
of two sides of the upper ankle housing to constrain the rotation angle to only the desired degree range.
This change in wall thickness only effects the two walls parallel to the joint axle and will not affect the
stress analysis previously done as we are increasing the wall thickness, not decreasing.

8.6 Dynamics and Spring Analysis

For our ground contact sensors to be actuated correctly we needed to analyze the characteristics of the
suggested rubber stopper material with a Durometer rating of 70 Shore A already being used with
MABEL’s existing design. Using axial spring force and axial spring stiffness equations, as well as a
formula relating Durometer rating to Young’s Modulus, we calculated the necessary rubber stopper
thickness and cross sectional area to ensure that the contact sensors will actuate under MABEL’s standing
load.

Axial spring force: F =kx

We calculated the spring stiffness of the material to be no greater than 2085.7 Ibs/in.
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Durometer rating to Young’s Modulus Relation: [1]

Given 70 Shore A rubber, where S=70:

= Q0981(564766+5) _ _ 5544 MPa = 804 Ib/in?
0.137505(254—2.54+5)

Axial spring stiffness: k = EL—A

E=804psi Young’s Modulus; A=area of rubber stopper to which force is applied; L=0.08 inch thickness
of rubber stopper; k=2085.7 Ibs/in spring stiffness of rubber stopper

We determined the required area of the rubber stoppers to be 0.10377 in?.

After generating a few ideas for a hard stop to prevent damaging of the contact sensors, we decided to
mill pockets in the shin attachment plate where the contact sensors would be mounted so that only their
actuator tabs would extend beyond the safety of the attachment plate. In order for our rolling ankle
design to be successful the foot must always contact the ground when it is in the center position of the
upper ankle housing. To accomplish this we decided to use two torsion springs to provide a restoring
force on the lower ankle once the foot is lifted off the ground. While running, MABEL’s foot is only in
the air for 300 ms so we also needed to take into account the settling time of our spring as well. Utilizing
a torsion spring force equation as well as using system dynamics analysis of a spring damper pendulum
system to derive a settling time equation we calculated the required torsion spring stiffness that could
restore our foot to the center of the ankle housing in less than 300 ms.

Torsion spring: FLsinfgr = kOg

We determined the minimum torsion spring constant to be 0.0545 Ibs-in/degree and chose a spring with
stiffness 0.125 Ibs-in/degree

g

ion: j+ 2 gy K pg=9
-motion: 0+_——0+_50=7cosf

4
ty = ————
b2 k
/_* LI
2km | mL?

We calculated our settling time to be 0.238 seconds which is less than the required time of 0.3 seconds.

-settling time:

However, after finding the springs that have the required spring stiffness we discovered their dimensions
were too large to be able to fit two springs in the upper ankle housing, so only one torsion spring will be
used with our design. The use of only one spring will have no negative bearing on our design and will
actually prevent any unwanted harmonics due to the two springs being out of sync.

8.7 Material Selection

For our material selection we used the CES software available to us. With one of engineering
specifications being to keep the mass of the foot under 2.86 Ib and with our foot experiencing high levels
of stress we decided to use the parameters of yield strength over density to create our material election
graph in CES.

. . O
Material selection: Fy
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a,=yield strength; p=density

The CES graph seen in Figure 12 provided us with three main material options: carbon fibers, boron
carbides, and aluminums and magnesiums. With aluminum being much easier to machine and cheaper
than carbon fibers and boron carbide, while still maintaining a relatively high strength to weight ratio, we
determined that type 6061 aluminum would be the best fit for the scope of our project.

Figure 12: CES Material Selection Graph
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8.8 Calculation Accuracy

The level of detail and analysis is appropriate for our design. Since our feet will have to withstand high
loading we analyzed each part of our design from the major components to the fasteners that secure parts
together to ensure they would not yield to stresses each with a high safety factor. We have also made
calculations using impulse loads as high as 11kN and all of our chosen components and parameters can
withstand the stresses exerted with safety factors greater than one. Going a step farther, we calculated the
needed force to cause MABEL’s shins to fail due to shearing of the bolts holding them together and
determined this force was much less than the maximum force our design could withstand. We have great
confidence in the accuracy of our results and have checked them over multiple times as well as having our
sponsors check the validity of the formulas and results we have used and calculated. We have used our
analysis to find the absolute minimum parameters needed for our feet to function correctly. We have
increased all the parameters over this minimum to ensure that our final physical product will be as robust
as possible while meeting the weight requirement.

8.9 Material and Manufacturing Process Selection

Using CES software we were able to analyze the properties of different materials for use in various
components of our prototype. We learned that the strongest material is not always suitable as hardness
plays a major role in the manufacturability of the material, and that it can be these often overlooked,
underlying material properties which end up defining which material suits best. We also used CES to
compare manufacturing processes for our prototype. For our project we determined that the basic milling,
drilling, and turning operations would be best, and due to the complex curvatures of our design that CNC
machines would be optimal, especially for the possibility of higher volume production if other professors
wished to expand upon the current research dealing with MABEL.
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8.10 Design for Environmental Sustainability

Using SimaPro software we were able to compare two different material options from which we would
construct our feet. Analyzing bar graphs of each material’s mass emissions, harmful environmental
effects, normalized environmental effects, as well as a combination of all ecological damages, we were
able to determine the material that has the lesser impact on the environment and a better ethical choice for
our design. We also realized that though we chose the lesser of two evils with aluminum that there may
be another material similar to aluminum that has less of an impact on the environment.

8.11 Design for Safety

Using Designsafe software and our own analysis we were able to create plans for the safe manufacturing,
assembly, testing, and operation of our feet prototypes. The Designsafe software really forced us to think
about every possible safety issue that may arise during this entire design process, this allowed us to
ensure our and those around us’ safety as we machined, assembled, and tested our prototypes.

9. FINAL DESIGN
9.1 Final Design Description
Our final design is very similar to our alpha design, with the main differences being in the actual values
for each dimension. Also, we will be able to fully fabricate our final design, so there will be no difference
between our final design and prototype. Our design ensures that all customer requirements will be met, as

will be shown in this section. A view of our overall final design can be seen in Figure 13.

Figure 13: MABEL Robot Foot Final Design

This design is composed of five main parts; the attachment plate (1), upper ankle (2), hinge (3), lower
ankle (4), and foot plate (5). Detailed drawings for all parts used in our design can be seen in Appendix G.
Also, a full Bill of Materials for both feet can be found in Appendix H. Some overall parameters of our
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final design are: the foot is approximately the size of a human foot (8” long x 4 wide), the entire foot
weighs 2.18 Ib, the foot is passive (i.e. there is no mechanism that aids MABEL in the walking motion),
and the contact surface area of the foot is approximately 30 in>. These parameters alone satisfy the
following customer requirements for the foot, respectively: be a reasonable size, be light-weight (less than
2.86 Ib), be passive, and increase the contact surface area from the current MABEL foot (greater than 8
in). The following aspects of our design satisfy the rest of our customer requirements.

9.1.1 Leg-Foot Attachment

Figure 10 shows how the foot will attach to MABEL’s legs. The attachment plate has four through holes
drilled through the top, each with a diameter of 1/4”. The top of the upper ankle also has four 1/4”
through holes drilled through the top that match those on the attachment plate. We will place ¥4”-20 bolts
through these holes and will secure the bolts using hex nuts on top of the attachment plate (1). This will
fix the foot and the attachment plate together. To fix the attachment plate to the legs, each leg plate has
two 1/4” holes drilled into them. The attachment plate then has two '4”-20 threaded holes on each side
(two of which can be seen in Figure 14) which match up to the holes in the leg. We will then screw ¥4”-20
bolts through the leg holes and into the attachment plate to secure the attachment plate to the leg (2). So,
to attach the foot to the leg, we will only need to screw in four bolts and then tighten four nuts per foot.
This makes our foot easy to attach, which was a customer requirement.

Figure 14: Leg-Foot Attachment Mechanism

9.1.2 Ground Contact Sensor

Another customer requirement for our design was that the foot must have a ground contact sensor. To
achieve this, we will use two contact switch sensors. We will embed these sensors into the attachment
plate using slots that go through the entire plate(1), as can be seen in Figure 11. These slots will allow us
to run the wires for the sensors up through the leg. The sensors will be held within their slots by two 3/8”
long set screws (2).
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Figure 15: Contact Sensor Placement

We will embed the sensors so that only the contact switch itself sticks out of the attachment plate as seen
in Figure 12a (1). Also, there will two 0.093757x0.305”°x0.34” rubber stoppers, one on each side of the
attachment plate, that we will fix to the plate using adhesive (2). When we attach the upper ankle to the
attachment plate, we will tighten the nuts until the upper ankle is tight against these rubber stoppers.
Then, when the foot comes into contact with the ground, the rubber stoppers will compress and the upper
ankle will depress the contact switches (Figure 12b). Also, since the main body of the sensor is embedded
in the attachment plate, the plate acts as a hard-stop so that, even if an unexpectedly large force is applied
to the foot, the sensor will not be damaged.

Figure 16: a) Undepressed Contact Switch b) Depressed Contact Switch on Ground Contact
a) b)

This sensor configuration will allow MABEL to sense contact with the ground every time that the foot
experiences ground contact, which was one of our customer requirements.
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9.1.3 Upper Ankle-Lower Ankle Joint
The lower ankle is connected to the upper ankle through a pin joint (Figure 13). A 1/2” hole goes through
both sides of the upper ankle and steel bushings, with outside diameters of 1/2” and inside diameters of
3/8” fit into each hole in the upper ankle. A 3/8” diameter steel shaft then fits into these bushings. The
lower ankle also has a 3/8” hole that the axle fits into, allowing the lower ankle to rotate relative to the
shaft. The shaft is constrained laterally, relative to the upper ankle, through the use of two snap rings on
each side of the upper ankle that fit inside grooves that will be machined into the shaft. The lower ankle is
constrained laterally relative to the shaft again through the use of two snap rings on each side of the lower
ankle.

Figure 17: The Upper Ankle-Lower Ankle Joint

Upper Ankle

/Snap Jings \

= ‘ o~

i | o -

{ Axle ! '!

¥ —. 1 \ ! / _‘I}_ )

[~ Bushings //
Lower Ankle

In Figure 17, the upper ankle is transparent so that the inside of the housing can be seen. Also, all parts
except for the upper ankle, lower ankle, axle, bushings, and snap rings have been removed for clarity.

9.1.4 Lateral Motion Achieved by Rolling Ankle

To allow the leg to move 3 cm laterally, the foot currently on MABEL is simply a wheel that rolls in the
direction normal to walking. However, since the necessary lateral distance is only 3 cm, most of the wheel
is not used in this motion. So, our foot will simulate the rolling behavior of a wheel while only using the
arc necessary to achieve the required lateral motion. To achieve this wheel-like motion, the radius of
curvature of the front profile of the foot must be equal to the distance of the ankle joint from the ground
as can be seen in Figure 14(a). So, when MABEL takes a step, the foot plants on the ground and the boom
then pulls the robot, causing it to turn. This makes the foot roll, simulating the motion of a wheel,
allowing the leg to easily translate the necessary 3 cm before the foot is lifted off of the ground to begin
the next step as shown in Figure 14(b). Also, the inside of the upper ankle housing acts as a bumper,
restricting the motion of the ankle so that it cannot roll too far.
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Figure 18: a) Front Profile Radius of Curvature is Equal to Axle Height which b) Allows the Foot to Roll
and the Leg to Translate

radius of
curvature =

This design satisfies the customer requirement that the foot be able to move 3 cm normal to the direction
of walking while the foot is planted.

9.1.5 Torsion Spring

After the foot has completed its rolling motion, MABEL will lift that leg off of the ground. To ensure that
the foot is centered when it contacts the ground on the next step we included a torsion spring along the
axle joint (Figure 19). This spring applies a torque to the lower ankle, swinging it back to the centered
position. The spring is placed along the axle and is fixed to the upper ankle on one side and to the lower
ankle on the other side. To fix the spring, on each ankle part there is a single fillister head screw (a screw
with a hole through the head) that is tightened to the ankle with a matching nut. The flange on each side
of the spring will then slide into these holes, fixing the spring to both parts.

Figure 19: Torsion Spring Centers Foot During Stepping
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9.1.6 Foot Plate
To attach the lower ankle and the foot plate, the lower ankle has two 1/4”-20 threaded holes and the foot

plate has two 1/4" through holes that match these. Two screws are then inserted from the bottom of the
foot plate to attach the plate to the lower ankle. A small recess will be machined into the bottom of the
foot plate so that the screws will not obstruct the walking motion. The foot plate itself has a side profile
radius of curvature of 1 meter, which is equal to the length of the leg. This uses the same idea as the
radius of curvature of the front profile of the foot plate. As the planted foot rotates on the ground, it
simulates the motion of a wheel, since the radius of curvature is equal to the height of the pivot point of
the leg (which is the hip). This smooth, rolling motion reduces the energy loss due to collisions and
instead transfers this energy into motion. Therefore, our foot will increase the energy efficiency of
MABEL, which was a customer requirement. Finally, we were also asked to increase the traction that the
foot provides to MABEL. To this end, we will coat the bottom of the foot plate in 1/16” thick medium
strength rubber. This will increase the coefficient of friction between the foot and the floor, thus
increasing the traction that the foot provides to MABEL.

Figure 20: Foot Plate Features
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In the above figure, the foot plate and lower ankle are transparent in order to see the attaching screws.
Also, all parts except for the lower ankle, foot plate, and screws have been removed for clarity.
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9.2 Fabrication Plan
As described in Section 9.1, the final design consists of three main components. The Foot plate, the upper

ankle and the lower ankle. These parts are shown in Figure 21.

Figure 21: Parts Machined by First Cut
Upper Ankle

Lower Ankle

Foot Plate
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9.2.1 Outside Machining

We sent these parts to a company called First Cut to be manufactured. First Cut provides a CNC
machining service with a 3 day turnaround time. We have chosen to have our parts be sent away because
the company can produce sufficient tolerances, generate the required tool paths from our 3D model, and
provide an extremely quick turnaround time, all for a reasonable cost. These three parts were made from
6061 aluminum. The features with the most important tolerances are the holes for the bushing in the
upper ankle. These need to be the correct size in order to allow for the bushing to be press fit. The First
Cut Company offers a tolerance of £0.005”. In order to ensure a press fit we had them cut the hole 0.005”
small. If the hole turns out too small then we can ream it to ensure a press fit. Along with the fabrication
being done by First Cut, we also performed in-house fabrication on some of our parts.

9.2.2 In-house Machining

First we used a lathe in the ME450 machine shop in order to machine grooves in our steel axle. These
grooves will keep the snap rings, which are used to keep all the components of the upper ankle in place on
the axle, in place. The grooves were machined using a lathe for a turning operation. We will use a parting
tool, with a cutting speed of 150-200rpm; because the axle is made from steel we made shallow cuts. The
grooves will be 0.022”” deep and are shown on Figure 22.

Figure22: Axle Shaft Grooves
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Next, we used a mill in the ME450 machine shop in order to create the slots to house both contact
sensors, and the threaded holes for the set screws that hold the contact sensors in place. The part is square
and is easily be held using a standard vice. We used a %” end mill, with a speed of 3000 rpm. These
values were obtained for 6061 aluminum. The threaded set screw holes were done using a #5-40 drill bit,
with speeds of 3000 rpm. It was then hand threaded in order to hold the set screws. Figure 23 shows the
location of the holes.
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Figure 23: Attachment Plate Modifications
Set screw hole

We will also be widening the holes in the fillister screws in order to allow the torsion spring to fit. The
fillister screws are made from steel. Therefore we will be using a drill press with drill bit of size #30 and
speeds of 150rpm. Figure 24 shows the location and size of the hole.

Figure 24: Fillister Screw

Widened hole

Lastly we shortened the flanges on the torsion spring, so it will fit in our housing. The flanges were cut
using wire cutters as shown in Figure 25. We also be rounded all sharp edges on the design for safety.

Figure 25: Torsion Spring
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9.3 Assembly
Figures 26-37 detail the assembly plan.

Figure 26: Insert the Long Fillister Screw into the Lower Ankle and Tighten with a Nut

(B

Lower Ankle

Figure 27: Insert Torsion Spring into Fillister Screw

Fillister Screw
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Figure 28: Press Fit Bushing into Upper Ankle Housing

Figure 29: Insert Short Fillister Screw into Upper Ankle Housing and Tighten with Nut

Upper Ankle
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Figure 30: Thread Axel through Both Bushings, Torsion Spring and Lower Ankle

Figure 31: Attach Snap Rings into Axle Grooves to Hold Everything in Place

Upper Ankle
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Figure 32: Insert Bolts into Upper Ankle Housing.

Figure 33: Attach Rubber Stoppers to Upper Ankle Housing and Insert Contact Sensor into their
Respective Slots and Tighten with Set Screws

Attachment Plate

Threaded Holes

Set Screws

Rubber Stoppers
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Figure 34: Attach Upper Ankle Housing to Attachment Plate with Four Nuts. Tighten until the Rubber
Stoppers are Resting Closely against the Upper Ankle Housing

Lower Ankle
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Figure 36: Picture of the Foot Fully Assembled

Figure 37: Attach the Foot to MABEL’s Legs with Four Bolts
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10. VALIDATION
Some specifications for MABEL’s foot needed a systematic means to show that the requirement has been
met. We performed tests to validate each specification when necessary. Some engineering specifications
were not validated by means of testing. The specification that the radius of curvature be approximately
equal to the leg length was met by ensuring the foot has a radius of curvature equal to MABEL’s leg
length. The specification that the feet be passive is validated by simple inspection of the foot. The energy
usage of the foot is 0 W and does not have a mechanism that assists MABEL in the walking motion. The
material stiffness specification to have a modulus of elasticity greater than 60 GPa, was achieved by
material selection. We chose 6061 aluminum for the foot material which has a Young’s modulus greater
than 68.9 GPa. The rubber chosen for the bottom of the foot plate has a coefficient of friction of 0.6-0.8.
The coefficient of fiction necessary for sufficient traction for rubber on a wood surface is in the range of
0.6-0.8 [6].Therefore the rubber chosen provides proper traction. The ground contact surface area is 181
cm’ as measured using a CAD program, SolidWorks. This meets and surpasses our specification of 50

cm?.

10.1 Withstands Applied Loads

Shear pins in MABEL’s leg will fail when a force of 4000 N or more is exerted on the leg, therefore the
foot will not experience loads greater than this. To validate that the foot will not fail (deform or break)
under this load, we applied a vertical load of 0 N to 4000 N to the foot. We used an Instron Reversible
Load Cell, Model Number 4206, located in the Walter E Lay Automotive Lab at the University of
Michigan. With the foot assembled, we place the foot with the ankle down and the foot plate facing
upward. The Instron load cell applied the load to the bottom of the foot plate. This simulates the load that
MABEL will apply to the foot. Figure 38 shows the test setup with the foot in the load cell machine.

Figure 38: Shear Test Procedure Setup

S¢ INSTRON

Load applied vertically
downward to bottom of
footplate

We applied a force from 0 N to 4000 N and measured the vertical displacement of the foot. In Figure 39 is
a graph of the force versus displacement. The maximum vertical displacement is 0.7 mm. This is within
the elastic range of steel and therefore is not a permanent deformation. We are confident that this test
validates that the foot will not fail in operation from the applied loads from MABEL.
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Figure 39: Vertical Displacement of Foot from Applied Loads using a Load Cell

Shear Test

4.5 -
3.5 A ¢

2.5 4

Load (kN)

0.
1.5 - 'o"

0.5 '}0'.“ °? L 4
0 T T T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Displacement (mm)

10.2 Moves Laterally
To validate lateral motion, we tested to determine the force required to achieve full rotation of the ankle.
This full ankle rotation provides the necessary 3 cm of lateral motion. The boom exerts a load of 75 N
horizontally on MABEL therefore the load required to achieve full rotation of the ankle must be less than
75 N. To verify that the feet meet this requirement, we placed the foot in the Instron load cell so that the
load cell would come in contact with the attachment plate. We applied a load approximately 1.4 cm to
each side of the center of each foot until the ankle achieved full rotation. The test setup is shown in Figure
40.

Figure 40: Test Setup for Determining Full Rotation of Ankle

Force applied vertically to
ankle 1.4 cm from center

Front view

We obtained the load and corresponding displacement from this test. Using this data we calculated the
moment applied and the angle of rotation. Using the vertical distance from the bottom of the foot to the
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point where the load was applied and the moment, we determined the force required to achieve full
rotation. As shown in the graph below, full rotation can be achieved with a load less than 35 N. Where
there is a sharp increase in load is when the ankle hit the rubber bumper. We have verified that full
rotation is achieved and the foot will move laterally 3 cm.

Figure 41: Torsion Test for Determining Load to Yield Full Ankle Rotation
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10.3 Contact Sensor

Although the contact sensor used meets our requirement of having a contact switch displacement less than
1 mm, we needed to verify that it will be activated when the foot makes contact with the ground. To
verify that the sensor will be activated, we attached the sensor in the housing of the attachment plate.
Using a voltmeter attached to the contact sensor, we pressed down on the attachment plate to activate the
sensor. We verified that the voltmeter registered the switch and that it has made sufficient contact with the
upper ankle. We are confident that the switches work and that our design ensures that the switch will be
activated when the foot makes contact with ground.

10.4 Weight
To verify that the foot is within the specified weight limit, we used a scale in our sponsor’s lab. Each foot
weighs 0.91 kg which is below our specified weight limit of 1.3 kg.

10.5 Easy to Attach

To quantify the ease of attachment for attaching the foot to the leg, we specified the time to attach the foot
(once assembled) to MABEL’s leg to be less than 30 minutes. We each attached the foot to the leg and
timed each member’s trial to obtain an accurate average time. Table 3 shows the time it took each
member to attach the foot to the leg. The average time was 5.24 minutes.

Table 3: Time to Attach Foot to MABEL’s Leg

Team Member Time to Attach
(minutes)

Matt Byrne 4.46

Shane Larkin 5.35

Allison Ryan 5.49

Phil Vanderwall ~ 5.01
Average Time 5.24

40



10.6 Width, Height, and Length

To verify the width is within 7-12 cm, the height from the foot to the leg is less than 20 cm, and the length
of the foot is within 18-31 cm, we used calipers to measure these quantities. Table 4 shows the
measurements of the width, height, and length of each foot. The measurements for each parameter met
our specifications.

Table 4: Average Measurements of Foot Width, Height, and Length

Width (cm) Height (cm) Length (cm)

Team Member Foot 1 Foot 2 Foot 1 Foot 2 Foot 1 Foot 2
Matt Byrne 9.1 9.2 9.0 9.1 19.6 19.7
Shane Larkin 9.1 9.3 9.2 9.1 20.2 20.2
Allison Ryan 9.1 9.1 9.3 9.3 19.7 19.9
Phil Vanderwall 9.2 9.1 9.1 9.1 19.6 19.5
Average

Measurement 9.125 9.175 9.15 9.15 19.775 19.825

11. DISCUSSION

In general, we believe that our design is very robust and effective. Furthermore, we have proven that it
does indeed meet all of our customer requirements. Our novel implementation of a hinged ankle elegantly
solves the design problem of allowing motion normal to the walking direction and our design of a foot
that is curved along the side profile will effectively increase MABEL’s efficiency. However, we believe
that there are some aspects of the design that can be improved upon. The main issue that we had with the
design was the use of the torsion spring. The dimensions of the spring were not what the manufacturer
had specified, so the spring did not fit perfectly into the housing. Also, since we did not have a proper fit,
the spring shifted in the housing when torque was applied in the direction opposite the winding of the
coils. This led us to including a bracket on the housing that held the spring in place. We believe that this
bracket, while necessary, is the most ungainly aspect of our design. To improve the design, the upper
ankle housing could be extended by 1”. This would allow room for a second spring of the same size to be
included on the other side of the lower ankle. We would place this spring such that when the foot rotated
in one direction, then this would apply torque in the direction of the first spring’s windings. Then, when
the foot rotated in the other direction, it would apply torque in the direction of the second spring’s
windings. This design would increase the weight of the foot to 1.1 kg, which is under the weight limit
given in our customer requirements. One final aspect of our design that could be improved is the ability of
the design to withstand high amounts of vibration. This aspect of the design was not considered during
preliminary design; however, after attaching one of the feet to MABEL, we observed that the robot does
apply a large amount of vibration to the foot. To improve the foot’s vibration resistance, we could replace
all nuts and bolts with nylon-lined locking nuts and bolts. These are significantly more difficult to attach
and remove; however, they will ensure that no hardware will vibrate off of the part while MABEL is
walking.

12. RECOMMENDATIONS

First, we recommend that all nuts and bolts (except for the fillister screws) be replaced with nylon-lined
locking nuts and bolts in order to increase the foot’s resistance to vibration. Another change that could
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possibly be made to the existing design is to replace the spring with a stiffer one. If it seems that the
settling time of the spring is too long, we would recommend looking for a spring that is the same size but
stiffer. If a stiffer spring is required but must be larger, then the upper ankle housing would have to be
redesigned to allow placement of the larger spring. When ordering a new spring, we recommend that the
spring be custom ordered to ensure all specifications will be met. Finally, if a redesign of the foot is
needed, we recommend increasing the length of the upper ankle (as discussed in Section 11) to allow for
the placement of a second spring. This will eliminate the need for the bracket attached to the upper ankle.

13. SUMMARY AND CONCLUSIONS
Our task was to design, build and test a set of feet for the robot MABEL, a planar bipedal robot that will
improve the energy efficiency of running and walking as well as her ability to walk over uneven ground.
MABEL is used to test control algorithms and is connected to a boom which allows her to walk in a circle
with a large enough radius to approximate planar motion. Since MABEL’s legs are terminated in point
feet, this does not provide much traction and stability while walking over uneven terrain and running.

To solve these problems, we generated a list of engineering specifications (Table 2) that were driven by
the customer requirements (Table 1). Also, we did an extensive literature review on similar bipedal
robots, mechanics of walking, prosthetic foot design, and omni-directional wheels. Next we were able to
brainstorm many potential designs that would meet the engineering specifications. We then analyzed
these design by using a Pugh chart and were able to come up with our alpha design. The alpha design was
reviewed by our sponsor, peers and section instructor. We incorporated their ideas and suggestions and
created a final design. Once the final design was selected we conducted parameter analysis to obtain the
proper dimensions of our design, and began the fabrication process. We have now completed the
fabrication and validation of our prototype. The prototype passed all validation testing and meets all of
the engineering specification and customer requirements.

Going forward we will be attaching the feet to MABEL and the MABEL team will be altering the control
algorithms in order to accommodate the new feet. After this is complete MABEL will be able to work
towards accomplishing the goals of walking over uneven terrain, over a standard US stair, and achieving a
stable running gait.
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APPENDIX A: QFD DIAGRAM
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APPENDIX B: ENGINEERING CHANGE NOTICES

Engineering Change Notice: Added Bracket
Initial Design:

Holes Drilled for Bolt
Placement

Added Bracket to

These ‘C’ shaped brackets and associated fasteners and bolt holes affect the upper ankle housing and
torsion springs. After assembling our feet we noticed that the torsion springs provided very little
restoring force to re-center the feet when a torque was applied in the direction opposite of which the
springs were wound. This was due to the fact that the springs were not fully constrained and shifted
when the torque was applied. We designed these brackets to act as a constraining housing for the

springs. These solid brackets are bolted to the side walls of the upper ankle housing and prevent the
springs from shifting position when a torque is applied to them.

APPROVED ELECTRONICALLY

Sponsor Signature:

Section Instructor Signature:
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Engineering Change Notice: Locking Nuts

Standard nuts were
. - replaced with nylon lined
"“';ﬁ.".,,.L : locking nuts to prevent
e nuts from loosening from
vibrations

-
SANTRL TR

Sponsor Signature: APPROVED ELECTRONICALLY

Section Instructor Slwatum%
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Engineering Change Notice: Changed Thread and Bolt size for fasteners connecting the Foot Plate to the
Lower Ankle

These larger threading and fasteners affect the Lower Ankle and Foot Plate. First Cut didn’t provide
enough threading for proper connection of the two components, so the two holes had to be expanded
and rethreaded using 5/16” threading and bolts instead of %"-20.

Sponsor Signature: APPROVED ELECTRONICAI:LY

Section Instructor Signature:
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APPENDIX C: WRITING ASSIGNMENT

C1. Material Selection Assignment (Functional Performance)

One major component of the design is the foot plate. The foot plate will be the portion of the foot that is in contact
with the ground. It is curved in both the front profile and side profile as shown in Figure C1. The curved front
profile allows motion normal to the direction of the robot’s motion. The curved side profile increases the
efficiency of the robot while walking, by transferring the impact force to forward motion. The constraints of the
foot plate are size, weight and strength. The size must be approximately that of a human’s foot. The weight must
be less than 1.3 kg per foot. The material must be strong enough to handle loads of 2000N with a safety factor of
at least 3.

Figure C1: Foot Plate Design

In order to make sure that the foot plate satisfies these requirements we determined that it must have a density of
less than 4600 kg/m® and yield strength of at least 275 MPa.

Using these material indices with the CES software we were able to determine that the top five material choices
are boron carbide, PEKK (40% carbon fiber), 6061 aluminum, magnesium ZK60A-F, and beryllium grade S200F.

Figure C2: Tope Five Material Choices Determined from CES
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From these materials we selected 6061 aluminum. We chose aluminum because it is easy to machine, it is readily
available and it meets the required material indices. We did not choose carbon fiber because of the difficulty to
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manufacture, boron carbide was eliminated because of the difficulty to machine, magnesium was eliminated
because it is not readily available, and we eliminated beryllium because of its high cost.

Another major component of the design is the axle. The axle holds the upper ankle to the lower ankle. This is
shown in Figure C3. The function of the ankle is to allow for the foot to rotate allowing for the motion produced
by the curved front profile of the foot plate. The constraints of the axle are that it must be small enough to fit in

the upper ankle while strong enough to handle the large forces produced by the robot’s impact. Since the required
yield strength for the axle is high, we must ensure that the axle is not too hard so that we will be able to machine it.

Figure C3: Axle for Ankle

To satisfy the constraints we determine that the axle must have a hardness of 3 GPa on the Vickers hardness scale
and a yield strength of at least 200 MPa.

Using this material index with the CES software we determined that the top 5 material choices were 1045 steel,
4135 steel, CA-15 stainless steel, 600 nickel-chromium alloy, and Ti-13 titanium alloy.

Figure C4: Top Five Material Choices for Axle
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From these materials we chose 1045 steel because it is the easiest to machine, while still providing the necessary
yield strength.
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C2. Material Selection Assignment (Environmental Performance)

Two of the options outputted from CES for our foot design were Aluminum and Boron Carbide. We have
determined that we will need a mass of one kilogram in order to construct the foot. Using SimaPro we were able
to calculate the environmental impact of using each of these materials. Figure C5 below shows the total mass of
air emissions, water emissions, soil emissions, and use of raw materials; for both aluminum and boron carbide.
The raw material consumption and soil emissions are negligible as compared to the air and water emissions for
both of these materials. The calculations determine that the total mass output for aluminum is 7.4*10"™ grams and
for boron carbide is 1.1*10" grams. These boron carbide output is 34% greater than that of aluminum.

Figure C5: Mass of Emissions
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Using the Ecolndicator 99 damage classifications we were able to compare the impact on the environment from
each of these materials. Figure C6 relates aluminum to boron carbide in multiple categories. In each category the
material with more harmful effect is set to 100% while the other material is compared to it. As can been seen
aluminum rates better in all categories except carcinogens, ecotoxicity and minerals.

We also used the Ecolndicator to generate a normalized bar graph of the same categories. This graph uses a point
value to rate the damage cause in each of the categories. According to Figure C6 the use of raw minerals is the
most harmful of the effects, followed by respiratory inorganic and climate change. Lastly we generated Figure C7,
which combines the harmful effects of all categories comparing the ecological damage of each of the materials.
Based on the bar graph aluminum will have a smaller overall impact on the environment than boron carbide.

Based on the results of these four bar graphs we have determined that using Aluminum will have a smaller impact
on the environment and therefore will be a better choice for our design. The amount of waste in producing these
materials is fairly high so after seeing these results we would consider looking into the effects of carbon fiber on
the environment, as it was another option given to us by the CES software. Unfortunately SimaPro does not have
carbon fiber in its database therefore we are unable to make this comparison.

52



Figure C6: Ecolndicator 99 Characterization of Aluminum and Boron Carbide
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Comparing 1 kg 'Aluminium alloy, AIMg3, at plant/RER S’ with 1 kg 'Boron carbide, at plant/GLO S';
Method: Eco-indicator 99 (I) V2.07 / Europe EI 99 I/I / Characterisation
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Figure C7: Ecolndicator 99 Normalization of Aluminum and Boron Carbide
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Figure C8: Ecolndicator 99 Total Effect of Aluminum and Boron Carbide
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C3. Manufacturing Process Selection Assignment
MABEL is a novel robot, therefore there is no other robot that would require the specialized feet that she
requires. Due to the fact that MABEL is attached to a boom and walks in a large circle she requires a
degree of freedom in the direction normal to her walking motion. This is something that no other robot
requires. Due to these specific characteristics of MABEL we determined our production volume to be a
maximum of ten feet. This would provide a pair of feet and backups for Professor Grizzle, as well as
create the possibility of other professors or universities joining the research involved with MABEL,
allowing them to have their own robot and set of feet to conduct testing on.

Using CES software we were able to determine the optimum machining process. By inserting the mass of
the materials we needed to shape and necessary shapes CES gave us the following options.

Table C1: Optimum Manufacturing Processes Determined via CES

Drilling Laser Machining | Milling Turning
Equipment cost Medium Very High High High
Tooling Cost low Low Low Medium
Labor Intensity high Low Medium Medium
Tolerences 3.1e-5 - 3.8e-4 5e-6 - 4e-5 2e-5-5e-4 | 1.3e-5 - 3.5e-4

Based on this chart we chose to use milling, turning and drilling operations to complete our prototype, as
they were the only viable options that could machine components of the necessary size and required
dimension tolerances, and due to the fact that they were available to us in the university machine shop.
Milling and drilling were used on the aluminum components of our prototype, while turning was used on
our steel shaft. These processes were chosen in accordance to the varying geometries of the components.
CNC machines were used for the manufacturing of the complex curves and pockets in the design. If feet
were to be produced in higher volumes as mentioned above we determined that CNC machines would be
the best option as the same tool paths could be used to produce exact replicas of the feet for each potential
MABEL at a reasonable cost. If the feet were machined by hand in high volume there would be high
variation in each separate foot, making comparable research difficult.
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APPENDIX D: DETAILED DRAWINGS
D1. Attachment Plate
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D2. Rubber Stopper
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D4. Axle




D5. Lower Ankle
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D7. Ankle Bracket
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APPENDIX E: BILL OF MATERIALS

Purpose for Part Price
MABEL Description Material Distributer Number Dimensions Quantity | (each) Total
6.4mm
PIN PLUNGER SPDT thickX10.2mm
Contact Switch 1.80Z/5AMP NA Digikey SW142-ND | tall)X19.8mm long 4 $1.59 6.36
6.4mm
SWITCH SIM ROLLR thickX10.2mm
Contact Switch SPDT .1A.110QC NA Digikey SW780-ND | tallX19.8mm long 4 $0.92 3.68
First Cut
Foot Plate Foot Plate 6061 Aluminum CNC NA 2 $290 580
First Cut
Upper Ankle Upper Ankle 6061 Aluminum CNC NA 2 $180 360
First Cut
Lower Ankle Lower Ankle 6061 Aluminum CNC NA 4 $79 316
Medium-Strength Medium-Strength | McMaster- 3/32" thick X
Rubber Stopper Neoprene Rubber Neoprene Rubber | Carr 8461K182 | 2"wide X 36"long 1 $6.24 6.24
High-Strength
Multipurpose Neoprene
Rubber for bottom | Rubber w/ adhesive Medium-Strength | McMaster- 1/16" thick X 12"
of foot backing Neoprene Rubber | Carr 8456K101 | wide X 12" long 1 $10.39 10.39
Fix upper ankle to
attachment plate
and foot plate to 11/8" long 1/4"-20 18-8 Stainless McMaster- $6.88 per
lower ankle machine screws Steel Carr 91772A543 | 11/8" long 1/4"-20 12 25 6.88
Fix attachment 5/8" long 1/4"-20 hex McMaster- $5.44 per
plate to legs bolt Zinc-Plated Steel | Carr 92865A938 | 5/8" long 1/4"-20 8 100 5.44
Secure torsion 3/8" long 10-32 fillister | 18-8 Stainless McMaster- $9.49 per
spring screw Steel Carr 90350A300 | 3/8" long 10-32 2 5 9.49
Secure torsion 3/4" long 10-32 fillister | 18-8 Stainless McMaster- $11.60
spring screw Steel Carr 90350A310 | 3/4" long 10-32 6 per 5 23.2
McMaster- $5.10 per
Secure sensor 3/8" long 5-40 set screw | Black-Finish Steel | Carr 92695A127 | 3/8" long 5-40 4 10 51
Secure upper ankle | 1/4"-20 hex nylon insert | Zinc-Plated Grade | McMaster- $4.02 per
to attachment plate | lock nut 5 Steel Carr 95615A120 | 1/4"-20 8 100 4.02
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Secure fillister McMaster- $1.55 per
SCrews 10-32 hex nut Zinc-Plated Steel | Carr 90480A195 | 10-32 4 100 1.55
Center foot in McMaster- 0.998" long, 0.982"
housing Torsion spring Steel Music Wire | Carr 9271K121 | diameter 2 $3.22 6.44
Fix shaft and lower Type PH 15-7 MO | McMaster- $7.94 per
ankle Snap ring Stainless Steel Carr 91590A117 | for 3/8" shaft 12 10 15.88
Reduce friction
between axle and Case-hardened McMaster- 5/16" ID, 1/2" OD,
upper ankle Bushing steel Carr 8491A304 | 0.25" long 4 $5.24 20.96
McMaster- 6' long, 3/8"
Axle 1045 Steel shaft 1045 Steel Carr 3009A136 | diameter 1 $6.03 6.03
Fix foot plate to 3/4" long 5/16"-18 hex Zinc-Plated Grade | McMaster- $8.90 per
lower ankle bolt 5 Steel Carr 92865A581 | 3/4" long 5/16"-18 2 100 8.9
restrain torsion 3/4"x3/4"x3/4" U- McMaster- 3/4" leg length,
spring Channel 6063 Aluminum Carr 9001K17 3/4" base width 1 $10.21 10.21
Machinist
Shop 1256
Over-the-
counter 150.77
Total 1406.77
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APPENDIX F: PARAMETER ANALYSIS CALCULATIONS

. gy _ 6FL(1+sinf8) = Fcosf
Shaft Area: FA—— o

F=450Ibs force; b=1 inch width of shaft; h=thickness of shaft; 6=30 degrees foot contact angle;
a,=40kips yield stress; Xg=safety factor of 3; L=1.575 inch length of shaft

h minimum=0.305 inches; Impulse force (2500Ibs) h minimum=0.42 inches

Chosen h=0.591 inches

oy _ 6FL

Foot thickness: X~ on?

F=4501lbs force; b=3.15 inches width of foot; h=thickness of foot; o, =40Kkips yield stress; X =safety
factor of 3; L=3.94 inches length of foot

h minimum=0.5 inches; Impulse force (2500Ibs) h minimum=0.685 inches

Chosen h=0.787 inches

h—t
. . ) oy _ 6FLcosf(—) Fsinf
Housing thickness: %, = o208 T he

F=450Ibs force; b=2.45 inches width of housing; h=2.1 inches length of housing; 8=29 degrees lower
ankle contact angle; o,,=40Kips yield stress; X =safety factor of 3; L=1.181 inches height of housing;
t=thickness of housing walls

t minimum=0.025 inches; Impulse force (25001Ibs) t minimum=0.035 inches

Chosen t=0.225 inches

0y _ 32FsinfL

Axle diameter:
- X nD3

F=4501Ibs force; D=0.375 inches diameter of axle; ,,=100Kips yield stress; X =safety factor of 1;
L=1.279 inches length of axle moment arm; 6=60 degrees

Stress exerted on axle=96kips < 100kips yield strength with safety factor

Bearing Stress on attachment Plate: v _F
Xs  ND(1-t)

F=450lbs force; N=4 number of bolts; D=bolt diameter; 1=0.625 inch length of bolt; t=0.375 inch
thickness of shin; o, =40kips yield stress; X =safety factor of 3

D minimum=0.0338 inches; Impulse force (25001bs) D minimum=0.0625 inches

Chosen D=0.25 inches
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Tensile stress on attachment plate: vy ___ F
Xs  (W=ND(l-t)L

F=4501bs force; N=4 number of bolts; D=0.25 inch bolt diameter; w=3.13 inch width of attachment
plate; t=0.375 thickness of shin; L=1.7 inch length of attachment plate; 1=0.625 inch length of bolts
a,=40Kips yield stress; X =safety factor of 3

Stress exerted on plate=276psi < 40kips yield strength

Impulse stress exerted on plate=511psi < 40Kkips yield strength

4F(1+sinB)
TTND?

Shear of bolts foot to lower ankle: 2(0.577) =

F=4501bs force; N=2 number of bolts; D=0.25 inch bolt diameter; 6=30 degrees foot contact angle;
a,=T72 Kips yield stress; X =safety factor of 3

Stress exerted on bolts=29 kips < 72kips yield strength

Impulse stress exerted on bolts=52kips < 72Kips yield strength

Shear Bolts shin to attachment plate: 2~ (0.577) = iz
X N7D

F=450lbs force; N=4 number of bolts; D=0.25 inch bolt diameter; o, =72 kips yield stress; X =safety
factor of 3

Stress exerted on bolts=12 kips < 72kips yield strength

Impulse stress exerted on bolts=22kips < 72Kips yield strength

**Shear Bolts on upper shin: % (0.577) = %

F=force; N=8 number of bolts; D=0.125 inch bolt diameter; ¢,,=12 Kips yield stress; X =safety factor
of 1

**Calculated Force=7001bs to cause failure due to shear stress on upper shin. This proves that MABEL’s
existing shin will fail before any higher forces could cause our foot design to fail.

Edge shear on MABEL shins: 2~ (0.577) = £
X Nat

F=450Ibs force; N=4 number of bolts; D=0.25 inch bolt diameter; a=distance from edges of shin;
t=0.375 inch thickness of shin; o, =40kips yield stress; X =safety factor of 3

a minimum=0.0225 inches; Impulse force (2500Ibs) a minimum=0.042 inches

Chosen a=0.4 inches
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Edge shear on upper ankle housing: % (0.577) = %

F=450Ibs force; N=2 number of bolts; D=0.25 inch bolt diameter; a=distance from top of ankle
housing; t=0.225 inch thickness of ankle housing; o, =40kips yield stress; X =safety factor of 3

a minimum=0.075 inches; Impulse force (25001bs) a minimum=0.139 inches
Chosen a=0.5 inches

Arc length front profile of foot: S = 6R

S=1.181 inch arc length/desired linear travel; R=2.36 inch radius of curvature; 6=angle in radians
Calculated angular rotation needed: 29 degrees

Axial spring force: F = kx

F=146lbs standing force; x=0.07 inch compression distance; k=spring stiffness
Calculated k=2085.7 Ibs/in

Durometer rating to Young’s Modulus Relation: [1]

Given 70 Shore A rubber, where S=70:

= Q0981(564766+5) _ _ 5544 MPa = 804 Ib/in?
0.137505(254—2.54+S)

Axial spring stiffness: k = %

E=804psi Young’s Modulus; A=area of rubber stopper to which force is applied; L=0.08 inch thickness
of rubber stopper; k=2085.7 Ibs/in spring stiffness of rubber stopper

Calculated A=0.10377 in?

Torsion spring: FLsinfgz = kfg

F=1.38 Ibs force of foot and lower ankle; L=2.36 inches distance from ankle joint to bottom of foot;
k=torsion spring stiffness; 6;=29 degree angle of max rotation

k minimum=0.0545 Ibs-in/degree

Chosen k=0.125 Ibs-in/degree
. . b . k _9g
-motion: 0 +m9 +m9 =1 cos6

k=torsion spring stiffness; m=mass of foot and lower ankle; L=distance from ankle joint to bottom of
foot; g=gravity force; #=angle measured from equilibrium state
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-settling time:  t5 = +
Vit
k=0.125 Ibs-in/degree torsion spring stiffness; m=0.00357 slugs mass of foot and lower ankle; L=2.36

inches distance from joint to bottom of foot; b=.20 damping coefficient aluminum to steel; t,=0.3
second settling time

Calculated t,=0.238 seconds < t;=0.3 seconds

Material selection: %

a,=yield strength; p=density
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APPENDIX G: VALIDATION TEST DATA
Figure G1: Vertical Load Applied to Foot against Vertical Displacement of Foot 1
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Figure G2: Vertical Load Applied to Foot against Vertical Displacement of Foot 2
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Figure G3: Vertical Load Applied to Side 1 of Foot 1 against Angle of Rotation
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Figure G4: Vertical Load Applied to Side 2 of Foot 1 against Angle of Rotation

Load (kN)

0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

Torsion Test: Foot 1 Side 2

0.05 0.1 0.15 0.2 0.25 03

Angle (degrees)



Figure G5: Vertical Load Applied to Side 1 of Foot 2 against Angle of Rotation

Torsion Test: Foot 2 Side 1
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Figure G6: Vertical Load Applied to Side 2 of Foot 2 against Angle of Rotation
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APPENDIX H:

MACHINING

First we will be using a lathe in the ME450 machine shop in order to machine grooves in our steel axle.
These grooves will keep the snap rings, which are used to keep all the components of the upper ankle in
place on the axle, in place.

Step Operation Machine Cutting Tool | Cutting Speed Notes
Machine Carbide parting Egs;ﬁ’svg g:;[:
1 Grooves in Lathe bit 150-200 rpm made from
Axle steel

Next we will be using a mill in the ME450 machine shop in order to create the slots to house both contact
sensors, and the threaded holes for the set screws that will hold the contact sensors in place. The part is

square, made form aluminum and will easily be held using a standard vice. We will also be using the mill
in order to make the bracket used to hold the torsion spring.

Step Operation Machine Cutting Tool Cutting Speed Notes
Machine slots

1 in attachment Mill ¥4 End mill 2000rpm -
plate

2 Drill set screw Mill #5-40 Drill bit |  2000rpm i
holes

3 Thread set Tap i ) i

screw holes

We will also be widening the holes in the fillister screws in order to allow the torsion spring to fit. The

fillister screws are made from steel.

Step Operation Machine Cutting Tool Cutting Speed Notes
Widen fillister . - Slow cut
1 Drill press #30 Drill bit 150-200rpm | because screws
screw holes
are steel
Then we will be shortening the flanges on the torsion spring, so it will fit in our housing.
Step Operation Machine Cutting Tool Cutting Speed Notes
Cut Flanges on . Be sure to
1 . . - Wire Cutters - watch for
Torsion spring fIvi
ying parts
Lastly we will be machining the bracket to restrict the motion of the torsion spring
Step Operation Machine Cutting Tool Cutting Speed Notes
1 br:é'lf:{‘;ﬂzpe Mill v End mill 2000rpm -
Drill Holes in . #10-32 Drill
2 bracket Drill Press bit -
Drill Holes in #10-32 and
3 upper ankle Drill Press 5/16-18 Drill -
Housing Bits
4 Thread holes Tap - - -
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APPENDIX I: CONCEPT SKETCHES
11. Foot Plate
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12. Contact Surface Attachments
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13. Contact Surfaces
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