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1 BACKGROUND
1.1 Introduction

From medical literature, it is known that below knee amputations are among the most frequently
performed major limb removals and one of the oldest surgically performed procedures [3]. Recent
advances in prosthetics and orthotics hold great promise for maximizing physical function for patients
who have experienced severe extremity trauma [1]. The origins of prosthesis derive from a geographic
diversity of advanced civilizations such as India, Egypt, Greece and Rome. An ancient prosthetic leg in
India enabled a queen to walk and return to the battlefield. Egypt developed prosthesis with the object of
improving function and appearance. The Romans and Greeks advanced prosthetics for the intent of
rehabilitation. In 1500’s Ambroise Pare developed prosthesis resembling the modern prosthesis for lower
limb. In the past decade transtibial prosthesis have been developed that function as a mechatronic robotic
system [1].

An image of the prosthetic leg using a BiOM is shown in Figure 1. The BiOM uses sensors, mechanical
devices and a microprocessor chip using complex algorithm to produce power in a similar pattern as a
human foot to fully replicate it and at the same time recovering 100% of the energy by propelling the
prosthetic foot forward during the stance phase.

Figure 1. Image of a prosthetic leg using a BiOM [6]



1.2 Project Description

The current project discusses the design for a BIOM. BiOM is a fully computerized ankle-foot system,
which imitates a flesh and blood foot, propelling the user forward with each step, developed by Hugh
Herr, a survivor of lower limb amputation at MIT Media Lab’s Biotronic research group [5]. As part of
this projects, several existing designs for prosthetic feet were evaluated based on conversation with the
client and the literature survey on the internet. Following is the original project description provided by
the sponsor:

“To design an automated, programmable test fixture for the robotic prosthetic lower limb.”

A single actuator, pneumatic design was assigned for reference but the team was asked to design either for
either a hydraulic or electric motor.

1.3 Original System

The sponsor and client for this project is Dr. Tester. Dr. Tester has been conducting research on the BiIOM
for several years testing and collecting data on its performance. Dr. Tester is also the chair of the
Mechanical Engineering program at Northern Arizona University. The details of the original system are
explained in the sections below.

1.3.1 Original System Structure

The original system structure is shown in Figure 2. It consists of a sealed SMTU (series-elastic actuator)
with a transverse-flux motor, sealed ball screw and the 20J series spring.

Sealed sMTU
(Series-Elastic
Actuator)

J Transverse-flux
motor

Sealed Ball-
screw(14X6)
20J Series
Spring

OvY O

Figure 2. BiOM Ankle Architecture

It also has a modular LiFePh battery, MTU Controller PCA, State Control/IMU PCA, Bluetooth and
Smart Wifi.

1.3.2 Original System Operation

The original system of the BiOM Ankle architecture has many components including the Sealed sMTU,
modular battery, MTU controller, state control, Bluetooth and wifi. It is packaged as a single, rigid flex
PCA integral to sealed, direct drive ball screw actuator. The motor windings, motor position and the joint
position are controlled using the MTU controller. The MTU controller is responsible for controlling the
joint torque, reflex, impedance and position. It also has a neuromechanical muscle and a brushless motor



driver. In addition, its shorted leads clutch model is used to save power. In terms of state control, it can
control the following features — gait cycle state machine, modulation of MTU response, kinematic
reconstruction, terrain discrimination, wireless communication and sMTU power management. Using the
Bluetooth and wifi support, it can e used for clinical interface with a dashboard display with features of

on-board data logging as well as remote logging.

1.3.3 Original System Performance
Measurements of the original system are presented below. The measurements taken include torque, ankle
angle and current plotted against the percent gait cycle. This is plotted for various terrains. In addition, to
measure the performance, the cost of transport is also plotted as a function of speed.

Figure 3 shows that as the gait cycle changes the torque and angle change significantly. The highest
torque and angle correspond to about 50% gait cycle. Then when the foot reaches the ground, the BiOM

slows down at which point, the torque reaches zero and the angle is zero as well since its position is

parallel to the ground.
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Figure 3. Torque and Ankle Angle: Stock Level Walking for 1.25 m/s

Figure 4 shows that the highest current corresponds to the when the torque is the highest as well, which is
expected.
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Figure 4. Current: Level Walking for 1.25 m/s



Figure 5 shows good information about the transportation cost. The lowest cost occurs for a speed of 1.2
m/s and it would be best to optimize it at this speed if feasible.
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Figure 5. Cost of Transport

Figure 6 and Figure 7 show the torque and angle for unstairs gait and going downstairs. As expected when
climbing up since going against gravity takes additional effort, the torque is highest and the maximum is
at 90% gait cycle when the prosthetic is raised at is highest position to climb up. On the other hand for the
downstairs gait, the torque and angle are close to regular ground conditions.
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Figure 6. Upstairs: Torque and Current
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Figure 7. Downstairs: Torque, Ankle Angle and Current



Figure 8 and Figure 9 show the torque and angle for grass and gravel conditions. The grass provides more
cushioning and a sinking effect, so the force is more evenly spread out and the torque is lower for grass
than that of gravel since gravel conditions do not absorb the impact as well as grass.
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Figure 8. Grass: Torque and Ankle Angle versus % gait cycle
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Figure 9. Gravel: Torque, Ankle Angle and Current versus % gait cycle

1.3.4 Original System Deficiencies

The original system provides all the basic features necessary in the BiOM, but it only provides a planar
movement. The designs produced in this lab report point to designs that are versatile in its utility and
functionality, range of motion and overall design cost. Given that different clients have different customer
requirements, the engineering can be different to suit the right need. The design options cover a broad
spectrum varying from simple to complicated and their pros are cons are highlighted in their description.



2 REQUIREMENTS

In this section, data was collected from the client in order to better determine how to design for the test
fixture. After meeting with the clients a Black Box Model, Functional Model and House of quality is
conducted to help as a guide.

2.1 Customer Requirements (CRs)

Customer needs Importance
Rating (1 -
5)

A Test Fixture that can analyze the BiOM a prosthetic 5
leg in a fixed and controlled environment.

A good design that can work in an indoor laboratory 5
environment (don’t need to account for natural causes
such as rain, wind and snow)

Can replicate the same effects as if worn in real life. 5
Easy to transport. 1

Durability, needs to with stand forces over time. 3
Hydraulic cylinder 2

Pneumatic Actuator 2

Electrical Motor 2




2.2 Engineering Requirements (ERs)

Engineering Requirements

Specifications

Size

(80x40x35 cm)

Time needed for testing

15-25 minutes

Types of planes for testing

09, level ground testing

weight

<=15Kg, 33lbs

Material

Carbon Fiber, Titanium and Aluminum

Hydraulic system

90 psi

A system able to respond exactly
like a particular foot

Up to 2 degrees of freedom

Cost

>=500%




2.3 Testing Procedures (TPs)

Customer needs

Testing Procedure

A Test Fixture that can analyze the BiOM a prosthetic leg in a fixed and
controlled environment.

Test the test fixture by attaching
available BiOM and analyze its
results

A good design that can work in an indoor laboratory environment (don’t
need to account for natural causes such as rain, wind and snow)

Test the test fixture by attaching
available BiOM and analyze its
results in an indoor space such as
lab 116

Can replicate the same effects as if worn in real life.

Compare to data collected from
when the data is worn and used
V. when tested in test fixture

Easy to transport.

By seeing if a maximum of two
people can transport the device
for 5m

Durability, needs to with stand forces over time.

Check how long it would take
before maintenance is required
and before inaccurate data results
begin to appear.

Hydraulic cylinder

Providing verification of where
the product is purchased from

Pneumatic Actuator

Providing verification of where
the product is purchased from

Electrical Motor

Providing verification of where
the product is purchased from




2.4 House of Quality (HoQ)
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3 EXISTING DESIGNS

In this section, several existing designs found and studied in the literature are presented that are similar to
the re-engineered design adopted by our team. The basic research surrounding the BiOM is briefly
discussed before delving into the specific existing designs. The characteristics of the prosthesis itself is
directly influenced by the gait of the patient. Previous gait analysis has shown that when walking, a sound
ankle produces substantially more work than any other joint of the lower limbs and hence the replacement
of the power generation at the ankle is one of the biggest challenges in replicating nonpathological gait by
means of prosthesis [3]. These challenges can be addressed through advances made in the field of robotics
and mechatronics. Before delving into specific designs, a broad overview of the classification of today’s
prosthetic feet is presented in Figure 10.

| Prosthetic feet |

L . !

Conventional feet ESR feet Bionic feet

e

{a) l l

Early ESR l I Advanced ESR J\rln ulated ESR

\L*&

(b) ] (d)

[ 1

Stabilizing Propulsive

Ly

Figure 10. Categorization of today’s prosthetics showing (a) SACH foot, (b) SAFE foot, (c)
CESR foot, (d) Ossur’s Flex-Foot, (e) Ossur’s Proprio Foot, and (f) Walk’s Powerfoot BiOM

As shown in Figure 10, the prosthetic leg can be broadly categorized either as conventional feet, ESR feet
and Bionic feet. The ESR feet can be sub divided into early EST, advanced SRY and articulated ESR.
Then the Bionic feet can be subdivided as Stabilizing and Propulsive feet.

Our interest in this report falls under the category of Bionic feet. Specifically, the bionic feet is defined as
a mechanical device with one or more active components used either for stabilization of the foot or to
provide active push-off properties that is worn by an individual

Most of today’s commercialized powered transtibial prosthesis use actuation to provide stabilization of

10



the ankle-foot complex. Examples are Motion and Raize Foot (Fillauer), the Elan foot (Endolite), and the
Proprio Foot (Ossur) [3]. This kind of prosthesis uses either hydraulic or electric actuation to provide
natural ankle kinematics.

3.1 Design Research

The specific area related to our design is related to the propulsive bionic feet. The propulsive ankle-foot
prosthesis can be categorized based on their actuation method as follows:

St actuation
Propulsive )
bionic feet Pneumatical actuation — Pneumatic Artificial Muscles (PAM)

Compliant actuation

Electrical actuation —— Series elastic actuation (SEA)

Series elastic actuation (SEAPS)
with parallel spring

— Variable stiffness actuation [WVSA)

Variable stiffness actuation (VSAPS)
with parallel spring

s Explosive clastic actuation (EEA)

Figure 11. Categorization of propulsive bionic feet based on actuation method [3]

As shown in Figure 11, based on the actuation principle, a primary distinction can be made between ankle
foot prosthesis powered with stiff or compliant actuation. The compliant actuators can be divided as either
pneumatic or electrical. Depending on the stiffness, the electrical actuation can be further subdivided into
four categories — series elastic (SEA), series elastic with parallel spring (SEAPS), variable stiffness
(VSAPS) and explosive type (EEA).

It is interesting to note why researchers have opted for one of the other, i.e., a pneumatic actuator or an
electric actuator. Pneumatic actuators originally were chosen because of their design and setup
corresponds best to the musculoskeletal structure and properties of human beings. This explains why
these actuators are generally called pneumatic artificial muscles. On the other hand, the electrically driven
actuators have the advantage of reducing the power requirements of the driver resulting in smaller, less
heavy and cheaper actuation setup.

3.2 System Level

Some of the existing designs that were found in the literature are listed in this section and described in
addition to benchmarking them based on custom criteria.

3.2.1 Existing Design #1: Tethered Prosthesis by Carnegie Mellon University

Caputo and Collins [7] at Carnegie Mellon University developed an experimental, tethered prosthesis to
provide powered push off work to subjects walking on a treadmill to understand the relationship between
the control parameters and performance as shown in Figure 12. This device has a single degree of

11



freedom and is actuated via a flexible cable transmission by a motor using a series-elastic torque control
scheme. It produces up to 232 Nm push off torque and controlled by a 1.61 kW motor. It has a range of
motion of 14 degrees

Figure 12. Tethered prosthesis developed by Carnegie Mellon Univeristy, USA [7]

3.2.2 Existing Design #2: SPARKYy project of Arizona State University

The SPARKY project started at the Arizona State University that uses a robotic tendon actuator (including
a 150 W brushed DC motor) to provide 100% of the push off power required for walking while
maintaining intact gait kinematics. The first prototype (SPARKy-1) as shown in Figure 13, was shown to
store and release approximately 16 J of energy per step, while an intact ankle of 80 kg subject at 0.8 Hz
walking rate needs approximately 36 J. The second prototype SPARKY -2 was built with a lighter and
more powerful roller screw transmission and brushless DC motor. Both designs on SEA attached between
heel and leg. This robotic tendon is controlled to provide the ankle torque and power necessary for
propulsion during gait. The third prototype SPARKy-3 was designed to actively control both inversion
and eversion as well as plantar flexion and dorsiflexion while providing high power for running and
jumping. This research led to the development of the powered prosthesis ODYSSEY and JackSpring,
both available commercially.

v
! ;
'

(b) (c) (d) (e)

Figure 13. Ankle foot prototypes of SPARKYy project developed by Arizona State Univeristy, USA.
a) SPARKy-1, (b) SPARKy-2, (c) SPARKy 1, 2 and 3 (d) ODYSSEY and (e) JackSPring [8]
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3.2.3 Existing Design #3: Tethered Prosthesis by UCL-Belgium

Researchers at UCL-Belgium (Universite Catholique de Louvain) were inspired by the SPARKYy project

at ASU, and built a 2-degree of freedom (DOF) TT prosthesis. It consists of a series of springs in the foot
with a motor assembly and a 2-DOF ankle joint as shown in Figure 14. The prosthesis required a power of
60 W. A 120 W Maxon EC powermax 22 with a 4.8:1 reduction and ball screw assembly was chosen to
fulfil the requirements of the ankle-foot prototype. The intent was to develop a new control strategy based
on adaptive oscillators.

Figure 14. Tethered prosthesis developed by Carnegie Mellon Univeristy, USA [3]

3.3 Functional Decomposition

The functional decomposition of the design is described in this section with the details in the following
subsections.

3.3.1 Black Box Model

Test Fixture, Hand Aluminum, Carbon Fiber,

Titanium
————————— —————————————
Electrical, Human Kinetic , M.E,
BIOM TEST FIXTURE . >

Electrical

Material

Energy
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Signal

In order to get a quantitative estimate in understanding prosthetic feet, we can look into the research by
Winter [4]. As an example, if we consider a subject walking at normal cadence produces a peak torque at
the ankle join of approximately 1.6 Nm/kg in a very small amount of time (+/- 0.2 s for a walking rate of
1 step/s), consuming herby on average 0.35 J/kg of mechanical energy per step, then, the generated power
at push off reaches 3.5 to 4.5 W/kg. Assuming 75 kg as the weight of the subject, the maximum torque
output of approximately 120 Nm is required with a power output between 250 and 350 W. This can be an
approximate criterion for the development of propulsive devices.

3.3.2 Functional Model/Work-Process Diagram/Hierarchical Task Analysis

The functional decomposition of the BiOM design under consideration are discussed under the following
categories:

a. Engineering Requirements
b. Robotics
C. Mechatronics

The engineering requirements define the criteria and the requirements for the design that provide the basis
and inspiration for the design. The robotics and the mechatronics are the other two important components
of design of BiOM that are closely integrated. The brain of the BiOM is the mechatronics that uses
complex algorithms to achieve the necessary movements, but the actual movements are not possible
without the robotics or the mechanical devices that are controlled by the algorithm. The feedback loop of
the control system that connects the sensors that provide input to the microprocessor and the mechanical
devices such as the actuator is a complex one.

3.4 Subsystem Level

The requirement relevant to the current project are discussed in this section in reference to the existing
designs.

3.4.1 Subsystem #1: Approach

The design approach used in the existing designs can greatly help the project to understand and
implement lessons already learnt from existing research. The approach to the design is the first step in
getting a holistic understanding of the project and it is important to rule out any fatal flaws in the
beginning of the project if possible than to find out at the end. The existing projects will help in this
respect.

3.4.1.1 Existing Design #1: Tethered Prosthesis by CMU

The approach used by the existing design by CMU incorporates testing the BiOM by a human wearing it
and walking on the treadmill. In the current design proposed and selected (Design-1), there is option of
using the frame with a hydraulic cylinder or connecting a sleeve to the screw to be worn by the human.
So, the testing platform and approach is similar to our design.

14



3.4.1.2 Existing Design #2: SPARKYy Project at ASU

The first prototype built by ASU SPARKYy-1 was shown to store and release approximately 16 J of energy
per step, while an intact ankle of a 80 kg subject at 0.8 Hz walking rate needs approximately 36 J [3]. The
main approach used was to put forward simplicity over functionality to built a workable prototype. This
paid off because they were able to eventually increase functionality in their follow up designs.

3.4.1.3 Existing Design #3: Tethered Prosthesis by UCL-Belgium

The approach used by the tethered prosthesis by UCL-Belgium is actually the missing link between the
SPARKYy-2 and SPARKY-3 projects similar to the approach taken in the current design.

Figure 15. Ankle Prosthesis prototype developed by UCL-Belgium [3]

3.4.2 Subsystem #2: Control

The overall functionality of the design is the most crucial part of the design. Existing research provides a
great deal of information of the controls used in the literature. Although the application of the controls
may be different for the current project, it is always possible to use the existing controls and even improve
them for our purpose to improve their functionality.

3.4.2.1 Existing Design #1: Tethered Prosthesis by CMU

The tethered prosthesis by CMU incorporates ankle joint and a carbon fiber strut as shown in the figure
below. There is also a series spring that connects to the cable drive. In the current design a hydraulic
cylinder takes its place. Overall, the controls used by CMU are similar to the currently proposed design.

15



transmission

shank
contact

cable drive

carbon fiber strut
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spring

ankle pint
heel rope

ground/toe
b contact

Figure 16. Schematic of exoskeleton used by CMU [9]

3.4.2.2 Existing Design #2: SPARKYy Project at ASU

The SPARKY project at ASU uses a robotic tendon actuator to provide 100% push off power while
walking to maintain intact gait kinematics. The current design incorporates a hydraulic cylinder in its
place and achieves the same purpose.

3.4.2.3 Existing Design #3: Tethered Prosthesis by UCL-Belgium

The tethered prosthesis by UCL-Belgium borrows ideas from the SPARKY project and it incorporates an
arrangement of springs in the foot in series. The current design uses a hydraulic cylinder in its place. But
during the development stage, depending on the measurements taken for gait, if an improved design is
needed, out team has some basis to fall back on.

3.4.3 Subsystem #3: Strategies

The strategies are ideas that make the project original. If the right strategy is used, even a seemingly
simple design can prove to be quite effective. The literature survey provides strategies that have worked
but they also show what strategies have not worked. Possibly by changing the way they were
implemented earlier, we can use some of the effective strategies to work for us to design a new system
since part of the brainstorming is to take a fresh look at current ideas and improve them.

3.4.3.1 Existing Design #1: Tethered Prosthesis by CMU

The strategy used by CMU is to emulate a universal ankle-foot exoskeleton [9]. Since the design is a
simple one, implementation is easy. Our strategy is also similar where the design selected among the
proposed designs is the one that is easy to built that has a fine balance between functionality and
constructability.

3.4.3.2 Existing Design #2: SPARKy Project at ASU

The strategy used by the SPARKYy Project at ASU is to keep the design simple to and compromise
versatility to be able to build a simpler prototype faster. Using a series of simple designs they were able to

16



eventually launch the commercial products ODYSSEY and JackSpring, now available in the market.
3.4.3.3 Existing Design #3: Tethered Prosthesis by UCL-Belgium

The strategy used by UCL-Belgium is to study existing designs and fill in the gaps. Thus, the design they
have used is the missing link between SPARKy-2 and SPARKy-3 developed by ASU. Thus, it is
important to study the current designs to improve upon them. This is the same strategy the current design
is adopting as well.

17



4 DESIGNS CONSIDERED

After investigating the designs available in the literature and brainstorming the pros and cons of the
existing designs that are rated using custom benchmarking, our team has come up with the following
designs. The sketches of the designs are provided in this section and explained.

4.1 Design #1: Versatility and Innovation

The designs focused in this section are targeted towards providing versatile designs that are also
innovative.

The following design shown in Figure 17 consists of a text fixture body frame attached with a hydraulic
cylinder connected to the BiOM that acts as human weight. This replicates the forces exerted by the
human on the prosthetic leg. The prosthetic itself consists of another hydraulic cylinder connected to the
BiOM microprocessor and attached to the carbon fiber leg. The power to the device is supplied by a
battery attached to the prosthetic. It contains a cloth sleeve to attach to the human leg and a screw that
connects to the BiOM.

Pros of the Design: 1) The carbon fiber leg is light weight and has great strength and thus can support a
larger weight. 2) It is also flexible so as to distribute the forces evenly to the ground when the foot
touches the ground when the BiOM is required to slow down. 3)Also, during the stance phase, the electric
battery that supplies power to the hydraulic cylinder is able to lift the light weight carbon fiber leg with
ease. 4) The design also has a cloth sleeve that has durable cushioned material that attaches to the human
leg and provides a snug and comfort fit by distributing the forces at the contact point. 5) The dual
hydraulic cylinder design provides 2 degrees of freedom.

Cons of the Design: 1) Although two hydraulic cylinder provides two degrees of freedom improving the
functionality of the prosthetic, the ball and socket motion of the ankle cannot be replicated here. 2) The
battery limits the power, but that is true for any power prosthetic leg. It is important to optimize the power
requirement during the testing phase.
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Figure 17. Design-1 considered by the team

The next design shown in Figure 18 consists of the text fixture where the BiOM is connected to
a robot instead of a human for testing. A forces bag is attached to the prosthetic to enable
motions in calibrated directions. The bottom of the leg is connected to a metallic leg that
provides pivoting motion in a single plane.

PROS: 1) In the testing environment, instead of connecting the prosthetic to a frame as in the
earlier design, in this design the robot is independent to provide the forces replicating the forces
exerted by the human leg. 2) The forces bag consists of mechanical devices that provide motion
as calibrated by integrating with the BiOM. This flexibility provides motion in multiple
directions. 3) The motion of the leg itself is pivoted at the bottom, so it helps with providing
flexibility of the leg motion.

CONS: 1) Depending on the number of calibrations performed to the mechanical devices in the
force bag, the force bag can get bulky with improved functionality. 2) The base of the foot is
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restricted to a planar motion although it does allow motion and provides flexibility.

Figure 18. Design-2 considered by the team

The next design shown in Figure 19 selected is similar to the previous design, but is very unique. This is a
multi-test device that is connected to two BiOM that work in unison when needed but can also work
independently. The inspiration for this design comes from the octopus leg that can multitask at the same
time.

PROS: 1) The success of this design depends on the algorithms that are used to integrate the two BiOMs
providing the best functionality to the prosthetic. So, it can be very versatile 2). The multiple legs provide
stability that is much needed in uneven terrain 3) Also, the contact with the ground can be adjusted to
distribute the forces in such a way that the balance is maintained while the force is distributed. 4) The legs
are also capable of rotation a the neck of the connection that allows changing the position of the legs if
needed. 5) The length of the legs and the connector can be adjusted during testing to provide optimal
performance.

CONS: 1) The integration of two BiOMs can make programming the microprocessor very complicated
and the testing can be a challenge 2) Since the primary motion of the legs is vertical and rotational,
although the carbon fiber leg provides flexibility, it is still restricted in motion, but very well capable of
providing the balance needed.
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Figure 19. Design-3 considered by the team

The next design shown in Figure 20 is a smart device that is located in the BiIOM leg. This
design is similar to a regular BiOM but the smart device is programmed to provided additional
functionality to the microprocessor design to measure the torque, speed and design. The design
was inspired by an octopi and how we can test more than one BiOM at the same time.

PROS: 1) It is equipped with sensors to interact with the surroundings so that information can be
processed by the smart device and integrated with the BiOM to optimize the motion of the loop.
2) This device needs training since the smart device can be trained to perform well using
Artificial Intelligence (AI) with every use. This unique feature of this design will also allow
integration with the smart devices (e.g. Phone) that the patient is carrying. 3) The device can be
customized to the patient’s needs. If a different patient uses the same prosthetic, a different mode
in the smart device can be selected to suit the patient. Thus, the versatility of the design is in not
only in improved functionality through use of Al but also provides multiple modes for different
patients.

CONS: 1) Since this design integrates the BiOM microprocessor with the Al, initial learning and
integration can be very challenging 2) The design itself is a simple design but the range of
motion may be lacking that can be compromised by the functionality
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Figure 20. Design-4 considered by the team

The next design shown in Figure 21 considered by the team consists of an assembly of springs
connected to the prosthetic that is integrated with the design. The intent of this design is
robustness where the patient can use the leg to run, jump, swim and lead a normal life. In
contrast to the previous designs, since this design is focused on extreme motions such as
jumping, it incorporates springs that act as shock absorbers that can distribute the impact forces
due to an impulse.

PROS: 1) Robust design suited for rugged terrains, increased load and impact forces 2) The
springs not only add comfort but also help with balance in uneven terrains 3) Allows physical
activity to the patient

CONS 1) Since the design is focused on robustness, the range of motion and functionality of the
leg itself may be slightly compromised
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Figure 21. Design-5 considered by the team
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4.2 Design #2: Range of Motion

The designs focused in this section target a range of motion as well as an integrating automation with
manual control.

In this design shown in Figure 22, the focus is on the range of motion for the prosthetic. This design
consists of a motors connected to the body of the prosthetic integrated to the BIOM. The bottom of the
prosthetic consists of a ball and socket joint replicating the human ankle. The design leans towards
providing a more natural gait and a range of motions for maximum flexibility in finer motions.

PROS: 1) The ball and socket joint replicates the human ankle and provides smooth three-dimensional
motion (3 DOF). 2) The strength of the design is its simplicity where the number of parameters that need
to be optimized when integrating with the BiOM is reduced because of the fewer components.

CONS: 1) The device may be restricted in terms of strength and impact forces it can withstand, but that
can be found only during testing 2) Controlling the pivot motions perfectly requires graduated motions in
multiple directions that challenges the mechanical integrity of the ball and socket joint

Figure 22. Design-6 considered by the team

The next design shown in Figure 23 consists of a lever that is attached to the prosthetic leg that is
connected to the BiOM. This unique design takes the load off of the BIOM microprocessor to some
degree. The function of the lever is to quickly adjust the position of the leg by manually controlling it
while the prosthetic leg is not in motion. When the leg is in motion, the controls of the BIOM
microprocessor take into effect by easing the motion and recovering the energy exerted by the foot.

PROS: 1) The combination of the BiOM and the mechanical lever provides greater control and adaptation
to the patient’s taste. 2) This design can help reduce the cost of the device at the same time giving some
level of control to the user as opposed to being completely automated

CONS 1) The lever may require maintenance and if the functionality of the mechanical lever is
compromised then the full-fledged functions of the BiOM cannot be used, 2) The aesthetics of the
prosthetic can be compromised
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Figure 23. Design-7 considered by the team

4.3 Design #3: Economics
The designs focused in this section have an objective of keeping the cost down.

The following design shown in Figure 24 consists of two hydraulic cylinders connected in series with a
curved iron rod. This configuration is connected to the BIOM. In this design the unique shape of the leg
and the positioning of the hydraulic devices assist in torque and rotational motion.

PROS: 1) Design is robust and simple, however provides a range of motion at the same time 2) The
design uses an iron plated with a rust-proof material primarily to reduce cost but it can be substituted for
more affordable materials. 3) Although the iron rods are rigid the shape of the rods along with hydraulic
devices allows the range of motion

CONS: 1) The device can be bit heavy which translates to a bigger batter and motor power. So, although
the objective is to keep the overall cost low, it can be slightly offset by the bigger motor size needed.
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Figure 24. Design-8 considered by the team

The following design shown in Figure 25 in similar to the one just discussed, but it uses an assembly of
springs instead of hydraulic/pneumatic actuators. The spring assembly is connected to the iron rod that is
also connected to the biOM and the motor. The uniqueness of this design is that the spring/damper
assembly not only serves to absorb the shocks during the motion providing comfort, but also designed to
handle heavy weights. Further more, since they are flexible they are also used to provide the range of
motion lacking in designs without spring assemblies.
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PROS: 1) The spring assembly provides limited three-dimensional motion while providing comfort and
supporting heavy weight, 2) The simple design consisting of iron rod makes the device very economical
to use 3)The biggest advantage of this device is that the prosthetic can also be used when it runs out of
battery in some situations if special attachments can be provided to it. The springs ensure comfort while
walking.

CONS: 1) If the device is not optimized, the design can get heavy required a bigger motor and thus cannot
be used in the manual mode when the prosthetic runs out of power

Figure 25. Design-9 considered by the team
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5 DESIGN SELECTED - BiOM Test Fixture

Based on the various designed proposed in the previous section, every device has its own pros and cons
and hence it is very difficult to select a final design for implementation. However, given that design a
BiOM required a thorough understanding of the algorithms in order to program the microprocessor to
integrate with the mechanical devices, it certainly requires a learning curve. In addition, cost is a big
factor in designing these systems. So, it may be wise to start with the design which is economical and
simple and slowly work towards more efficient and complicated designs that provide versatility as the
team gets more proficient in programming the algorithms and using Al for this application.

The design selected is the first design (Design-1) presented in the report.

5.1 Rationale for Design Selection

The rationale behind selecting this design is primarily practicality. Although some of the other designs
may be better in terms of functionality and utility, given the time, budget and learning curve constraints,
the team decided to go with a design that is simple and practical and at the same time efficient. Design-1
as selected has many pros as mentioned in the previous section. It incorporates a hydraulic cylinder and
integrates it motion with the BiOM. It has a carbon fiber leg that is light weight and provides great
strength at the same time. The cloth sleeve provides grip and comfort to the patient and can be customized
to improve in these aspects. The frame can be built with relative ease and the prototype can be built if
needed since the design is simple yet effective.

Also, the key customer and engineering requirements detailed in Section-2 have been met for this design.

Criteria/Conceapt design 1 design 2 design 3 design 4 design 5 design & design T design & design 8 design 10

A Test Fixture that can
analyze the BiOM a
prasthetic leg in a fixed
and controlled
anvironmant.

A good design that can
work in an indoor
laboratory environment
{don’t need fo account + - + + - - + + +
for natural causes such
as rain, wind and snow)

Can replicate the sama
affects as if worn in real

+ =1 s 5 +
lifa.
Easy to fransport. 5 5 5 5 o 5
Durability. neads to with
stand forces over time. + - - ] s + 5 5 5
Hydraulic cylindar + -
Preumatic Acutator o
Elsctrical Motor = - +
I+ 5 4 3 2 2 3 2 3 3 4
I- 2 4 3 3 3 5 5 4 4 3
I5 1 0 2 3 2 0 1 1 1 1

5.2 Design Description

The selected shown in Figure 26 consists of a text fixture body frame attached with a hydraulic cylinder
connected to the BiOM that acts as human weight. This replicates the forces exerted by the human on the
prosthetic leg. The prosthetic itself consists of another hydraulic cylinder connected to the BIOM
microprocessor and attached to the carbon fiber leg. The power to the device is supplied by a battery
attached to the prosthetic. It contains a cloth sleeve to attach to the human leg and a screw that connects to
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the BiOM.

Because the design uses carbon fiber leg is light weight and has great strength and thus can support a
larger weight. It is also flexible so as to distribute the forces evenly to the ground when the foot touches
the ground when the BiOM is required to slow down. Also, during the stance phase, the electric battery
that supplies power to the hydraulic cylinder is able to lift the light weight carbon fiber leg with ease. The
design also has a cloth sleeve that has durable cushioned material that attaches to the human leg and
provides a snug and comfortable fit by distributing the forces at the contact point. The dual hydraulic
cylinder design provides 2 degrees of freedom.

Figure 26. Design selected (Design-1) by the team
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7 APPENDICES
7.1 Appendix A: Additional Design Sketches

The following design shown in the below figure shows a sketch of the design that is similar to Design-2
show in the body of the report. However, in this case instead of a robot, a robotic arm is used to exert the
downward force that replicates the human leg exerting force on the prosthetic. The design consists of two
arms connected to each other by a pivot joint and the bottom portion of the prosthetic is constructed of a
metal leg that can withstand the force exerted by the robotic arm. Since there are two pivots, there a three
dimensional motion can achieved in this design. The advantage of this design is that it is a simple design.
The disadvantage of the design is to figure out how the stance can absorb the impact forces without a
hydraulic cylinder, damper or spring assembly. However, depending on the terrain, this arrangement may
be favorable to certain clients.
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Figure 27. Design-10 proposed by the team
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