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Abstract
The cutting-edge technique of functional magnetic resonance imaging (fMRI) is an invaluable tool in the fields of research and rehabilitation, used to generate images of the cortical response associated with certain physical actions.  While devices have been utilized with great success in many upper extremity studies, there are presently no such devices designed for use with the foot and ankle. To this end, this paper proposes an apparatus consisting of a foot-pedal interface whose rotation is translated linearly via slider-crank mechanism. The design is such that it allows for both isometric and dynamic functionality, and capably measures force output, rotational frequency, and position. Results of finite element analysis (FEA) indicate that the MRI compatible parts and components chosen are capable of withstanding 100 lbs of force, which has been determined to be more than adequate for its intended use. The implementation of a mechanical actuator and a resistance system has been identified as a future improvement that would increase both the overall functionality of the device and the number of potential users. 
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Figure 1: fMRI Mechatronic Ankle Device
	The lack of fMRI ankle devices inhibits the effectiveness of researchers studying cortical response for gait rehabilitation.
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Figure 2: fMRI brain image showing cortical response
	Sophisticated hand and wrist studies involving mechatronic devices are revolutionizing the neurorehabilitation process by providing researchers with information on how the brain reacts to controlled motor performance.  Currently, research is hindered by the lack of ankle devices capable of operation in an fMRI setting. Investigations into the few existing fMRI ankle studies indicate the need for a device to control study conditions and normalize results (rep 1.1.3). A mechanism designed for use in fMRI ankle studies would provide researchers with specific and accurate motion analysis data to match cortical response information. A device capable of measuring force and position during dorsiflexion and plantarflexion, two ankle motions essential to ambulation, would provide an important link between motor function and cortical response.  Such a device would further evolve and promote lower limb analysis in fMRI to parallel the neurological research paradigm of upper extremity devices. 


Project Need

Objectives and Requirements
	The objective of this project is to design an fMRI compatible device capable of measuring isometric force and dynamic position and frequency.


Figure 3: Plantarflexion and dorsiflexion ankle motion 


	Design Objectives

The objective of this design is to produce an ankle mechanism whose construction is compatible with an fMRI environment. The device must be both isometric and dynamic in function and allow for data collection along the full range of motion (ROM) of ankle flexure. Isometrically, the device must be capable of collecting static force output values at incremental locations along the ROM. Dynamically, the ability  to collect  both position and frequency measurements is essential.  Interfacing between clinician and patient will be accomplished through a visual feedback system (all: rep 3.1).    
Design Requirements

To assure fMRI compatibility, the device must be constructed with plastics, polymers, and/or non-ferrous metals.  To allow for a full range of motion, the device will be capable of 40o of plantarflexion and 10o of dorsiflexion. The materials chosen must be robust enough to sustain a maximum force of 100 lbs without significant deflection (all: rep 3.3).


Design Concepts Considered

	Brainstorming was conducted in order to develop viable design concepts. Of the resultant concepts, two were selected as most effective in fulfilling the design objectives.
[image: image2.png]concept dras

=18l x]

Type aquestionfor help  + X

© Fle Edt Yiew Insert Format Tools Table Window Help AdobePDF  Acrobat Comments
DEEROGRTEEDR S I-0- (R0 ORME T 2% - @ wieet i voms - Tesnewronn 12 <[ B 7 U

mwhial

[v] “ ! B ! 2 ! 3 !

W[

=l

e °
=04 | |

o= s dgostopes- N N IO A @A O L-A-===a0)

Page 1 Sec 1 11 At tn ol REC TRK EXT OV Engish(Us  OF

inal Updated Capstone

o] @ e Capston vesin- .| TP covsns &

1) MR Executive Summary. .| ] Exective Summary Tem,

5] device fina pictures - Mic... | [ 2] nitial concept drawin... 2 B| &y [« zaem





Figure 3: Modified Enclosed Boot Sketch
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Figure 4: Slider Pedal Model   
	Upon identifying and compiling requisite design objectives and criterion, it became necessary to begin developing concepts capable of fulfilling these aims. Two examples of the concepts that were proposed during brainstorming are presented below.
Modified Enclosed Boot

In this design, the ball of the foot interfaces with a rigid member that is pinned at one end and connected to a vertical block. As the foot moves, its motion is translated away from the body through the rotation of the vertical block. A plastic boot enclosing the top and bottom of the user’s lower leg, from knee to foot, ensures stability while minimizing body migration. Outside of the boot, two half-circle tracks serving to standardize the dynamic path of the foot during flexure are attached, bracketing the ankle joint. A custom pin equipped with strain gauge sensors can be inserted through the rings into the boot to restrict the ROM, allow for isometric function, and provide quantification of force output. An encoder placed at the center of rotation (the ankle joint) will serve to measure position and frequency during dynamic exercises.
Slider Pedal
The device consists of a foot-pedal interface and a crank slider mechanism. The pedal is composed of a foot-bed with straps to secure the user’s foot. The motion of the pedal is translated through the crank slider mechanism to allow for a full ROM. A series of pinholes in the track of the slider can be utilized to reduce and control the ROM, as well as provide for isometric functionality. The slider is designed to impact a load cell which will enable force measurement. Finally, an encoder situated at the center of rotation will be responsible for producing position and frequency measurements. 
These devices represent the two highest ranked of each of the devices we compared in a weighted decision matrix. 


Recommended Design Concept

	The design concept is a foot pedal with point of rotation about the ankle bone that translates force and motion via a slider crank mechanism.


Figure 5: Device orientation with wedge and straps.
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Figure 6: Device placed on leg support module
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Figure 7: Device oriented on MRI table
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Figure 8: Slider and pin (Isometric Function)
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Figure 9: Slider and pins (Dynamic Function)


	Description of Design
The chosen design is an updated version of the Slider Pedal mechanism described previously. This modulated design was composed in sections, each responsible for certain aspect of the design objectives. The primary module, responsible for much of the functionality of the device, consists of a pedal at the ball of the foot whose motion is translated via crank slider mechanism. The pedal houses a six-DOF force sensor custom built for MR-compatibility by JR3 sensors. A pinhole system along the entirety of the slider’s path serves to limit ROM and provide isometric functionality. Additionally, an encoder placed at the center of rotation (ankle joint) provides position and frequency measurements. The adjacent modules consist of a wedge designed to elevate the leg and a block outfitted with straps to secure the leg of the user. Such an orientation reduces output forces in isometric plantarflexion and provides a means to customize the device for individual users, thereby assuring maximum comfort and stability. Each of the components are either custom designed for MR-compatibility or constructed from Delrin® and secured with brass bolts to ensure safe, interference free operation in a magnetic resonance environment. 

Analytical Investigation

In order to ensure the feasibility of the design, a full finite element analysis (FEA) was conducted on each individual part. The magnitudes of the applied forces were gathered through interviews with experts in the field. The result of this analysis showed that the lowest factor of safety for any of the parts was 4. Additionally, a geometric analysis using the SAM program was performed to determine both the optimal orientation of the pedal/slider/crank and provided the necessary dimensions to achieve this orientation. 
Experimental Investigation

         The overall system was tested and evaluated outside of the MRI environment in accordance with a predetermined test procedure. The test procedure was designed to assess compliance of the visual feedback system, ease of use of the device, and accurate completion of all desired actions and measurements. 
Key Advantages of Recommended Concept
 The stabilizing design, MR-compatible materials, and functional translation of all motion away from the body allow for a device capable of function in fMRI, the first of its kind. 

Furthermore, the robust force profile of the six-DOF sensor provides accurate dorsiflexion and plantarflexion data while eliminating the potential for problems due to inversion or eversion of the patient’s foot during exercise. 

The unique design of the slider/track and its pinhole controls allow for multiple variations of isometric and dynamic function and provide many ROM possibilities for use in an exercise regiment.

Finally, the modulated design enables customization on an individual user basis while ensuring maximum comfort during use. The modulation increases stability of the overall system and isolates ankle movements, in turn reducing the occurrence of artifacts in captured fMRI images. 


 Financial Issues
	The MR-compatible force sensor incurs the highest component cost. Complete construction of the prototype device cost $6264.91. 
	The most pressing financial issues involved in the development of this device stem from the necessity for robust, non-ferrous materials and each custom designed, MR-compatible sensor and encoder. Fortunately Delrin®, a widely available, relatively inexpensive material, is both adequately robust and easily machined to fit our needs. The employed encoder was already in the possession of the NU robotics lab, and thus will not result in further monetary burden. Thus, the most expensive aspect of our design is the 6-DOF JR3 force sensor, costing $5778.00. In total, the cost for construction a device prototype is $6264.91.  


Recommended Improvements 
	The potential implementation of resistance and mechanical actuation would improve the functionality of this device.
	The implementation of a mechanical actuator has been identified as a future improvement that would increase both the overall functionality of the device and the number of potential users. It may also be desirable to introduce a system whereby the application of variable resistances could be imparted to the motion of the device. Both improvements would widen the realm of information gathered by the device and increase its value in the fMRI research field.
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