4800 Calhoun Road
Houston, TX 77004
May 4, 15

Jose Luis Contreras-Vidal
4800 Calhoun Road
Houston, TX 77004

Dear Dr. Contreras-Vidal:

This document outlines the current status of the pLEGS pediatric exoskeleton project, which is the result of collaboration between students from the University of Houston and Tecnologico de Monterrey. This project focuses on developing a pediatric robotic exoskeleton to be used to assist children with gait limitations due to spinal cord injury or neurological disorders. This report outlines what has been completed thus far and what remains to be completed.

We obtained data detailing the gait walking patterns of several children and averaged them into an ideal walking pattern. We programmed this walking pattern into a Tiva C microprocessor and graphed the results from the motors. Our hope for this project is to develop a mechanical design that is efficient, safe, and adaptable.


Regards,

 The pLEGS team
Danny Abounasr, Mary Faltaous, Chi-Lun Chu and David Eguren
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[bookmark: _Toc292709961]Abstract  	Comment by Trombetta, Len: This is supposed to include the final budget numbers as well.
This report outlines the advancement performed on the PLEGS project. The project focuses on developing a robotic exoskeleton that aids children with spinal cord injury in learning to walk in a way that mimics the proper gait of a child. The exoskeleton should also provide gait feedback to the therapist so that the data can be used in improving the child’s therapy. This semester’s goal target objective was to get the motors sequenced to the gait data. The three major objectives were completed for the implementation of the motors to the exoskeleton. First, it was imperative to drive the motors with the microcontroller, then we needed to interpret the potentiometer readings with the microcontroller, and lastly we needed to provide lower extremity range of motion with the motors. Software tests were designed in order to accomplish the driving of the motors with the microcontroller and providing the lower extremity range of motion with the motors. A hardware setup including a motor, wave-gear and potentiometer was constructed to read the analog voltages from the potentiometer. We have achieved an accuracy of 0.083% in the potentiometer readings and have implemented the gait data into the motors. The primary focus of this semester was to drive and control the motors with the proper gait data. Next semester we plan to implement various data acquisition sensors such as EMG and force sensors and focus on the impedance control of the motors while developing a working exoskeleton prototype.

Table of Contents
Abstract	ii
Background and Goal	1
Problem, Need, Significance	1
User Analysis	2
Overview Diagram	3
Target Objective and Goal Analysis	4
Engineering Specifications and Constraints	7
Statement of Accomplishments	9
Engineering Standards	9
Budget	10
Conclusion	11
Appendix A	12
Appendix B	13
Works Cited	15

[bookmark: _Toc292709962]Figures
Figure 1: Overview diagram for pediatric exoskeleton.	3
Figure 2: Goal analysis chart for Spring 2015 semester	4
Figure 3: The results for the Motors Provide Lower Extremity Range of Motion	5
Figure 4: Motor output of gait data for the hip joint	6
Figure 5: Motor output of gait data for the knee joint	6
Figure 6: Motor output of gait data for the ankle joint	7
Figure 7: TI Tiva-C microcontroller pin out.	12
Figure 8: Logic diagram for motor	12

[bookmark: _Toc292709963]Tables
Table 1: Identified hazards list for safety tests	7
Table 2: Safety testing worksheet	8
Table 3: Adjustability ranges for exoskeleton	9
Table 4: Pediatric exoskeleton budget (Spring 2015)	11
Table 5: Electrical Hazards (a) safety sheet	13
Table 6: Electrical Hazards (b) safety sheet	13
Table 7: Testing Related Injury safety sheet	13
Table 8: Falling/Tripping when running on battery power safety sheet	14
Table 9: Burns safety sheet	14
Table 10: Electric Potential safety sheet	14
Table 11: Under-voltage of individual battery safety sheet	15
Table 12: Overheating safety sheet	15

Page iii
[bookmark: _Toc292709964]Background and Goal 	Comment by Trombetta, Len: There is no statement of the goal here.
The purpose of this document is to present the progress that has been made on the pediatric exoskeleton device during the Spring 2015 semester. The final target objective for the semester is to have an exoskeleton prototype on which the motors at each joint (hip, knee and ankle) perform the correct gait sequence. This is a foundational step in creating a functional prototype that can be used with various sensors to provide a rehabilitation device for children with gait limitations due to spinal cord injuries, or other medical prognoses that limit a child’s seamless gait pattern.
                  This document contains information regarding the target population, tests and corresponding results on the implementation of the gait data into the motors, and the methods used to implement the gait data. It also contains various figures including the semester objectives, an overview diagram of the components currently being used in the system, and a project budget.
	The pediatric exoskeleton project is supported by the University of Houston Laboratory for Noninvasive Brain-Machine Interface Systems and its director Jose L. Contreras-Vidal, Ph.D. This project is a coordinated effort between students at the University of Houston as well as students in Monterrey, Mexico at the Tecnológico de Monterrey that are tasked with updating the mechanical design of the system, creating IRB protocol for Electromyography (EMG) data collection, and assisting with EMG data collection and processing. Other notable individuals involved with the project include the project coordinator, Jeff Gorges, as well as University of Houston Masters degree students Sri Ranga Prasad Maddi and Justin Brantley that have provided technical assistance. 
[bookmark: _Toc292709965]Problem, Need, Significance
Pediatric spinal cord injury (SCI) affects approximately 500 children under the age of 15 every year. A spinal cord injury resulting in paralysis can bring about important negative psychological and physiological consequences for the child and child’s family. The lifetime average cost of care for an individual with lower limb paralysis can reach up to three million dollars. Also, if the injury occurs during the early stages of the skeletal development in the child there is a high chance that scoliosis will occur [1]. 
There are currently no exoskeleton rehabilitation devices designed specifically for children. Our group’s hope for this project is that the device will be used to assist a child in his/her recovery from a spinal cord injury, and that it might alleviate some of the negative consequences previously mentioned.
[bookmark: _Toc292709966]User Analysis
The target population for this system is children 4-8 years old, ranging from the 5th percentile of 4 year-olds up to the 95th percentile of 8 year-olds. The system is designed based on the physical needs of children with incomplete SCI with an American Spinal Injury Association (ASIA) grade of B-D for SCI and the injury location at lumbar vertebra 2 (L2) and below. The system is adjustable to accommodate children between the heights of 3’0” and 4’6” and it is capable of withstanding a maximum weight of 77 lbs. The system is not designed to be self-balancing. If a child is unable to balance him or her self, then crutches or a walker will need to be used [2]. A medical professional should accompany the user during the rehabilitation sessions. The medical assistant should be familiar with how the device operates, but it is not assumed the child will have had any previous experience using the device. The system will have an interface that includes control of initiating and stopping the walking sequence. It will also have a preprogrammed sequence for moving from a seated to a standing position and vice versa.
[bookmark: _Toc292709967]Overview Diagram 
	Figure 1 shows the overview diagram for the system. It includes items such as the motor control boards, motors and the power supply.  The photographs including the young boy and woman are meant to indicate that this project utilizes ideas and technology from exoskeleton devices for adults in an attempt to create a pediatric specific system. 
[image: :Screen Shot 2015-05-08 at 1.46.58 PM.png]
[bookmark: _Ref292706748][bookmark: _Toc292710904]Figure 1: Overview diagram for pediatric exoskeleton.
[bookmark: _Toc292709968]Target Objective and Goal Analysis	Comment by Trombetta, Len: DO NOT present a figure before introducing it in the text.
[image: :Screen Shot 2015-05-07 at 8.23.29 AM.png]
[bookmark: _Ref292707022][bookmark: _Toc292710905]Figure 2: Goal analysis chart for Spring 2015 semester
As can be seen in Figure 2 above, the target objective for the fall 2015 semester was to have an exoskeleton prototype with which the motors performed the correct gait sequence at each of the joints. In order to accomplish this objective, the project was separated into three different categories (software, motor design, and mechanical). Our team members in Monterrey performed the mechanical design updates; therefore this section will focus primarily on the other two categories. The gait data used throughout this project was taken from a clinical gait analysis study entitled "Normalized Regressions of Kinematics & Kinetics for Children" [3].
	The software category is comprised of two objectives related to the Tiva-C microcontroller. The first is that the potentiometer values would be accurately read, and the second is the motors would be driven by the microcontroller.  The voltage values from the potentiometer were measured with an oscilloscope and were compared to the values read by the microcontroller. We found that the values were accurate within 0.083%.  	Comment by Trombetta, Len: This belongs in test plan or accomplishments sections.
The second category of objectives is motor design. This category includes two objectives which are the motor providing the lower extremity range of motion and the correct gait sequence at each joint. To complete the motor provides the lower extremity range of motion task, programming the gait pattern into the microprocessor was required. We first translated the gait data into voltage readings. The results are shown below in Figure 3. We set an upper limit (red line) of 3700 [mV] and a lower limit (green line) of 2300 [mV] to check if the motors would pass beyond the range of the Knee gait data. We also verified that the first peak was within 200 [mV] of the original position, and the higher peak was within 1100 [mV] of the same position. We were able to prove that the motors could follow the data points without extending beyond the set range.	Comment by Trombetta, Len: ??

[bookmark: _Ref292707667][bookmark: _Toc292710906]Figure 3: The results for the Motors Provide Lower Extremity Range of Motion
Once the motors were programmed, we tested the accuracy of the gait sequence by graphing the output of the motor data alongside the original gait data. Initially, overshoot issues were experienced at high motor revolutions per minute, but the used of a PID controller allowed the motors to be accurately tuned to match the gait data.  Figure 4, Figure 5, and Figure 6 below, display the motor output for the objective “motors display correct gait sequence at each joint”, graphing the change in angle over time, for the hip, knee, and ankle respectively. The graphs are taken from a series of 30 test trials and display the standard deviation that was received as a result of these trials. 

[bookmark: _Ref292707685][bookmark: _Toc292710907]Figure 4: Motor output of gait data for the hip joint

[bookmark: _Ref292707694][bookmark: _Toc292710908]Figure 5: Motor output of gait data for the knee joint	Comment by Trombetta, Len: Keep the color assignment the same among plots.

[bookmark: _Ref292707701][bookmark: _Toc292710909]Figure 6: Motor output of gait data for the ankle joint	Comment by Trombetta, Len: This is all great data, and much more clear as to purpose than your talk, but why is it here? It belongs in Accomplishments.
[bookmark: _Toc292709969]Engineering Specifications and Constraints 
Due to the medical nature of this device, and the rehabilitation subjects will be children, the primary constraint for this project is safety.  Various safety tests for the system have been outlined and are mentioned in the following paragraph. Other constraints for this project include both the size and weight of the system. 		Comment by Trombetta, Len: These are specs.
	The model for the safety tests that will be performed is a risk mitigation report created for the NASA X1 exoskeleton. In this report various potential hazards are identified along with probable causes and possible methods for control and prevention of the hazards. 
Table 1 lists the identified hazards that are being considered in the system’s safety tests. 
[bookmark: _Ref292707941][bookmark: _Toc292709765]Table 1: Identified hazards list for safety tests
	Hazard
	

	1. Un-commanded Motion
	6. Burns

	2. Electrical Hazards (a)
	7. Electrical Potential

	3. Electrical Hazards (b)
	8. Under Voltage

	4. Testing Related Injury 
	9. Overheating

	5. Falling/Tripping
	



Table 2 is an example of a hazard analysis worksheet that will be used during testing. Important features of the worksheet include: title and description of the hazard, potential causes, and possible methods of prevention. This worksheet, and the others, which can be found in Appendix B, will provide a guideline for each respective safety test.  	Comment by Trombetta, Len: When were you going to tell us about Appendix A?
[bookmark: _Ref292708020][bookmark: _Toc292709766]Table 2: Safety testing worksheet
[image: :Screen Shot 2015-05-07 at 11.44.16 AM.png]
Other important safety features include limiting the range of motion through which the joint are capable of moving. This is done in software and firmware by programming limits for the motor movements, and is reinforced in the mechanical design through hard stops that provide a fail- safe should software or firmware malfunctions occur. Another important feature of the system is a full over-ride kill switch capable of cutting power to the system should any form of unanticipated event occur.
The size and weight constraints are in place in order to prevent the system from hindering the user during the rehabilitation sessions. Many exoskeletons use a backpack to house the battery and various electronics. We are attempting to move away from this idea in order to reduce the size of the system. We will be using a battery belt in which two 12 [vV] batteries will be situated on each side of the hips. The weight of the batteries will be evenly distributed around the pelvic area reducing the added weight in the user upper section, thus reducing the chances of loss of balance.  Weight limits for the entire system including the batteries have been set at 30% of the total weight of a child. An eight year old child that lies within the 95th percentile, will weigh on average 35 Kgkg, limiting the system to a weigh of 10 Kg kg [4]. Size is also limited by the target population and as listed in the user analysis the system should be able to accommodate children between the heights of 3’0” and 4’6”. Therefore the system has maximum and minimum adjustable lengths in the femoral and tibia regions shown in Table 3 below. 	Comment by Trombetta, Len: These are specifications.
[bookmark: _Ref292708339][bookmark: _Toc292709767]Table 3: Adjustability ranges for exoskeleton
	
	Femur
	Tibia

	Maximum  [cm]
	35
	30

	Minimum  [cm]
	24.8
	21.6


[bookmark: _Toc292709970]Statement of Accomplishments 
During the fall 2015 semester, we completed all of the objectives within the software and motor design categories of the goal analysis diagram shown in the Target Objective and Goal Analysis section. In order to complete these tasks, we converted gait data from a clinical gait analysis from degrees to voltage values, and used the voltage values to program the motors to perform the correct walking sequence. We compared the motor output to the graphs of the original data and used a PID controller to tune the accuracy. We also performed a power system analysis based on force and torque data from the same gait analysis. This was done in order to make a selection for a power source. The battery has not been purchased yet, but a survey of various chemistries resulted in the selection of Lithium Iron Phosphate (LiFeSO4) for safety reasons. We did not complete our target objective due to the fact that the mechanical design has yet to be completed. When it is we will be able to attach the motors and begin the next phase of the project, which includes the incorporation of feedback sensors.  	Comment by Trombetta, Len: Show us!
[bookmark: _Toc292709971]Engineering Standards 

The FDA considers pediatric exoskeletons, for medical use, to be Class II devices. As such, a verification and validation process must be followed to ensure a successful FDA submission. To perform the verification and validation process various non-medical tests must be performed. These tests are performed as outlined in several standards. The standards that we will be focusing on are IEC 60601-1: Medical electrical equipment - Part 1: General requirements for basic safety and essential performance, IEC 60601-1-2: Medical electrical equipment - Part 1-2: General requirements for basic safety and essential performance - Collateral Standard: Electromagnetic disturbances - Requirements and tests, and ISO 7176-16: Resistance to ignition of postural support devices. These standards are used for different types of testing. IEC 60601-1 is a general standard from which the outlines the requirements for electrical testing. IEC 60601-1-2 is used for the electromagnetic testing to ensure that the exoskeleton will not be harmful to the child. Finally, ISO 7176-16 specifies requirements and test methods to assess the resistance to ignition by match flame equivalent of all postural support devices that are supplied to be part of a wheelchair or its seating system. It will be used it to test the flammability hazards associated with our exoskeleton.
[bookmark: _Toc292709972]Budget 

At the time our team joined the project, some of the hardware had already been purchased, most notably the motors and the motor controllers. In Table 4 the items provided to our team, the items we have purchased, and those that will be purchased during the summer and fall 2015 semester, are indicated on the right hand side in the status section. The most significant purchases that remain are the wave gears and the batteries for the system.  Other significant items mentioned are the labor cost, amount spent to date, and the total projected cost.
[bookmark: _Ref292709568][bookmark: _Toc292709768]Table 4: Pediatric exoskeleton budget (Spring 2015)
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[bookmark: _Toc292709973]Conclusion
Through the joint effort of the teams at the Tecnológico de Monterrey and the University of Houston, we are assembling a pediatric exoskeleton device capable of performing basic walking movements. We have successfully programmed the motors with correct gait data for a child, performed the power system analysis for the selection of the battery and the system’s mechanical design has been updated to better simulate a natural gait. These are foundational steps to creating an adaptive exoskeleton system capable of providing a customizable rehabilitation experience according to the specific needs and capabilities of the user. The primary focus of this semester was to drive and control the motors with the proper gait data. Next semester we plan on implementing various data feedback sensors such as EMG and force sensors and focus on the impedance control of the motors.
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[bookmark: _Toc292709974]Appendix A
In this appendix, Figure 7 shows the Tiva-C microcontroller with the pins labeled to clarify where the wires were connected. Also, Figure 8 displays the wiring logic employed when connecting the Tiva-C and the Motor Controllers.
[image: :Tiva C Pinout.png]
[bookmark: _Ref292708817][bookmark: _Toc292710910]Figure 7: TI Tiva-C microcontroller pin out.
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[bookmark: _Ref292708865][bookmark: _Toc292710911]Figure 8: Logic diagram for motor
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[bookmark: _Toc292709975]Appendix B
This appendix contains the remaining hazards and counter measures tables, which will be used for the safety testing. 
[bookmark: _Toc292709769]Table 5: Electrical Hazards (a) safety sheet
[image: :Screen Shot 2015-05-07 at 11.46.55 AM.png]
[bookmark: _Toc292709770]Table 6: Electrical Hazards (b) safety sheet
[image: :Screen Shot 2015-05-07 at 11.49.24 AM.png]
[bookmark: _Toc292709771]Table 7: Testing Related Injury safety sheet
[image: :Screen Shot 2015-05-07 at 11.50.52 AM.png]
[bookmark: _Toc292709772]Table 8: Falling/Tripping when running on battery power safety sheet
[image: :Screen Shot 2015-05-07 at 11.56.25 AM.png]
[bookmark: _Toc292709773]Table 9: Burns safety sheet
[image: :Screen Shot 2015-05-07 at 11.51.48 AM.png]
[bookmark: _Toc292709774]Table 10: Electric Potential safety sheet
[image: :Screen Shot 2015-05-07 at 11.53.02 AM.png]
[bookmark: _Toc292709775]Table 11: Under-voltage of individual battery safety sheet
[image: :Screen Shot 2015-05-07 at 11.55.30 AM.png]
[bookmark: _Toc292709776]Table 12: Overheating safety sheet
[image: :Screen Shot 2015-05-07 at 11.54.15 AM.png]
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Potentiometer Readings, [mV]


Hip Angle Data
Desired Gait	0	50	100	150	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	1050	1100	1150	1200	1250	1300	1350	1400	1450	1500	1550	1600	1650	1700	1750	1800	1850	1900	1950	2000	2050	2100	2150	2200	2250	2300	2350	2400	2450	2500	2550	39.705675658616869	39.371476631260691	38.81722215309518	37.961728239632812	36.801214598987237	35.311209670401027	33.465702211926299	31.304444177263569	28.933905120949369	26.467203477586601	23.97295359025426	21.460729744521419	18.908411969485559	16.31040035624018	13.699342312166721	11.12849518224162	8.6534240900920842	6.3204481139439279	4.139909957290806	2.0781229788756961	9.6279822195665304E-2	-1.7976234461841949	-3.523770924933034	-4.9608585379602346	-6.0080391529264041	-6.6024990043015261	-6.6826494908410403	-6.1541007197135764	-4.9016606132008196	-2.860641989059999	-7.85208966118663E-2	3.319110093237732	7.1833178152166166	11.330257958956841	15.53583791051676	19.584669767766059	23.324623364776759	26.676392816822659	29.60375067113053	32.098450580525451	34.186403734665923	35.926212421212092	37.378621784343522	38.559119501622298	39.441277349534708	40.01603366444602	40.318016354575903	40.393171923222027	40.275102098674132	39.992201419361599	Experimental Gait	0.94868329805051399	0.94868329805051399	0	1.264911064067352	2.529822128134704	0.94868329805051399	3.0983866769659332	2.8141044025503201	2.529822128134704	4.0977541589103996	5.6656861896861157	5.5714558823688902	5.4772255750516603	4.4415514241184697	3.40587727318528	3.1171521989657349	2.8284271247461898	2.5298221281347031	2.2649110640673511	2	1	0.474341649025257	2.7568097504180442	1.3784048752090221	0.474341649025257	0	0.72456883730947197	1.4491376746189439	2.138782399682567	2.8284271247461898	4.7434164902525682	5.7775855183115636	6.8117545463705476	5.7965506984757758	7.3395589474783787	8.8825671964809807	7.7616751414172898	6.640783086353597	5.9471766504895376	5.2535702146254746	2.6267851073127391	0.474341649025257	2.1213203435596419	1.060660171779821	0.474341649025257	0.474341649025257	1.8973665961010271	0.94868329805051399	0.474341649025257	0.474341649025257	1.4491376746189439	0.94868329805051399	0.94868329805051399	0	1.264911064067352	2.529822128134704	0.94868329805051399	3.0983866769659332	2.8141044025503201	2.529822128134704	4.0977541589103996	5.6656861896861157	5.5714558823688902	5.4772255750516603	4.4415514241184697	3.40587727318528	3.1171521989657349	2.8284271247461898	2.5298221281347031	2.2649110640673511	2	1	0.474341649025257	2.7568097504180442	1.3784048752090221	0.474341649025257	0	0.72456883730947197	1.4491376746189439	2.138782399682567	2.8284271247461898	4.7434164902525682	5.7775855183115636	6.8117545463705476	5.7965506984757758	7.3395589474783787	8.8825671964809807	7.7616751414172898	6.640783086353597	5.9471766504895376	5.2535702146254746	2.6267851073127391	0.474341649025257	2.1213203435596419	1.060660171779821	0.474341649025257	0.474341649025257	1.8973665961010271	0.94868329805051399	0.474341649025257	0.474341649025257	1.4491376746189439	0	50	100	150	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	1050	1100	1150	1200	1250	1300	1350	1400	1450	1500	1550	1600	1650	1700	1750	1800	1850	1900	1950	2000	2050	2100	2150	2200	2250	2300	2350	2400	2450	2500	2550	39.71	38.71	37.71	36.71	35.71	33.71	31.71	29.71	27.71	24.71	22.71	20.71	17.71	15.71	12.71	10.71	8.7100000000000009	6.71	4.71	2.71	0.71	-0.28999999999999998	-1.29	-2.29	-3.29	-3.29	-3.29	-1.29	-0.28999999999999998	1.71	4.71	8.7100000000000009	12.71	16.71	20.71	24.71	27.71	30.71	32.71	34.71	35.71	37.71	38.71	39.71	39.71	40.71	40.71	40.71	40.71	39.71	Time, [ms]
Angle [Degrees]
Knee Angle Data
Desired Gait	1	1	0	50	100	150	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	1050	1100	1150	1200	1250	1300	1350	1400	1450	1500	1550	1600	1650	1700	1750	1800	1850	1900	1950	2000	2050	2100	2150	2200	2250	2300	2350	2400	2450	2500	2550	10.096391854136501	11.27316806380259	12.85626193433507	14.9255174121253	17.060736039025599	18.770345610117349	19.689541521283441	19.671357251919829	18.806651382578341	17.346393315917862	15.55470855837733	13.622877622774871	11.702750661099421	9.9255353390868297	8.3504290165184791	6.9731971134702961	5.8072135404362708	4.9143850670515246	4.3637334579385136	4.1833903370532246	4.3598650181232239	4.8801703511767096	5.7774093623877949	7.1551642418411996	9.1633735704128014	11.93744046163925	15.564588019432939	20.074238903340749	25.386490667782329	31.252063194293122	37.283260178860999	43.058482230014377	48.193658547332433	52.348932607231021	55.2388861323168	56.691661466578701	56.695960970993212	55.356288932004603	52.805008760477463	49.169682881290043	44.591841391592119	39.253503603407317	33.409369046133968	27.41939258439508	21.725632987594778	16.753190577130919	12.80697630530204	10.038525484394411	8.4910866615101686	8.1633677205589805	Experimental Gait	0	0	0	1.549193338482967	1.4142135623730949	1.70293863659264	0	0.474341649025257	0.94868329805051399	1.264911064067352	1.58113883008419	1.58113883008419	0.79056941504209499	0.474341649025257	2.0976176963403028	1.523150497195408	0.94868329805051399	0.474341649025257	0	0	0	0	0.474341649025257	0.94868329805051399	2.8982753492378861	2.872162621694712	2.8460498941515371	6.3245553203367431	6.3245553203367431	6.3245553203367431	7.0352610063757961	7.7459666924148332	6.1313013043346603	4.5166359162544856	2.982886795436714	1.4491376746189439	0	0	0	5.0596442562694	5.6920997883030831	6.3245553203367431	4.7434164902525682	5.5693636361901797	6.3953107821277886	5.6674731981095876	4.9396356140913902	3.1022733390793702	1.264911064067352	1.407052201275159	1.549193338482967	0	0	0	1.549193338482967	1.4142135623730949	1.70293863659264	0	0.474341649025257	0.94868329805051399	1.264911064067352	1.58113883008419	1.58113883008419	0.79056941504209499	0.474341649025257	2.0976176963403028	1.523150497195408	0.94868329805051399	0.474341649025257	0	0	0	0	0.474341649025257	0.94868329805051399	2.8982753492378861	2.872162621694712	2.8460498941515371	6.3245553203367431	6.3245553203367431	6.3245553203367431	7.0352610063757961	7.7459666924148332	6.1313013043346603	4.5166359162544856	2.982886795436714	1.4491376746189439	0	0	0	5.0596442562694	5.6920997883030831	6.3245553203367431	4.7434164902525682	5.5693636361901797	6.3953107821277886	5.6674731981095876	4.9396356140913902	3.1022733390793702	1.264911064067352	1.407052201275159	1.549193338482967	0	50	100	150	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	1050	1100	1150	1200	1250	1300	1350	1400	1450	1500	1550	1600	1650	1700	1750	1800	1850	1900	1950	2000	2050	2100	2150	2200	2250	2300	2350	2400	2450	2500	2550	10.1	11.1	12.1	13.1	14.1	15.1	15.1	15.1	15.1	14.1	13.1	12.1	11.1	10.1	9.1	8.1	7.1	7.1	7.1	7.1	7.1	7.1	7.1	8.1	9.1	11.1	14.1	18.100000000000001	23.1	28.1	33.1	38.1	43.1	46.1	48.1	49.1	49.1	48.1	46.1	43.1	39.1	34.1	29.1	24.1	19.100000000000001	15.1	12.1	10.1	9.1	9.1	9.1	Time, [ms]
Angle [Degrees]
Ankle Angle Data
Desired Gait	0	50	100	150	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	1050	1100	1150	1200	1250	1300	1350	1400	1450	1500	1550	1600	1650	1700	1750	1800	1850	1900	1950	2000	2050	2100	2150	2200	2250	2300	2350	2400	2450	2500	2550	1.3203813496435639	1.238316432748954	1.3756613926884429	1.815161401247386	2.6407249314655679	3.8312468991469988	5.251093719707117	6.7040859688369894	8.0192503254129974	9.1194500908146452	10.021906335073719	10.78237246143968	11.443054016557481	12.01874786351123	12.518493865938011	12.96644061975001	13.38490618003283	13.77649684866071	14.133613131377199	14.4291242203733	14.58543342519425	14.466975099710551	13.90089941620074	12.712519554611861	10.775095605606429	8.0730568932531064	4.7690767977728603	1.220229883065457	-2.1105684381260228	-4.7850951844027296	-6.4743195479097286	-7.0157662587981138	-6.4621034986918326	-5.0559405971019462	-3.1185453885294661	-0.95156873253289798	1.191633452799302	3.1120771785711061	4.6755634977512601	5.811373625166703	6.5081040395384004	6.8043922305524784	6.768215659428094	6.4874715258433611	6.0551723989728279	5.5281870388192376	4.9092152357203851	4.1834246042097263	3.3616758579041321	2.4861736034039401	Experimental Gait	0	0	0	0	1.0124228365658301	2.024845673131658	1.486764485591086	0.94868329805051399	0.474341649025257	0.474341649025257	1.549193338482967	0	0	0.474341649025257	0	0	0.474341649025257	0.474341649025257	0.474341649025257	0	1.0488088481701521	2.0976176963403028	2.2135943621178651	3.0816389468720828	3.9496835316263001	4.9899899799498586	4.8187849976993746	4.6475800154488933	3.0483588450339218	1.4491376746189439	0.72456883730947197	0.474341649025257	0.474341649025257	0.94868329805051399	2.8460498941515371	0.94868329805051399	2.8460498941515371	2.529822128134704	1.264911064067352	0.474341649025257	0.474341649025257	0	0	0.474341649025257	0.94868329805051399	1.181448430211804	1.4142135623730949	1.181448430211804	0.94868329805051399	1.897366596101028	1.4491376746189439	0	0	0	0	1.0124228365658301	2.024845673131658	1.486764485591086	0.94868329805051399	0.474341649025257	0.474341649025257	1.549193338482967	0	0	0.474341649025257	0	0	0.474341649025257	0.474341649025257	0.474341649025257	0	1.0488088481701521	2.0976176963403028	2.2135943621178651	3.0816389468720828	3.9496835316263001	4.9899899799498586	4.8187849976993746	4.6475800154488933	3.0483588450339218	1.4491376746189439	0.72456883730947197	0.474341649025257	0.474341649025257	0.94868329805051399	2.8460498941515371	0.94868329805051399	2.8460498941515371	2.529822128134704	1.264911064067352	0.474341649025257	0.474341649025257	0	0	0.474341649025257	0.94868329805051399	1.181448430211804	1.4142135623730949	1.181448430211804	0.94868329805051399	1.897366596101028	1.4491376746189439	0	50	100	150	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	1050	1100	1150	1200	1250	1300	1350	1400	1450	1500	1550	1600	1650	1700	1750	1800	1850	1900	1950	2000	2050	2100	2150	2200	2250	2300	2350	2400	2450	2500	2550	1.32	1.32	1.32	1.32	2.3199999999999998	4.3199999999999976	5.3199999999999976	6.3199999999999976	8.32	8.32	9.32	10.32	10.32	10.32	11.32	11.32	11.32	11.32	12.32	12.32	12.32	11.32	10.32	9.32	6.3199999999999976	3.32	0.32	-2.68	-5.68	-6.68	-7.68	-6.68	-5.68	-3.68	-1.68	0.32	2.3199999999999998	3.32	4.3199999999999976	5.3199999999999976	5.3199999999999976	6.3199999999999976	6.3199999999999976	6.3199999999999976	5.3199999999999976	5.3199999999999976	4.3199999999999976	4.3199999999999976	3.32	Time, [ms]
Angle [Degrees]
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Title

Un-commanded Motion 1

No. Date

Tazard Description:
Damage to the equipment or human

Hazard Causes:

1. Fault in hardware or software

2. Failure of electric stop to cut motor power
3. Accidental enable of motor power

‘Hazard Control:

NgemseNE

System has built in overvoltage protection

System has redundant position limits at both software and hardware levels
Hard stops prevent human motion beyond safe travel

Wired electric stop has redundant kill switches should one fail

Both electric stops must be cleared before motor power can be turned on
Motor enable button must be depressed and released systematically to reset the

tem

Motor enable button is recessed to prevent accidental pressing
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Item Cost Status

Hardware Budget

Motors 6 $963.00

Motor Controller 6 $1,200.00 Given to team
EMG sensors N/A $50.00

Microcontroller 1 $35.00 Purchased
Potentiometer 7 $35.00

Wave gears 7 $5,250.00

Battery 5 $760.00 Need to be purchased
DSP Microcontroller 1 TBD

Labor Budget

Individual Hrs/Wk S/Hr  Total Hours

Danny 12 50 96 $4,800

Chi - Lun 12 50 96 $4,800

David 12 50 96 $4,800

Mary 12 50 96 $4,800

Total Cost $27,962.00 Spent - $35.00
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Motor Logic Diagram
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[Title No.. Date.

Electrical Hazards (a)

Hazard
Description:
Electrical Potential

Hazard Causes:
1. Poor grounding of wires, exposed wires, short circuits, open terminals.
2. Accidental contact made with energized electrical components.

THazard Control:
1. All electrical connections are enclosed and personnel cannot contact them.
2. All project supplied electrical connections use standard power outlets designed to prevent inadvertent contact.

3. Hardware and other equipment is protected from over-current by facility circuit breakers and test equipment fuses.
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Tidle
Electrical Hazards (b) 3

System ‘Subsystem
EXO Power Distribution

Tazard Description:
Unexpected/Undesired Motion

THazard Causes:
1. Power relay failure causing motor power to not shut off
2. Electric stop failure causing motor power to not shut off
3. Unexpected commands from software

Hazard Control:
1. Two relays in series for redundancy in case of single failure

2. Redundant electric stops (one wireless, one handheld), both checked before use
3. Software and firmware redundant checks at each level
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Tidle No. Date
Testing Related Injury

THazard Description:
Hyperextension of the knee or overextension of the hips

‘Hazard Causes:
1. Mechanical structure integrity (hard stop structural failure)

2. Failure of software

THazard Control:
1. Integrated hard stops included in mechanical design and are designed to withstand greater loads than what will be presented by
the motors.

2. Motor control firmware restricts both position and torque on the joints.

3. Software restricts both position and torque commands to the joint.

4. Redundant Emergency Stop Button (Master switch)
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Title
Falling/Tripping when running on battery power

Date

Hazard
Description:
Potential for injury due to fall

Tazard Causes:
1. Sudden loss of motor power due to total system voltage dropping below required voltage (removing motor and logic power from
the system)

2 Sudden Lss of motor power due to total system current peaks for significant duration causing batteries to temporarily shut off

3. Sudden loss of motor power for other reason

4. Improper installation/assembly of hardware components

5. Sudden movements causing lack of balance

6. Unintended movement

THazard Control:
1. Medical assistant is required to ensure the person wearing the system does not fall
2. Motors designed to be back drivable in the event of motor power loss.
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Title No. Date
Bums 6

Hazard
Description:
‘Burns to personnel

‘Hazard Causes:
1. External motor surfaces get hot and come into contact with exposed skin

THazard Control:
1. Appropriate Clothing

2. Surface of motors covered to prevent accidental contact

3. Thermal sensors on all surfaces near motors that disable motors before temperatures reach 113 degrees Fahrenheit
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Tidle No. Date
Electrical Potential 7

System ‘Subsystem

Exoskeleton Batteries

Tazard Description:

Electrical Shock to Personnel
Electrical Burns.

Damage to Equipment

Hazard Causes:

1. Personnel contacts electrical potential (24V combined, up to 12V per battery)
2. Electrical shorts, exposed terminals, ground faults, loose wires

3. Overvoltage of Batteries

‘Hazard Control:
. All exposed contact points are covered or connected
. Only trained personnel are allowed to maintain equipment
. Batteries are covered by housing
Perform inspection of batteries prior to use to ensure cables are not worn and terminals covered
Batteries contain a batery master system to monitor the health of the batterics to prevent against overcharging

B
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Tidle No. Date
Under voltage of individual battery 8

System ‘Subsystem

Exoskeleton Batteries

Tazard Description:

Individual battery over discharge leading to potential for fire during charging

Hazard Causes:

1. Internal cells discharge past rating

THazard Control:

1. Internal battery management system prevents batteries from discharging below their rated voltage
2. Charging system checks for battery voltage and ensures it is within appropriate range before charging
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Overheating 9

System Subsystem

Exoskeleton Batteries

Tazard Description:

Batteries become overheated causing potential for burns or injury

‘Hazard Causes:

1. Failure of batteries to regulate max current draw

‘Hazard Control:

1. Each battery has an internal battery management system to regulate max current

2. Batteries are covered by a protective housing





