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Abstract

In 2002, more than 110,000 lower extremities were amputated nationally.  Many ankle prosthetics allow these amputees a limited ability to walk by simplifying the ankle to either a hinge or leaf spring. This neglects the degree of freedom that enables the ankle to remain stable in varying terrain: the subtalar joint. The subtalar joint makes gait stability possible through inversion and eversion of the foot. The designed prosthetic allows for a more normal and comfortable gait through the incorporation of the subtalar and high ankle joints into a control system consisting of linear actuators and strain gages (analogs for muscles and nerves). By applying anatomical free body diagrams to the designed system, a better understanding of material type and dynamic loading can be achieved.  
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The Need for Project 

	Current lower leg prosthetics provide a limited ability to walk through a variety of terrain.

	Current prosthetics are limited both in their range of motion and/or their control system. These prosthetics provide for rotation about the high ankle axis, while rotation about the subtalar axis is ignored. This results in difficulty walking on uneven terrain or across (as opposed to walking up or down a hill). These inadequacies are then propagated up the leg, resulting in discomfort and pain in the knee and/or hip. This can lead to subsequent amputations and limits the terrain that can be comfortably traversed. 


The Design Project Objectives and Requirements 

	Design a prosthetic that increases comfort over a variety of terrain while achieving modern cost and weight benchmarks.
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Figure 2: Portion of the Gait Cycle within project scope.


	Design Objectives
Broadening the spectrum of comfortably traversable terrain by enabling a more natural gait from heel strike to foot flat (Figure 2). The device should provide the user to walk comfortably on any terrain through an active closed-loop control system.
Design Requirements

 The prosthetic must accommodate a maximum of 250 lb (a common weight limit in prosthetics) during a normal gait cycle. The prosthetic would require an active control system incorporating actuation and sensors. The weight of the prosthetic must be similar to that of the human anatomy (5-15 lbs) which it will be replacing.  The retail price must be no greater than $12,000 to fall in line with current products available today.


Design Concepts Considered 

	Separate concepts were considered for each of the 5 primary components of the project: the heel, foot, ankle, control system, and test fixture.  [image: image3.jpg]



Figure 3: Ankle Design with coordinate system. Actuators included.

	The project has three main components for which different concepts were considered: the mechanical design and the control system and the test fixture.
Heel

Two options were considered for the heel design. The first, an elastomeric cushion, is similar to the fatty pad which exists on the human foot. The second option was a leaf spring which is a common impact absorber used in the prosthetic industry.
Foot
The bottom of the foot was initially a simple curved surface.  Upon further analysis it was determined that this would create larger moments about the high ankle and subtalar axes than a motor or actuator could handle.  A shape that mimicked the human foot and its center of pressure line was then explored.
Ankle Joints
Several ankle joint configurations were considered. The first configuration considered was a ball and socket. Given the difficulty of controlling this, a simpler, more anatomically correct option was explored.  Namely, two separate axes of rotation: the high ankle axis, and the subtalar axis.
Control system
The first part of the control system is sensing the forces on the foot. To achieve this end, strain gauges and force transducers were considered. Each device would provide that data needed to control the prosthetic with varying degrees of complexity, size and cost.
The second portion of the control system is motion control. Two options were considered for moving the system: pneumatic or electric actuators. The electric option provided a compact system, but insufficient forces and speeds. The pneumatic option provided sufficiently high forces and speeds, but a larger control and power system.
Test Fixture

The test fixture needs to put the ankle through its typical movements during the heel strike to foot flat part of the gait cycle. Two different design concepts were considered for the test fixture. 
The first design uses a curved track to direct the motion in an arc around the ankle joint.  The distance from the knee joint to the ankle joint is fixed.  This provides a more realistic movement of the knee joint around the ankle, but does not allow for any adjustability.
The second design uses a straight linear track to provide for the forward and backward movement of the ‘knee’. The distance from the ankle joint to the knee joint must be adjustable to allow for the differences between a linear and circular movement. This design allows for the ability to adjust the basic height the knee moves at.  


Recommended Design Concept 

	A pneumatically-controlled prosthetic consisting of a subtalar and a high ankle joint, a foot surface that mimics the human foot, and a leaf spring heel. 
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Figure 4: Ankle Joint final design without actuators or foot.
	Design Description
The recommended mechanical design consists of a leaf spring made out of spring steel to absorb impact, and a foot made out of Delrin that mimics the shape of the human foot. The high ankle joint maintains the same rotation around the Z-Axis. The subtalar joint will rotate about the effective axis of rotation. The balance of the joints three components in Figure 4 are all made of 6061 aluminum.
The system is powered by two pneumatic linear actuators. Strain gauges are used for sensing the strain resulting from the ground reaction forces. The control system uses LabVIEW to analyze the input from these sensors. The sensor data is then used as control signals for the pneumatic actuators.
The test fixture design with the straight track was selected as the recommended design for the test fixture.  This Because of its simplicity for testing and adjustability.  This design is also easier to build.
Analytical Investigation

By using gait analysis techniques, published research data, free body diagrams, and FEA, the system was analyzed from heel strike to foot flat. In the interest of assembly and manufacture, a leaf spring was chosen for the heel. By calculating the three-dimensional moments applied about the high ankle and subtalar axes over the course of the gait cycle, it was determined that only a pneumatic actuator could provide the large force and high speed necessary for the system. In order to minimize the forces required of the actuation system, the foot was given a more organic shape that reduced the maximum moments about both axes.  The calculation methods are used to drive the algorithms for the control system.
Key Advantages of Recommended Concept

The major advantage of this system is the stability achieved through the inclusion of the subtalar axis. By adding eversion and inversion capabilities the prosthetic can closely mimic the actions and reactions of the human foot. The closed loop control system provides users with a system that is self correcting and highly adaptable. By using pneumatic actuation to simulate “muscles”, the user is provided with superior comfort throughout the gait cycle.


Financial Issues 
	A target cost of less than $12,000 is achieved.  This cost will go down as customization requirements are minimized.
	As each system would be customized to the user, manufacturing and overhead costs could be relatively large. The system would require customized linear actuators as well as a custom valve system. It must also be considered that the system would require peripherals to recharge batteries or the powering system. Once size and weight ranges are determined, large stocks of custom motors can be purchased and peripherals would be universal through out. 

The design is ultimately marketed as a   high-end ankle prosthetic that competes with the current market products like the Ossur Proprio Foot and College Park TruStep. Medicare patients are typically required to pay 1/3 of retail price. According to Medicare fee schedules, prices for patients range from $500 for simple lower limb prosthetics ($1500 retail) to $20,000 for high end prosthetics ($60,000 retail).


Recommended Improvements 
	Further optimization of the foot geometry and control system algorithms will minimize work required from actuators. Human testing will also aid in perfecting the prosthetic.      
	The focus of the design is to prove that adding the subtalar axis allows for greater stability in gait from heel strike to foot flat. Future work would include optimization of the geometry and control system.  Specifically, optimization the design of the bottom of the foot to reduce the work of the actuators and the advancement of the control system to enable a complete gait cycle.  To reach these ends, the integration the use of human subjects may also be considered for the future.
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Figure 1: Bionic Ankle with Test Fixture
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