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Abstract

Last year a robotic arm was built as part of a Gateway Coalition of five universities across the country.  This arm was controlled using a 286 computer and numerous breakout and control boards.  While system worked, there were three problems associated with this project:

1. Too costly

2. Did not fit on a wheelchair as specified

3. Not reproducible in mass quantities

By embedding all control hardware on one board, cost and space requirements will be reduced enough for the arm to be a marketable and desirable product.
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1.  Motivation & Goals

The goal of the robotic arm project is to construct electronics to assist handicapped people in their daily lives through control of a robotic manipulator.  The Mechanical Engineering Department is currently entertaining considerations from private companies for use of the arm for various handicapped applications.  For instance, one company was interested in installing wheelchairs with the side mounted arm in all of their food markets, to replace the standard carts, allowing the passenger to reach items on top shelves.  Figure 1, in Appendix A1, shows the various degrees of freedom of our robotic manipulator that could help to fill these needs.

Many people with disabilities use public facilities, such as a food market.  Many of these disabilities require use of a wheelchair.  With the average age of our population increasing, public facilities will have to become more handicap friendly.  Ramps and doors are already installed in most public facilities for the handicapped because law mandates it.  However, wheelchair occupants are still limited with regard to physical mobility.  Successful completion of this project will provide one solution to the physical limitations of wheelchair occupants.

2.  Introduction 

The primary objective for this arm is for use by handicapped persons. The arm will be mounted on the side of a wheelchair. Other than receiving power from a wheelchair battery and input from a joystick, the system is contained and requires no other attention.  Alternate applications include influence projection and remote manipulation in hazardous/toxic environments; enhanced automated manufacturing processes; integrated chip placement; semiconductor material handling; miscellaneous clean room operations. 

3.  Background 

This proposed research is to serve as an addendum to previous work done by Peter Carpi and Darnel Degand under the Mechanical Engineering Department with the guidance of Professor Vijay Kumar and graduate students Thomas Sugar and Solomon Steplight during 1997 and 1998.  Previous research has led to the design and synthesis of a prototype multipurpose robotic manipulator. The arm weighs approximately 30 pounds, has five and a half degrees of freedom and is capable of reaching for an object within a sphere of influence up to 40 inches (see Figure 2 in Appendix A1). A base including control hardware has approximate dimensions of seven inches squared by six inches.  In addition, a desktop computer was used to control the kinematics, computations and coordinate motor movements (see Figure 8 in Appendix A1).

Other previous research in robotics for wheelchair occupants has been performed by  Dr. Stephen Prior, who is offiliated with Middlesex University.  His research began in June 1988 with Dr. Robin Platts of the Royal National Orthopaedics Hospital in Stanmore, Middlesex.  They approached the design and construction in several ordered phases.

The following is a passage written by Dr. Prior on his robotics research; 

· The first stage of the project involved the investigation and evaluation of the needs and abilities of wheelchair-bound people. This was achieved by the use of a questionnaire survey conducted with the help of several occupational therapist training colleges in the U.K.

· From the survey results a design specification for a robotic manipulator was formulated with the emphasis on user requirements and low cost. 

· We have now directed our efforts towards the use of low cost pneumatic actuators in the wheelchair-mounted robotic manipulator. Through the link with Dr. Platts and Inventaid Ltd, the novel `flexator' pneumatic muscle actuator invented by Jim Hennequin of Airmuscle Ltd was investigated in depth as a prerequisite for the development of a series of pneumatic servo drives for the manipulator.

· Further developments involve the design and construction of an electric servo-driven version of the wheelchair-mounted manipulator operating under microprocessor supervisory control.

-Dr. Stephen Prior

This year’s project, “Electronics Applications in Robotics”, also has a detailed market analysis done by previous years’ students that can be viewed at 

http://helios.njit.edu:1949/papyrus/dev/gif/gway/njit/96/report1.htm#robotarm.

Through virtually the same process, user needs were evaluated and a cost-effective objective was chosen for design and implementation. 

In his last bullet, Dr. Prior discussed further developments that involved an electronic servo-driven version of his robotic arm.  His arm would work under microprocessor-based control.  A microprocessor-based device will control the robot being developed for “Electronics Applications in Robotics”.

4.  Strategic Plan

The objectives of new research and design are to streamline all electrical logic and control functions by minimization and consolidation of all electronics onto a single Printed Circuit Board (see Figure 3 in Appendix A1), thus reducing weight, bulkiness of an additional computer and boards, and cost of production.

Project Analysis (See Table 2)
Assembly would dictate the PCB to be in the base, along with shoulder, elbow and base motors. Currently a 286 based computer runs control software written in C language (see Figure 8 in Appendix A1).  The computer handles the interfaces between the joystick, digital I/O, software and processor.  Beyond the digital I/O, outside the computer, is a bank of six custom circuit boards, each containing the following components:

· 8 MHz Clock for synchronization and execution cycles

· National Semiconductor LM629 motion control chip

· National Semiconductor LM D1820 driver chip

· Capacitor to ensure stability of high bit line signals

The last stage of the electronics is on the motors themselves with Hewlett Packard encoders attached to Pittman dc servomotors.  The motor positions are optically measured to an accuracy of 2000 counts/revolution.  Data is relayed back to the motion control chips and from there back to the processor for analysis and use in the state machine loop.  The driver chips on each board regulate motor power, which receive power from batteries on the wheelchair.  Figure 4, in Appendix A1, shows what the arm and wheelchair would look like when the project is completed as compared to the current setup shown in Figure 8.

4.1 Proposed Approach / Theory of Operation

This information is contained with the Schedule section below.

4.2 Component Specifications

Table 1: Component Requirements and specifications
Integrated Circuit Operating Specifications













Chip
Operating Temp
Storage Temp
Voltage Requirement
Max. Power Dissipation
Clock Speed








LM629
-40 to 85 C
-65 to 150 C
-0.3V to 7.0V
605 mW
6 or 8 MHz








LMD18200
-40 to 125 C
-40 to 150 C
12V to 55V
25W
Analog








MC68HC11E9
-40 to 85 C
--
-0.1V to 5V
--
2MHz








Oscillator 
--
--
5V
--
8MHz








System
-40 to 85C
-40 to 150 C
-0.3 to 18V
26W
2MHz

Table 1 shows the component specifications used to design the motion control system through analysis of the individual component limitations. The component specifications represent a worst case scenario. 

4.3 Hardware / Software Requirements
The following two sub-sections describe the hardware and software being used in this project. 

4.3.1 Hardware Requirements
The various components (see section 4.2 for specifications) that have been reviewed include:

PCB – The printed circuit board will house all the electronic controls for the motors

LM629 – National Semiconductors’ motion control chip will be used in early design phases to complete the motors’ servo loops

LM18200 – National Semiconductors’ H-bridge driver provides variable power to the motors

MC68HC11 – The microcontroller unit manufactured by Motorola will be used to send control signals to the LM629s and coordinates their movement according to inverse kinematics coupling equations.

8 MHz Oscillator – Clock that regulates control signals between the various integrated circuits used

SpaceOrb Joystick –  Three dimensional joystick
4.3.2 Software Requirements

By using Assembly language the 68HC11 microcontroller can house all software to be used in the control system.  Utilizing EEPROM, Electronically Erasable Programmable Read-Only Memory, software changes can be made fairly easily, allowing for upgraded functionality.  The software is required to handle all of the following tasks:

· Coupling of motors to allow motors to move simultaneously

· Keep the robot within user defined safety ranges using stops

· Return robot to home position before and after use and user defined speed

For further information on code development, see Code Development in section 4.5. or refer to Appendices A2 and A3 for actual code.

4.5 Schedule
In Phase Three of Table Two, physical design has been completed. Within Code Development, an algorithm was completed using Maple, a mathematical computer program.  Maple was used due to its established reputation as a reliable mathematical software program and one member of the group had prior experience using the software. This algorithm is discussed in detail in Preliminary Results (see section five).

The algorithm currently exists only in Maple code and still must be converted into Assembly code for the microcontroller.

Physical Design

Initially, a simple model will be built in which each motor is directly driven by the user, with no coupling.  Once that is accomplished focus can be moved towards coupling the motors.  The project has been outlined without knowledge or good a estimate of how long it will take to produce certain results.  Therefore, the schedule includes enhancements they may never be approached assuming time will run short.  At the same time, each stage completed will produce a useable product so that there is insurance towards a complete project at the end of two months.  To this end, each servo loop will be implemented by using available electronics, including the somewhat costly LM629 motion control chips from National Semiconductor.   These will eliminate the need for bulky Assembly code to be written for a microcontroller unit.

Table 2 is a tentative schedule, concluding with a product demonstration.  Phase Two represents roughly the design phase while Phase Three represents a realization phase that should result in a usable product.  During Phase Four, the product will be evaluated and enhanced for future marketability.  

Code Development (See Figure 6 in Appendix A1)

The flowchart in Figure Six shows the methodology of programming that will be used for coding the 68HC11 microcontroller. A top/down design approach will be taken.  Top/down design implies understanding the general design first and then considering the more specific details of each of the sections described in the initial flowchart.  

The program design begins with the “INITIALIZE” block that clears all ports and program variables.  The program proceeds to the  “CHECK HOME” decision block.  If the robot is in the home position, the program begins to take input from the joystick.  Otherwise, the program jumps to the “MOVE MOTORS” process block that will move the robot to its home position.  Indexes on the motors will be tripped when the motors reach their home position. A decision block called “ALL INDEXES” checks whether the indexes have been tripped and, if so, sends the program to the user input section.

Now that the robot is in the home position, the program picks up at the second process block, “TAKE INPUT”.  After taking input from the user through a joystick, the program proceeds to another process block, “CALCULATE DESIRED POSITION,” which converts the inputs from the joystick to velocities of the motors.  Velocity data is sent to the “SEND DATA” block where it splits off and sends each of the five motor control chips the necessary information.  After each of the five motor control chips receives data, the program repeats the process of taking data from the user, processing it, and finally sending data to motors for movement.  The loop proceeds until the user triggers an interrupt by pressing two buttons on the joystick, sending the program to the “QUIT” decision block.  Should the user decide to quit, the program sends the motors to their home position and then checks the indexes.  These two steps were mentioned earlier. 

Integration

This section encompasses the physical integration of the various components that make up the electronics control system, including code, the microcontroller, and the motor control systems. 

Initially circuits will be built on test boards, including the Motorola EVBU Universal Evaluation Board, motor control and proto-boards.  Code will be tested through the EVBU circuitry by downloading to the on-board EEPROM and use of the resident BUFFALO program.  Eventually, all circuitry will be put on a single printed circuit board, which will be designed using CAD software, and uploaded to a vendor web-site where the vendor will translate the design into a physical board to be shipped to current project group members.  Integration can be revisited after the product has been tested on the PCB, evaluated and revised.  

Product Evaluation

During this stage the product will be evaluated to ensure proper working conditions and be tested by persons unfamiliar with the project to ensure a high degree of reliability and ease of use.  In addition, this time will be used to ensure the product meets all of those requirements set forth below:

· Must fit on single Printed Circuit Board

· Cost < $1000 (quantity)

· Real-time control

· Re-programmable control
Enhancements

During this phase, the possibility of shrinking the electronics will be reduced to an even more elementary state by 

· Eliminating the use of the LM629 motion control chips

· Replacing the LM18200 drivers with individual transistors / power amplifiers

In doing this we will have to write extensive code to be run by the microcontroller in order to close all the servo loops.  This process will most likely take a considerable amount of time and might result in analysis of the process without an actual prototype.   Further enhancements can be made to make the product more user friendly such as adding stops to ensure the arm does not hit the user or adding LED’s letting the user know when the arm is operational.
Obstacles

Obvious foreseeable problems include:

· Conversion of high-level code into low-level logic control

· Integration of ICs and system logic

· Variable control needs-flexibility 

The first two points above have been discussed, however, point three deserves additional attention.  Variable control is necessary to produce a viable product.  Variables such as number of motors to be used, speed of motors, torque and gear ratios of motors used, joystick calibration information, exact kinematic calculations of distances, and other information must be left open to the user to specify.  Using dip switches for all of this information is not a feasible solution.

A possible solution lies in using ROM as memory for this information.  Under this method, the ROM would not be used to alter the FPGA or microprocessor logic at every system startup.  Instead, the logic would be programmed to handle any combination possible for text in the string, defining all possible uses for the board.  In this fashion a viable product will be created for use in other applications.

Table 2: Schedule analysis of work both completed and left to do

Schedule Overview
1998
1999

EE-441 / EE-442
September
October
November
December
January
February
March
April


6
13
20
27
4
11
18
25
1
8
15
22
29
6
13
20
27
3
10
17
24
31
7
14
21
28
7
14
21
28
4
11
18
25
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5. Results

Coupling Algorithm 

Calculation of desired position (see Figure Six) involves taking input from the joystick and determining a matrix to convert change in input information (discussed below) to change in angle information.  Joystick input comes in the form of two analog inputs from the joystick handle and two digital inputs from two buttons on top of the joystick handle.  The analog inputs come in the form of a forward and backward (positive and negative) movement of the handle and a right and left movement (positive and negative).  Pushing the joystick handle in a diagonal direction gives a combination of the forward/backward movement and the right/left movement of the handle.  The user determines what type of input the joystick gives by holding down the digital inputs (buttons).  The two buttons in use on the handle are called buttons “A” and “C”.  The chart below shows how the user chooses movements.  It might be helpful to refer to the Section Nine for terms (in bold) that seem confusing.

Table 3: Input Designation

Forward/Back Movement of Handle
Right/Left Movement of Handle
Is Button “A” Pushed?
Is Button “C” Pushed?

Arm extended/retracted
Base of arm rotated clockwise/counter-clock-wise 
NO
NO

Gripper opened/closed
Height of gripper raised/lowered
NO
YES

Pitch of gripper moved up/down
Wrist of arm twisted

Clockwise/counter-clock-wise
YES
NO

Shuts robot down and returns arm to its home position
Shuts robot down and returns arm to its home position
YES
YES

The user decides what type of movement is desired, but certain movements are independent of one another.  For example, if the user decides not to press button A or C, the joystick input will be extend/retract or base rotation clockwise/counter-clockwise.  The user could not change the height of the gripper because no buttons were pushed.  

The arm works in a cylindrical coordinate system.  Extension or retraction of the arm corresponds to a change in radius.  Rotation of the base corresponds to circular motion in the xy plane, also known as theta.  Finally, changing the height of the gripper corresponds to movement in the z-axis.  To summarize, the cylindrical coordinates are: radius (r), theta (b), height (z).  To repeat a point made in the previous paragraph, height is independent of radius and theta. 

With the user inputs decided, a matrix must be determined which converts the joystick input to changes in angular velocity.  Equations were determined for the cylindrical coordinate system and are explained following the equations.  These equations were the first step in a series of steps for determining a matrix, which takes joystick input and converts the information to angular velocities.  Figure Seven shows how these equations were calculated.


r = ld1*cos(q0+q2) + l2*cos(q0+q2+q3) + l3*cos(q0+q2+q3+q4)


b = q1


z = ld1*sin(q0+q2) + l2*sin(q0+q2+q3) + l3*sin(q0+q2+q3+q4)

Two more equations were determined for variables, which are not part of the cylindrical coordinate system, but are considered matrix inputs.  


p = q4


t = q5

The “p” stands for pitch and the “t” corresponds to the twisting motion of the wrist, called “role”.  These equations were entered into Maple, a mathematical computer program.  Maple was used to create a matrix with each row corresponding to one of the five equations displayed above.  The following association can be made:


row 1 -->  r


row 2 -->  b


row 3 -->  z


row 4 -->  p


row 5 -->  t

The columns correspond to the following terms. (Keep in mind that q0 is a constant and does not change)


column 1 -->  differentiate with respect to q1


column 2 -->  differentiate with respect to q2


column 3 -->  differentiate with respect to q3


column 4 -->  differentiate with respect to q4


column 5 -->  differentiate with respect to q5

The matrix, called “k”, contains five rows by five columns.  Maple is used to take the inverse of k.  The inverse matrix, called “dq”, is the matrix which takes the change in position information based on cylindrical coordinates, pitch (p), and role (t) and converts the information to change of angular position based on q1, q2, q3, q4, and q5.  Change in angular position is velocity information in the form necessary for movement of the motors.  The angles q1 through q5 correspond to five different degrees of freedom.  Consider the changes of angular position to be changes of these five different degrees of freedom.

The matrix dq is an algorithm that converts change in r,b,z,p, and t into change in terms of joint rotational movement.  The algorithm was completed and the Maple code is available in Appendix A2.  The next step in the process of algorithm development is to convert the algorithm in Maple to Assembly code. Appendix shows the accuracy of this conversion.  The algorithm was tested and worked in Maple.  The result in Assembly was compared with Maple to verify accuracy of the algorithm.

Two approaches were considered when deciding how to convert the Maple code.   Approach one is to express the algorithm’s terms as Taylor series expansions. The second approach is to use an existing floating point arithmetic package, which includes trigonometric functions. Approach two was chosen because working code already existed and would save time.

A Discussion of Logic for Second Approach

The second approach involves evaluating the matrix, dq, at the home position initially.  A matrix, dq with constant values will result.  “dq” will then be used as a multiplying factor with the changes in r,b,z,p, and t to calculate the initial changes in q1,q2,q3,q4, and q5.  Given a change in one of the joystick inputs (say r for example, other input changes equal zero), multiplication by this input with a matrix evaluted at the current angle positions will result in a value for the changes in q1 through q5. The following relationships applies to both approaches:


Matrix dq = inverse of matrix k
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This relationship means that given a change in r, b,z, p and t, there is a corresponding change in q1 through q5.  For the example given above, all of the ( values would be zero except for (r.  The user will compensate for inaccuracies of movement (due to evaluation of the matrix at feedback-defined angles) of the arm by moving the joystick handle accordingly. The jacobean matrix, that is being referred to, is displayed in the Maple  code in Appendix A2.  The jacobean matrix is multiplied by the joystick input to produce a change in position.  Dividing this change in position by the cycle time of the algorithm will produce the actual angles moved by the shoulder, base, elbow, pitch, and role.  This division is performed because desired trajectory will never be reached before resampling.  

The arm is made up of the movements of the base, shoulder, elbow, pitch, and roll.  The algorithm is supposed to couple the shoulder with the elbow.  Software tests show coupling to be working, however, hardware tests show more work is needed to complete integration of the shoulder and elbow.  The other movements of pitch, base, and roll have not been tested with the hardware together, but work in theory according to the software.  Software tests showed that depending on certain inputs from the joystick (two potentiometers), the corresponding motors should move in the clockwise direction, counterclockwise direction, or not move at all.  An output from the code of  “08” corresponding to a movement in one direction and a “18” corresponded to a movement in the opposite direction. A “00” meant no movement.  These tests were performed on the code and show the algorithm worked on a software level. 

Control Code

While the Coupling Algorithm involves just the section titled “CALCULATE DESIRED POSITION” in Figure Six, Appendix A1, the Control Code encompasses everything else in the figure.  All of this code is written in Assembly, as that is the language used by the assembler of the microcontroller being used (Motorola MC68HC11E9).  The Control Code is listed in Appendix A3 and directs the 68HC11 to take inputs from the joystick through its A/D converter, scale the inputs and send them to the algorithm mentioned above.  Once completed, the algorithm sends the new scalar values of motor rotations back to the Control Code, which scales and sends that information to the six motion control chips and simultaneously updates their trajectories. 

Discussion of Final Schedule

As the final schedule shows, Integration began much later than desired.  Work continued on coupling the algorithm well past the desired deadline of December 8th.   Due to time constraints, integration code was written and tested, but not all hardware was integrated with the software.  One motor currently works with the algorithm.  Phase Four was not attempted because Integration was never completed to the desired extent.  Hardware problems were encountered during Integration, which prevented completion of motor coupling and base, pitch, and role movements. One week beyond demonstration day (April 10th), integration was terminated after successfully integrating one motor with the software algorithm.

6. Lessons Learned

Time management and project support were the two major lessons learned.  Final deadlines came and work was not completed to the desired extent originally specified.  The project was divided up into a software and hardware section with work being completed on the hardware, but lagging on the software.  More effective time management would have allowed for additional assistance with the individual working on the software portion of this project.  The availability of professors, lab management, and graduate students allowed the software to be integrated with the hardware for testing purposes.  Individuals more familiar with inverse kinematics, Assembly, and microelectronics could have made full integration more feasible.

Teamwork was an area of this project which could be improved upon.  Separating the project into two sections allowed a more focused approach, but prohibited a more team oriented approach until the project was almost completed.  In the future, continuous meetings and mutual understanding of partner’s work would solve some of the problems encountered.

Initial planning is an area which could have prevented several problems related to time management such as more efficient conversion process of the algorithm from C (programming language) to Assembly.  Instead, an approach was taken to write the algorithm from scratch in Assembly, which added substantial time to our predetermined schedule.

Thus far, lessons learned have focused on negative aspects of project work.  There were, however, several techniques used which proved beneficial.  Examples include:

A previously written floating point arithmetic package was used in order to complete the software portion of this project.  Without use of this package, the software would not have been completed for an additional time period well beyond “demonstration day”

Allotting extra time in the schedule toward the end of our project allowed for end of the semester problems to be fixed in time for demonstration.  Enhancements were planned toward the end of the semester during this extra planned time.  Going over our predetermined time for completion was not a problem because this excess work time was planned for.  The schedule was planned to be flexible to account for unplanned delays.

7.  Equipment & Budget Analysis

Table 4: Listing of equipment needed and expected costs

Equipment


Quantity
Cost/unit
Have
Needed
Project Cost

1. Hardware








 
IC’s









MC68HC11
1
$34.00
1
$34.00
$34.00



LM629
6
$85.00
6
$0.00
$510.00



LMD18200
6
$20.00
6
$0.00
$120.00

 
Boards




 




Chip configuring board
1
$120.00
1
$0.00
$120.00



Printed Circuit Boards
1
$230.00
0
$0.00
$230.00

2. Software





 



Cross compiler

1
$200.00
1
$0.00
$200.00










3. Misc.









Shipping


$6.00

$12.00
$96.00


Tax
















4. Total


23

21
$00.00
$1,310.00

Table 4 shows the costs involved with design and implementation.  Costs have been trimmed down through reviewing design options and selecting the most feasible and affordable design.  “Needed” costs worked out to be $00.00 versus the “Project Cost” of $1110.00.  The reason for the substantial difference is that equipment is already available for the implementation of this project during the fall semester 1998 and the spring semester 1999, but additional costs would arise for future implementation of this project.  The Printed Circuit Board was not laid-out and designed this semester so there is no additional cost of development for that.  Final costs did come to $00.00 for the year.

8. Conclusions and Recommendations 

Software

Currently, the algorithm allows for integration of the shoulder motor/hardware with the software.  Tests on software show that the base, elbow, pitch, and roll movements are working in terms of software, but have not been integrated with the hardware. In order to integrate for future work, coupling must be established between the shoulder and elbow.  Software tests show that coupling works, but two motors must move for this to be true in terms of integration.  Currently, only the shoulder motor moves.  The software must be streamlined and made more efficient.  The sampling time of position is a function of the time taken to run through the algorithm.  A more efficient algorithm would allow for a higher rate of sampling and therefore a quicker response time between joystick movement and motor movement.  The algorithm was determined for coupling of the shoulder and elbow.  Future groups might want to consider coupling the pitch with the shoulder and elbow which would allow objects with liquid contents to be picked up and carried from point to point.  (This arm is designed for use by the handicapped.  Therefore, lifting food items would be an important use of the arm.)  Additional assembly code would need to be written for coupling of the pitch with these other degrees of freedom.  

Hardware

Two concerns involving the hardware demonstrated at demo day were the lack of a joystick to control the arm and the lack of electric stops.

Two joysticks were used throughout the course of development.  The A/D converters took the analog joystick values and converted them to digital ones.  Unfortunately, the joysticks were made using two potentiometers and two switches (buttons) which used the same power supply and ground lines.  This meant that when a button was pushed it would alter the x and y-axis values slightly.  This slight variation was enough to change the software's converted value for the joystick by a significant amount, meaning that when a button was held and the joystick was moved, you would obtain different axis values than for when the button was not pushed.  This interferes with the basic control design of the arm.  The problem was minor and could have been easily fixed, if enough time was available, simply by wiring dedicated power supply and ground lines to each potentiometer and button within the joystick.  Instead, the joysticks were exchanged for two potentiometers and two buttons on a circuit board, which represented the same hardware control, but had dedicated lines to each.  It should be stated that the joysticks were demonstrated prior to demo day, with a different A/D converter, controlling the arm properly.  

The project was designed to use electric stops along with encoder feedback from the motors so as to return the arm to a preset 'home' position when the user was done.  Although working code was used for encoder feedback, electric stops were never installed on the arm.  This, again, was due to time constraints, but was finally deemed an "enhancement" as they were not necessary for the proper functioning of the arm.  

With the two exceptions mentioned above, the arm worked superbly at demo day.  The lessons learned throughout this project will no doubt be instrumental in future projects.

9. Nomenclature

Base
-
Section of robot which supports weight of arm and allows



for rotation of shoulder (see Figure 7 in Appendix A1). 

Degree 

of Freedom 

-
A joint in a robot that allows a part of the robot to move.

An example of a degree of freedom would be the

shoulder joint.

EEPROM

-
Electrically erasable programmable read-only memory

Elbow


-
Section of arm equivalent to human elbow that is capable

of   positive or negative angular motion (see Figure 7 in Appendix A1).

Gripper

-
Section of robot which opens and closes in order to

handle objects.  Equivalent to human hand (see Figure 7

in Appendix A1).


Home Position
-
Predetermined position which arm returns to before and

after usage.

Microcontroller
-
Single-chip IC that contains an MPU, memory, and I/O 

Circuitry (Amrosio)

PCB


-
Printed Circuit Board, used to house electronics

Pitch


-
Movement of wrist in positive or negative angular

motion.

ROM


-
Read-only memory, used for program storage

Servo Loop

-
Feedback loop between motors and control circuitry

Shoulder

-
Section of arm equivalent to human shoulder that is

capable of positive or negative angular motion (see

Figure 7  in Appendix A1).

 Wrist
-
Section of arm equivalent to human wrist (see Figure

7 in Appendix A1).
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Appendix: A1: Figures
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Figure 1: The five and half degrees of freedom present in the arm

Figure 2: Rendered drawing of the arm without wheelchair

[image: image2.png]CONTROL

e
p—
] I
. o
NPUT [ . SERVO
. = oo
o u i | &
N - LM629 (6
82055 )
P o || [, L [mme i1}
o UNIT MOTION
o [T womsenoms | = | oL o
il T ]
pme— @ Syt mcopzn
= = i ——
RS
e




Figure 3: Block diagram of synchronous state machine with motion control logic


Figure 4: Wheelchair with arm mounted as side-mount


Figure 5: New conceptual design









Chart  Symbols:  Oval  =  Start/Stop










Block = Command










Diamond = Decision


Figure 6: Block diagram for code development


Figure 7: Side View of Robotic Arm


Figure 8: View of Old Control Components

Appendix: A2: Algorithm

> #Maple Code for Finding Algorithm

> 

> #The five input equations follow:

> 

> r:=ld1*cos(q0+q2)+l2*cos(q0+q2+q3)+l3*cos(q0+q2+q3+q4):

> b:=q1:

> z:=ld1*sin(q0+q2)+l2*sin(q0+q2+q3)+l3*sin(q0+q2+q3+q4):

> p:=q4:

> t:=q5:

> 

> #A matrix k will be formed that involves differentiating w.r.t. q1 through q5

> 

> k:=linalg[matrix](5,5,[0,diff(r,q2),diff(r,q3),diff(r,q4),0,1,0,0,0,0,0,diff(z,q2),diff(z,q3),diff(z,q4),0,0,0,0,1,0,0,0,0,0,1]):

> 

> #Call function inverse to take inverse of matrix k

> #initial values(inches and degrees) plugged in for home position

> 

> with(linalg);

> inverse(k);

> ld1:=15.72: l2:=12: l3:=4: q0:=0*Pi/180: q1:=9.61255*Pi/180: q2:=90*Pi/180: q3:=180*Pi/180:  q4:=-90*Pi/180: q5:=0*Pi/180:

Warning, new definition for norm

Warning, new definition for trace

  [BlockDiagonal, GramSchmidt, JordanBlock, LUdecomp, QRdecomp,

        Wronskian, addcol, addrow, adj, adjoint, angle, augment,

        backsub, band, basis, bezout, blockmatrix, charmat, charpoly,

        cholesky, col, coldim, colspace, colspan, companion, concat,

        cond, copyinto, crossprod, curl, definite, delcols, delrows,

        det, diag, diverge, dotprod, eigenvals, eigenvalues,

        eigenvectors, eigenvects, entermatrix, equal, exponential,

        extend, ffgausselim, fibonacci, forwardsub, frobenius,

        gausselim, gaussjord, geneqns, genmatrix, grad, hadamard,

        hermite, hessian, hilbert, htranspose, ihermite, indexfunc,

        innerprod, intbasis, inverse, ismith, issimilar, iszero,

        jacobian, jordan, kernel, laplacian, leastsqrs, linsolve,

        matadd, matrix, minor, minpoly, mulcol, mulrow, multiply,

        norm, normalize, nullspace, orthog, permanent, pivot,

        potential, randmatrix, randvector, rank, ratform, row, rowdim,

        rowspace, rowspan, rref, scalarmul, singularvals, smith,

        stackmatrix, submatrix, subvector, sumbasis, swapcol, swaprow,

        sylvester, toeplitz, trace, transpose, vandermonde, vecpotent,

        vectdim, vector, wronskian]
        [0 , 1 , 0 , 0 , 0]

        [  l2 cos(q0 + q2 + q3) + l3 %2

        [- ---------------------------- , 0 ,

        [             ld1 %3

          l2 sin(q0 + q2 + q3) + l3 %1

        - ---------------------------- ,

                     ld1 %3

          l2 l3 (-sin(q0 + q2 + q3) %2 + %1 cos(q0 + q2 + q3))    ]

        - ---------------------------------------------------- , 0]

                                 ld1 %3                           ]

        [ld1 cos(q0 + q2) + l2 cos(q0 + q2 + q3) + l3 %2

        [----------------------------------------------- , 0 ,

        [                    ld1 %3

        ld1 sin(q0 + q2) + l2 sin(q0 + q2 + q3) + l3 %1

        ----------------------------------------------- , - l3 (

                            ld1 %3

        ld1 sin(q0 + q2) %2 + l2 sin(q0 + q2 + q3) %2

         - ld1 cos(q0 + q2) %1 - %1 l2 cos(q0 + q2 + q3))/(ld1 %3) ,

         ]

        0]

         ]

        [0 , 0 , 0 , 1 , 0]

        [0 , 0 , 0 , 0 , 1]

  %1 := sin(q0 + q2 + q3 + q4)

  %2 := cos(q0 + q2 + q3 + q4)

  %3 := sin(q0 + q2) l2 cos(q0 + q2 + q3) + sin(q0 + q2) l3 %2

         - cos(q0 + q2) l2 sin(q0 + q2 + q3) - cos(q0 + q2) l3 %1
 Appendix: A3: Control Code

*Peter Carpi

*November 28, 1998

*First attempt at control code for ELECTRONICS APPLICATIONS IN ROBOTICS

*Set Variables

VAR2
EQU
$0005

VAR1
EQU
$0004

ADDR
EQU
$0003

DATA2
EQU
$0002

DATA1
EQU
$0001

CMD
EQU
$0000


ORG
$B600

*Initiate All Chips

*
Reset LM629s


LDAA 
#$67


STAA
$1004


NOP


NOP


LDAA 
#$E7


STAA
$1004


LDAA 
#$1C


STAA
CMD


LDAB
#$07


STAB
ADDR


JSR
WRCMD


LDAB
#$00


STAB
DATA1


STAB
DATA2


JSR
WRDATA


LDAA
#$1D


STAA
CMD


JSR
WRCMD


JSR
WRDATA

*
Load Filter Coefficients & Trajectory (all 629s)


LDAA
#$05


STAA
CMD


JSR
WRCMD


LDAA
#$02


STAA
CMD


JSR
WRCMD

*
Load Filter Parameters 


LDAA
#$1E


STAA 
CMD


JSR
WRCMD


LDAA
#$0A


STAA
DATA2


JSR
WRDATA


LDAA
#$64


STAA
DATA1


STAA 
DATA2


JSR
WRDATA


STAB
DATA1


LDAA
#$01


STAA
DATA2


JSR
WRDATA


LDAA
#$04


STAA
CMD


JSR
WRCMD

*
Set Velocities & Accelerations



LDAA
#$1F


STAA 
CMD


JSR 
WRCMD


STAB
DATA1


LDAA
#$28


STAA
DATA2


JSR
WRDATA


STAB
DATA1


STAB
DATA2


JSR
WRDATA


LDAA
#$09


STAA 
DATA2


JSR
WRDATA


STAB
DATA2


JSR
WRDATA


LDAA
#$41


STAA
DATA1


LDAA
#$89


STAA
DATA2


JSR
WRDATA

*
Set A/D  


STAB
$1024


LDAA
#$93


STAA
$1039


LOOP 
NOP


LDAA
#$12



STAA
$1030


CHKDNE
LDAA
$1030


BPL
CHKDNE


LDAA
$1033


ASLA


BCS
QKJMP


EORA
#$FF

QKJMP
LDAB
#$FF


MUL


STAA
VAR1


STAB
VAR2


LDAA
#$1F


STAA
CMD


JSR
WRCMD


LDAB
#$00


STAB
DATA1


LDAA
#$03


STAA
DATA2


JSR
WRDATA

*Send 00,00 Data Here or After Var1 & Var2


STAB
DATA1


STAB
DATA2


JSR
WRDATA

*


LDAA
VAR1


STAA
DATA1


LDAA
VAR2


STAA
DATA2


JSR
WRDATA


LDAA
#$01


STAA
CMD


JSR
WRCMD


JMP
LOOP

*WRCMD--Write Command Subroutine

WRCMD 
JSR 
CHKBSY


LDAA
#$FF


STAA
$1007


LDAA
ADDR


ORA
#$BO


STAA
$1004


STAA
$206


BCLR
$C206 $10


LDAA
$C206


STAA
$1004


LDAA
CMD


STAA
$1003


BSET
$C206 $10


LDAA
$C206


STAA
$1004


RTS

*CHKBSY--Check Busy Subroutine

CHKBSY
LDAB
#$00


STAB
$1007


LDAA
ADDR


ORA
#$BO


STAA
$1004


STAA
$C206

TRYBSY
BCLR
$C206 $20


LDAA
$C206


STAA
$1004



LDAA
$1003


ASRA


BSET
$C206 $20


LDAA
$C206


STAA
$1004


BCS
TRYBSY


RTS

*WRDATA--Write Data Subroutine

WRDATA
LDAA
#$FF


STAA
$1007


LDAA
ADDR


ORA
#$F0


STAA
$1004


STAA
$C206


BCLR
$C206 $10


LDAA
$C206


STAA
$1004


LDAA
DATA1


STAA
$1003


JSR
CHKBSY


LDAA
#$FF


STAA
$1007


BCLR
$C206 $10


LDAA
$C206


STAA
$1004


LDAA
DATA2


STAA
$1003


BSET
$C206 $10


LDAA
$C206


STAA
$1004


RTS

Appendix: A4: Percent Deviation between Assembly and Maple
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