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INTRODUCTION ABSTRACT 
  
  
STATEMENT OF THE PROBLEM A six-legged (hexapod) robot was 

designed and created by a team of 
students at Florida Atlantic University.  
The robot uses a 68HC12 
microcontroller for control, which the 
user remotely operates via a cable 
connection.  It is constructed of 
aluminum and composite material.  The 
robot utilizes DC motors for leg 
actuation and is powered by an on-
board battery.  The hexapod is designed 
to sprint, maneuver, and retrieve and 
object.  A portable, but separate solar 
powered battery charger accompanies 
the robot. 

 
Task 
 
To design and build a robot that will 
propel itself using multiple legs.  The 
robot should complete the following 
three tasks: 
 

• Walk a distance of 9 meters, 
staying within a 3-meter wide 
lane in a time limit of 
approximately 10 minutes. 

• Retrieve a 10 cm cubed block of 
wood at a specified location and 
return it to the point of origin.  

 • Walk from the origin to a 
finishing point while moving 
between sets of cones 
performing turns (slalom). 

 

 

 
 
Constraints 
 
The robot should satisfy the 
requirements set forth by the Society of 
Automotive Engineers (SAE) Walking 
Machine Challenge ®.  These 
constraints limit the robot size to be 
within one meter by one meter with no 
constraint on the third dimension.  The 
robot also must have an emergency 
stop and satisfy SAE safety guidelines 
on all pneumatic or hydraulic devices. 
 

Son of Fledgling and the Solar Charger  
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Product 
 
The final product should contain the 
following: 

• A core unit (body) to house or 
hold the electrical and 
mechanical devices.  The unit 
should also be the platform that 
the legs and the object retrieval 
device are mounted. 

• Legs that have the ability to 
move in such a way to propel the 
entire robot and actuate 
individually. 

• An object retrieval device 
mounted somewhere on the 
robot.  

• A control unit tethered to the 
robot that can be controlled 
manually. 

• A solar charging station capable 
of charging the batteries that will 
supply the power to operate the 
robot. 

 
 
 
BACKGROUND 
 
The desired product is a robot that could 
be developed to work in a mine or 
underwater where the surface is 
uneven; where legs are a benefit and 
wheels are a hindrance.  This robot 
would be capable of completing tasks 
dangerous or uncomfortable for human 
beings.  Rocks, valleys and steps will no 
longer be impassable, as they are by 
wheeled robots. 
 
SAE hosts an annual competition, which 
asks students to build and demonstrate 
a walking machine capable of achieving 
the above goals.  The goals of this 
project is to design and construct a 
robot that will be capable of achieving 
three out of the six goals of the 
competition. 
 

One application mentioned in the 
competition is that walking machines 
could be used to explore Mars.  A 
problem associated in sending a robot 
to Mars is that the power supplied in the 
batteries will eventually be depleted.  
The robot would then be useless until 
the battery is recharged. Therefore, to 
solve this problem, a battery charger 
was included in this project.  The battery 
charger is a solar charging station that is 
capable of charging the on-board power 
supply of the robot. 
 
 
 
PURPOSE OF THE PROJECT 
 
The goal of this project is to design and 
construct a machine that is capable of 
using legs for locomotion and qualify for 
competing in the SAE Walking Machine 
Challenge ®.  The battery is to be 
recharged by use of a solar charging 
station designed especially for this 
project. 
 
 
 
 
 
METHODS AND DESIGN 
APPROACH 
 
 
OVERVIEW 
 
The project was started by first deciding 
as a team exactly what type of robot 
would be built.  The number of legs, 
movement mechanisms, and basic 
layout heavily impact all areas of the 
project. 
 
Several ideas were brought up and 
discussed.  Ideas that were considered 
included designs observed during the 
2002 Walking Machine Challenge, 
designs created by other universities 
and FAU as well as original designs by 
team members. 



 
Ideas included robots with one to eight 
legs as well as several different 
articulations.  Various power sources 
such as battery, hydraulics and 
pneumatics were also considered. 
 
The advantages and disadvantages of 
each design were considered.  Things 
that were considered were stability, 
ease of control, weight, strength, ease 
of manufacture, availability of parts, 
production time, cost, aesthetics, and 
system integration. 
 
After the basic design was selected, the 
project was divided into seven major 
categories.  These were the legs, arm 
and gripper, body, motors, power 
system, control, and the solar battery 
charger.  The design methods of these 
systems are described below. 
 
 
 
LEGS 
 
Criteria  
 
A good leg design for the walking robot 
would provide good mobility, cost, 
strength, and maneuverability. Actuating 
assemblies of electric motors and lead 
screws power the legs, therefore, was 
necessary to design a leg that would 
also provide a platform for mounting the 
assemblies. Another criteria for leg 
design was the legs needed to be long 
enough to stride the robot base over 
small objects. 
 
    
Alternatives 
 
Two leg designs were analyzed and 
models were constructed of wood and 
aluminum to see which leg satisfied the 
previous criteria the best.  
 
The first leg was a leg that consisted of 
two 1/4" thick aluminum plates that 

made up the thigh. The calf was 
constructed of a single 1/4" thick 
aluminum plate hinged to the thigh with 
a hub-like knee joint containing large 
bearings.   
 
The second design was constructed of 
two 1/8" thick aluminum plates that 
made the thigh and the calf. The thigh 
and the calf of the second leg design 
were hinged together with bearings 
mounted onto a shaft with the calf riding 
on the bearings.   
 
For the leg and turntable interface there 
where three different designs. The first 
consisted of a wooden prototype that 
worked very well, however, the interface 
included complex curves that would 
have been complicated for 
manufacturing. The second design was 
a metal plate that made no allowance 
for mounting of the motor and offered no 
real benefits. A third design was an 
interface that allowed for motor 
mounting and mounting of the leg 
simultaneously. This third interface 
design consisted of two small beams 
that were mounted along side of the 
turntable-hinge assembly which were 
bolted directly into the turntable itself. At 
the end of the beams the motor was 
then mounted so it swiveled in 
compliance with actuation of the thigh. 
 
 
Selection 
 
It was decided that a cross between the 
two legs would be a good solution. The 
second leg was outfitted with the larger 
bearings of the first, reducing cost. The 
shaft-bearing configuration was kept to 
cut down on manufacturing time. Finally 
the 1/8" thick aluminum plates that 
made up the thigh and the calf of the 
second design were used to better fit 
with alignment of the actuator. 
 
As for the turntable-leg interface the 
third leg-turntable interface was selected 



because of the duality in function that it 
provided by both allowing for mounting 
of the leg and motor.   
 
 
Final Decisions 
 
Once the leg design was decided upon, 
analysis needed to be made on the 
forces that would be applied to the 
different parts of the six legs and their 
motors. For this analysis the finite 
element program ANSYS was used in 
tandem with hand calculations to obtain 
results on the forces after an 
approximate weight was assumed to be 
120 lbf.  Because earlier test were done 
on full sized models, deflection in the leg 
material was known to be in a safe limit 
and the legs would support the 
necessary weight.  Dimensions of the 
legs were recalculated and slightly 
modified to better fit the entire design.  
The final material used for leg panels 
was of 6061-T6511 aluminum. Other 
aluminum parts were manufactured from 
6262-T6511 aluminum and Nylon 101.  
Part dimensions listed in the Appendix. 
  
 
           
BODY 
 
Criteria 
 
A body design that would best benefit 
the walking robot would be light, strong, 
rigid, and inexpensive. Because the 
walking robot consists of many heavy 
components, it becomes desirable to 
use a light material in the body design to 
offset some of the weight. The heaver 
the robot, the larger the batteries and 
motors become effecting cost and 
mobility.  Strength and rigidity are a 
must for the body, not only to support 
the weight of the robot but to keep the 
entire machine from deforming under 
dynamic loading which would effect 
mobility.   
 

 
Alternatives 
 
The body design had three designs that 
were under consideration. The first 
design was an aluminum frame with a 
thin aluminum skin. The frame is a 
collection of cross beams tied in with 90 
and 45 degree angled brackets. The 
second design consists of dense foam 
covered with fiberglass. The third design 
was a plastic, composite mesh, or 
honeycomb design.  
  
 
Selection 
 
Because the aluminum frame consist of 
many parts and would weigh too much it 
was immediately rejected. The third 
design using the plastic composite 
honeycomb was too unique and 
expensive it was also rejected. 
 
The second design consisting of dense 
foam covered with fiberglass was 
selected for the body of the walking 
robot. This combination of materials was 
surprisingly strong, very rigid, 
lightweight, ad it was cheep because it 
was donated by FAU. 
 
 
Final Decisions 
 
Once the leg body was decided upon, 
analysis needed to be made on the 
forces that would be applied to it. For 
this analysis test would be preformed 
rather than calculations both because of 
lack of time and because the body 
material was available. The body was 
cut to a section roughly 1m x 1m and 
supported on two sides. A 200lb load 
was then applied to the center of the 
body material, deflection in the body 
material was very small and supported 
the necessary weight.   
 
 
 



The second option for a gripping device 
was to leave out the arm and apply a 
sticky pad to the bottom of the body. 
The sticky pad was to grip objects when 
the robot was lowered on to them 

 

D 

D 

D 

 
 
Selection 
 
Because the sticky pad didn’t satisfy any 
of the requirements for a gripping 
device, and it wouldn’t be able to lift 
heavy objects it was rejected.  The 
utilization of the test leg as an arm and 
the robotic gripper was the best option 
because they satisfied all of the 
requirements and they were already 
made. 

Basic Body and Leg Design 
 
 
 

  
 ARM AND GRIPPER 
Final Decisions  
 Criteria 
The only designs needed on the arm 
and gripper was that of interfacing the 
two.  The gripper was to be mounted to 
the very end calf block at a 45-degree 
angle to better line up with its targets. 

 
The arm should be able to get a 
clamping device to small objects once 
the robot has been moved to a close 
proximity. The arm should be able to 
move from side to side, up and down, 
and be able to reach floor level.   

 
 
  
MOTORS The gripper should be attached to the 

arm and tightly grasp small objects.  
Criteria  
  
The successful selection of the motors 
and controls was based on the designed 
and approximated values for friction and 
necessary rotational speeds. Likewise 
the selection of method for bi-directional 
control of the motors was biased on 
measured values repeatability of the 
design, cost, time and ultimate control 
by the microcontroller. 

Alternatives 
 
Initial designs suggested an arm with a 
turntable and two joints powered by 
motors and lead screws not unlike the 
leg configuration. Because the arm was 
to be nearly the same size as the legs 
the first option was to use the test leg as 
the arm. 

  
 The first option for a gripper was to use 

a pre-built robotic gripper with two 
fingers powered by a small lead screw 
and motor. 

Alternatives 
 
The motors were selected based upon 
cost over other criteria. If this were not 
an issue, motors better suited with 

 



gearboxes designed for this task could 
have been implemented. 
Many alternatives exist for the control of 
the motors a simple method was chosen 
to abbreviate the time necessary to 
allow for completion of the design and 
implementation. 
 
 
Selection 
 
Motors were chosen that were believed 
to have the capabilities necessary for 
the different joints of the robot. Each 
was tested with a weight and arm to 
determine the stall current and ultimate 
torque output. Each motor was also run 
without load. These measurements 
were used to determine selection.  
Motors with outputs somewhat close to 
the desired output were used due to a 
lack of correct sized motors within the 
budget of this project. 
 
 The bi-directional motor control was 
determined to be a project in of itself. A 
feedback design was first investigated 
but was forsaken for a simpler design to 
allow for completion. Several 
semiconductor chips were investigated 
before a Texas Instruments SN75410 
was selected. It has the capability of 
becoming part of a feedback control 
design at a later point when time allows. 
 
 
Final Decisions 
 
The motors, Globe 410A415, Globe 
409A582,and Escap 21216E27 were 
incorporated into the design for the legs 
and mounts were made. A Simple 
Linear Actuator design (Nuts and Volts 
Magazine, May 2002) was incorporated 
for control of 2 joints and the third 
incorporated a geared swivel joint that 
was available with the motor.   
Specifications for the selected motors 
are in the Appendix. 
 
 

 
POWER SYSTEM 
 
Criteria 
 
In order to make sure the robot would 
run sufficiently, the motor specifications 
were needed. Three motors per leg, 
approximately 0.8 Amperes (Amps) per 
motor were suggested. With six legs 
and the arm, 16.8 Amps would be the 
working current specs.  Later, the 
motors were upgraded, but not finalized. 
With a stall current of 3.5 Amps per 
motor in consideration, wire sizing was 
calculated. Normally, there would be no 
more than six motors running at one 
time, so a total stall current of 24.6 
Amps was decided on for design. 
Therefore, wires sizes of 8 AWG for wire 
harness and 22 AWG for individual 
motors was selected for the wiring. 
 
Once the motors were decided on, the 
method of control could be finalized. 
Different methods, including straight 
switching, PWM, BJT and MOSFET H-
Bridges were considered.  After 
consulting with various instructors, 
students, websites and looking at 
efficiency and budget, it was decided 
that a H-Bridge IC was the ideal choice. 
There were several of these chips to 
chose from. The L298, LMD18201, 
SN754410NE, and the Allegro 3953 
were all fine choices, as they could 
handle the current and voltage. 
 
 
Final Decisions 
 
After looking at many H-Bridge ICs, the 
Texas Instruments SN754410NE was 
selected. This selection was primarily 
due to cause.  This Quadruple Half H-
bridge driver chip could be ganged to 
handle the current that was needed for 
each motor, and was, at $1.08 per chip, 
by far the best deal.  
 
 



 
CONTROL 
 
Criteria 
 
The controller had to be powerful 
enough to run a moderate-sized 
program that would run the sequence 
for locomotion.  Since autonomy and 
visual sensing were not part of this 
stage of the project, the computer 
resources necessary were minimum for 
a hexapod. 
 
One major criterion was the number of 
available ports.  Whether the system 
consisted of a single on-board 
computer, or several, a large number of 
ports were determined to be a 
necessity.  Since each leg was expected 
to have three motors, as well as sensors 
on all joints, many inputs and outputs 
would have to be controlled. Peripherals 
and an arm would only increase the 
demand.  This would mean possibly 
forty or fifty inputs and outputs. 
 
Power consumption was a second major 
criterion.  Since all power sources had 
to be on-board, a computer that used a 
lot of energy would require a larger 
battery and therefore increase the 
overall weight of the robot.   
 
The user interface had to also be 
considered.  While individual 
manipulation of each leg or motor would 
offer the most flexibility, it would be 
extremely difficult to control.  The user 
interface needed to be simple to use, 
allowing the user to control steps with 
only one button. 
 
 
Alternatives 
 
The process of initially evaluating 
controllers for the robot was short.  Still, 
several options were considered. 
 

One option was to use a desktop 
personal computer (PC) for the 
controller.  This option would be cheap, 
since many older computers get thrown 
out and are readily available.  A desktop 
computer would offer plenty of power, 
memory, and the ability to expand ports 
for input/output (I/O) use.  This type of 
controller was used in Fledgling, the first 
walking machine built at FAU. 
 
Another similar option was to use a 
notebook computer.  Like the PC, it 
would offer plenty of power and 
memory.  It would be lighter, but 
addition of I/O would be more difficult 
and expensive. 
 
A third option was to use a 
microcontroller.  Although these would 
not offer as much power and I/O 
capabilities as most personal 
computers, they are lighter and 
consume less energy.  Most are also 
relatively inexpensive. 
 
Several types of microcontrollers were 
available.  These included the 68HC11, 
68HC12, PIC and the BASIC Stamp.  All 
of these offered very similar features.  
The cost between these types varied 
greatly, however, depending upon type, 
features, and retailer.  Many of the 
microcontrollers offered features such 
as on-board pulse-width modulation 
(PWM) and analog to digital (A/D) 
conversion, which make them easier to 
integrate into a robotic system. 
 
A final alternative was to employ the use 
of multiple microcontrollers.  One 
microcontroller would act as the 
"primary" controller and give commands 
to the "secondary" controllers.  This 
would be a solution to increase the I/O 
availability or memory of small capacity 
microcontrollers. 
 
 
 
 



Selection 
 
While considering using a desktop PC, 
the experience gained from the 
Fledgling project was heavily weighted.  
Although this would be an inexpensive 
choice, many problems would result.  
One is the large size and weight of the 
computer.  The motherboard and power 
supply would occupy a large space and 
would necessitate a larger robot than 
the original selected design.  The PC 
would also consume a lot of power and 
need a large, and heavy, battery on 
board in addition to the one used to 
supply the motors.  Finally, the actual 
programming and implementation may 
prove to be difficult due to the many 
parts, components, and connections 
that could fail, become disconnected, 
and have to be factored into the 
program.  
 
A notebook computer would be a viable 
option, however, the cost would be 
much greater than that of a PC.  In 
addition, some components, such as I/O 
cards would me more expensive.  
Although a notebook computer would 
consume less power and be lighter than 
a PC, the size and awkwardness of the 
device would have required a larger 
robot than that which was agreed upon. 
Like the PC, a notebook would also be 
more difficult to program and have more 
components that could fail.  Tracking 
down a problem could take days. 
 
The power offered by PCs and 
notebooks was much greater than that 
needed for the control of the hexapod.  
Microcontrollers therefore were a good 
alternative.  They were inexpensive, had 
plenty of power for the application, and 
were small and lightweight.  The power 
consumption of the microcontrollers was 
minute and they had fewer components 
to malfunction.  However, a specific 
microcontroller needed to be selected. 
 

There are three major types of 
microcontrollers that are widely used 
and are very popular.  These are the 
Motorola HC11/HC12, PICs, and the 
BASIC Stamp.   
 
The BASIC Stamp was ruled out due to 
its relatively higher cost and restrictions.  
Although this was probably the easiest 
to program, it offered less features and 
power than the other two types of 
microcontrollers. 
 
The PIC was seriously considered for 
this project.  Several PICs used together 
would have been able to perform the 
necessary control functions.  However, 
the PIC was ruled out solely due to lack 
of experience and very much knowledge 
of this type of chip.  In addition, use of 
PIC microcontrollers would have most 
likely required the use of a multi-chip 
system.  While there are some 
advantages, such as modularity, the 
added components increased 
complexity.  Interfacing the chips added 
another level of difficulty with the use of 
this chip. 
 
This left the Motorola microcontrollers.  
Experience using these devices was the 
major consideration during the 
microcontroller selection process.  
However, the available interrupt 
capabilities were another large factor.  
Both the 68HC11 and 68HC12 would be 
able to perform the necessary tasks 
needed for control of the hexapod. 
 
Final Decisions 
 
The Motorola 68HC11 and 68HC12 are 
two very similar chips.  The HC12 is an 
upgraded version of the HC11.  The 
HC12 offers more memory, faster 
processing, more command functions, 
and better interrupt capabilities. 
 
The MC9S12DP256 chip, in particular, 
offered up to 91 I/O pins and a speed of 
up to 24 MHz.  In addition, it offered 16 



pins for A/D conversion and 8 pins for 
PWM.  This made the HC12 a superior 
choice to the HC11. 
 
Another reason for selecting the HC12 
was that group members already owned 
two development boards for this chip.  
This made the use and implementation 
less expensive.  This offered some 
familiarity with the chip, but not for the 
application.  Nearly all of the functions of 
the board, code to implement them, and 
problems associated with the 
development board were encountered 
during this project.  However, prior 
knowledge of the HC11 chip made the 
process easier. 
 
It was finally decided that the Axiom 
CML-9S12DP256 HC12 development 
board would be used. 
 
 
 
SOLAR BATTERY CHARGER 
 
The solar powered battery charger 
needed to be designed and built 
specifically for the robot’s battery and 
power needs.  Renewable energy was 
necessary, as the robot would have to 
self-charge if sent on a mission to Mars 
or other environment without human 
beings.  Wind power was considered as 
an alternative solution to solar energy, 
but was decided to be impractical.  
Photovoltaics were chosen due to the 
greater availability and reliability over 
wind energy. 
 
 
 
 
 
 
 
 
 
 
 
 

 
RESULTS 
 
 
SPECIFICATIONS 
 
The robot weighs approximately 105 
pounds, with the battery and all circuitry 
onboard.  The body dimensions are 
approximately 81 cm by 50 cm.  The 
total dimensions of the entire robot in 
the normal resting position are 140 cm 
long, 95 cm wide, and 60 cm tall.   
 
 
 
CONSTRUCTION METHODS 
 
The construction of the robot was 
completed first by systems, and then put 
together as a whole.  The construction 
of the legs was most critical, as the 
success and implementation of their 
final design determined the 
specifications for all other systems. 
 
 
Legs 
  
Construction was first focused on a 
single leg to assure previous design, 
models and calculations were correct. 
This first leg was also to establish that 
small corrections were made correctly 
and it could be made easily in quantity 
later. Because this first leg would utilize 
all the real components as the final 
product should contain, it was to 
become the final test leg. All the parts 
were constructed on small tools such as 
band saws, drill presses, and hand 
tools. Once complete the leg was tested 
and worked well in all its intended 
degrees of freedom and ranges of 
motion. Also the leg was tested under 
full load conditions and only small 
amounts of deflection were detected.  
 
With a successful test leg, production of 
all six legs commenced. The leg blocks 
and bearing plates were first 



constructed for both the thighs and 
calves using band saws and manual 
end-mills. Calf, turntable-leg interfaces, 
and thigh plates were constructed 
utilizing a CNC end-mill to ensure 
accurate repletion in dimensions. Lead 
screw nuts were made on a lathe and 
drill press.  
 
 
Body 
 
Because the body material was a pre 
made PVC foam sandwiched between 
fiberglass permeated with an epoxy 
resin it could be cut into its desired 
shape using a jig saw.  The shape and 
size can be seen in the following 
diagram: 
                                      

 
Foam/Composite Body 

 
Once the body was cut to size mounting 
holes for the legs were drilled. Hollow 
aluminum cylinders were inserted into 
the mounting holes to provide protection 
from compression between the 
turntables and body during tightening of 
mounting bolts.  3/16 aluminum plates 
were then cut and mounted to the upper 
and lower surfaces of the body using 
epoxy. These plates were used as 
mounting surfaces for the legs to 
provide relief for compression to the thin 
fiberglass layer and to keep any 
mounting holes from enlarging with the 
robots motions.  
 
 
Arm and Gripper 
 
Removing the end calf block and 
adapting it to hold the gripper motor 
accomplished the interfacing of the arm 

and gripper. Once that was completed 
45-degree cuts were made into the calf 
plates for the gripper to be remounted. 
 
 

 
Assembly of the Robot 

 
 
 
 
 
Power System 
 
Due to time and cost constraints, it was 
decided that the motor controller boards 
would be built on campus.  Doing this 
also ensured that the design, size, and 
layout would be best suited for the 
project. 
 
The H bridge controller boards were 
designed around the parameters of the 
chip used. The T.I. chip needed three 
inputs to control the rotations of the 
motor. A logic inverter HC04 was used 
to reduce the number of outputs to two 
to reduce the number of output pins 
needed by the microcontroller. 
  
A test circuit was built on a breadboard, 
using one 754410. After successfully 
powering a motor using 12v and 5v 
power supply, a full motor controller 



circuit was built and tested using three 
chips, an HC04 inverter and 6 10K 
resistors. Once this circuit was 
successfully tested, it was ready to be 
produced. 

 

 
The printed circuit board was laid out 
using Eagle software and optimized for 
trace width and trace routing to allow for 
maximum current capabilities of the chip 
used and ease of production. The 
excess space on the board was filled 
with ground planes.  The most beneficial 
aspect of this was that it allowed the 
etching agent to last through more 
boards.   The final result is shown 
below. 

Completed Motor Controller PCBs 
 
 

Transfer for Motor Controller PCBs 

 
Controller 
 
The microcontroller, for the most part 
was already physically constructed.  
Only connectors to it and a user 
interface needed to be constructed. 
The control pad used ended up being 
control boxes found in the FAU Robotics 
Laboratory.  The robot direction control 
buttons were wired through this box.  
This was wired into the microcontroller 
where user commands would be 
processed into the leg actuation 
algorithms.   Output ports of the 
controller were wired into the power 
distribution panel.  These signal wires 
were routed to the motor controller 
boards were the computer signals were 
interpreted into motor motion.  

 
An experiment was made, to use photo 
paper to transfer the layout and then 
etch the PCB boards.  This was done to 
reduce the costs, since photo paper is 
cheaper and more readily available than 
the traditional transfer paper. This failed, 
so transfer etch paper was used.  After 
the many transfers made with a laser 
printer, it was found that the best results 
were produced when the paper was not 
permitted to go through the fusing 
process. This allowed the toner to easily 
transfer to the scuffed copper clad 
circuit board.  

 
The arm and gripper were wired from a 
control pad to the motors directly.  A 
wire from the battery when into the 
control pad and then was split to the 
switches.  When a switch was pressed, 
power was then sent to the motor via a 
wire routed to the motor. 

 
After the boards were etched, the 
components were soldiered to them.  
The boards were assembled and ready 
to put onto the robot.  The heat sinks 
were attached to the legs, so that the 
aluminum legs would further increase 
the effectiveness of the heat sinks. 

 
The main outcome of the control system 
was the program.  Several programs 
were written.  First, test programs were 
created in order to test subsystems and 



the functionality of the microcontroller.  
The main program then went through 
several iterations as difficulties and 
needs changed during the project.  
Finally, a satisfactory program was 
developed to run the robot. 
 
The source code for this program can 
be found in the Appendix. 
 

 
The Microcontroller 

 
 
 
 
SOLAR BATTERY CHARGER 
 
Technical Specifications 
 
The solar powered battery charger 
consists of a used, 33 cell, 25W solar 
panel, with a open circuit voltage of 
Voc=16.97V and a short circuit current 
of Isc=2.19A. The manufacturer and age 
of the panel is unknown.   
 
The battery is a YUASA sealed lead-
acid of 12V and 24Ah.  It was previously 
used in a UPS system.   
 
The charge controller circuit consists of 
a LM741 OP Amplifier configured as a 
voltage comparator that compares the 
battery’s voltage to the 13.20V 
reference voltage set by a 2.5k 
potentiometer in series with a 12V Zener 
diode.  The comparator is powered by 
the solar panel.  The MJE1100 NPN 
Darlington Pair acts as a current switch 

passing the solar panel’s current to 
charge the battery.  The Darlington is 
controlled by the output of the 
comparator.  The voltage reference 
must be at least 1.4V below the 
comparator’s output, otherwise the 
Darlington will slowly begin to shut down 
due to the battery as the VEE.  A 
blocking diode is not needed to prevent 
the battery from discharging into the 
panel when the battery’s voltage 
exceeds the panel. The discharging is 
naturally prevented by the Darlington.  
The Darlington is mounted on an 
aluminum heat sink.  Two 5A fuses at 
the solar panel and at the battery protect 
the circuit.  16 AWG copper wire is used 
for the high amperage wiring.   
 
The solar panel is mounted on a painted 
wooden frame.  This frame also 
encloses, protects, and provides shade 
and ventilation to the battery and circuit.  
The available tilt angle range is 0 to 90 
degrees.  The frame is portable but 
does not carry the battery. 
 
Graphs and tables of some of the data 
are located in the Appendix. 
 
 

 
Testing Charger Circuitry 

 
 
 
 



 
OPERATION 
 
 
Robot 
 
Control of the robot was made as simple 
as possible.  The control switches 
control the direction of the robot.  For 
example, turning on the "Forward" 
switch causes the robot to move 
forward.  Likewise, the "Reverse", "Left" 
and "Right" buttons control the other 
three directions in which the robot may 
move.  Alternating between two of these 
(non-opposing) direction commands will 
result in a diagonal path.  
 
The robot will make two steps each time 
a direction button is pressed.  This 
completes an entire gait sequence.  If 
the button is held in the "on" position, 
then the robot will continue to travel in 
the specified direction.  Should another 
direction button be pressed while the 
robot is moving in the originally 
requested direction and the originally 
requested direction button remains 
pressed, the robot will ignore the second 
command.  
 
When no button is pressed, and all gait 
sequences have been completed, the 
robot will remain stopped, waiting for a 
command.  This will eventually run down 
the battery to the microcontroller.  The 
microcontroller should be shut down by 
disconnected the power supply. 
 
The robot is also equipped with an 
emergency stop (e-stop).  The user 
should pull the cord of the e-stop device 
should the robot "run away" or be about 
to cause harm or destruction to people 
or property.  Pulling the e-stop cord will 
disrupt power to the motors, but not the 
computer.  When the cord is pulled, a 
cylindrical piece will be pulled from a 
clamp.  When the clamp opens, the 
power circuit is disrupted.  To reactivate 
this circuit, place the cylinder back into 

the clamp and insure that the contacts 
are again touching.  
 
Please note that the e-stop does not 
affect the microcontroller.  The computer 
will continue to run, unless the computer 
power source is disconnected.  Make 
sure that all buttons are off and the 
microcontroller has been reset before 
reinstalling the cylinder.  Pressing the 
button labeled as "Reset" resets the 
microcontroller.  The computer should 
start up and be ready for an input.  
 
If the computer does not restart, the 
user should insure that the power is 
connected.  In addition, all lines 
between the microcontroller and 
controller as well as to the power 
distribution panel should be checked to 
insure that they are connected.  If not, 
then the program may have to be 
reinstalled.  To reinstall the program, the 
microcontroller must be set into "Monitor 
Mode" by adjusting the jumpers and be 
connected to a computer via a serial 
cable.  The user should then use a 
program such as AxIDE to reload the 
program.   
 
 
Solar Battery Charger 
 
The solar powered battery charger is set 
up with the panel tilted and facing south.  
At this time of the year, April, the panel 
is tilted at 26 degrees latitude for Boca 
Raton, Florida.  The panel and battery 
are plugged into the circuit jack, the Vref 
is set to 13.20V by the potentiometer.  
The voltage and current are checked 
periodically with a multimeter at the 
jacks, inside the circuit and breaking the 
circuit by removing the banana plugs.  
For this time of year there are about six 
peak sun hours per day providing the 
maximum energy to power the solar 
panel (during Daylight Savings Time: 
10:30am – 4:30 pm) although charging 
still occurs before and after this time.  It 
would take approximately ten peak sun 



hours to charge the robot’s battery.  The 
battery should not be discharged below 
11V, in order to prevent damage. The 
battery is charged until the terminal 
voltage reads 13.7V then the battery is 
removed from the charger and the Voc 
is checked one hour later for actual 
voltage measurement.  As the battery is 
being charged the voltage increases as 
the current decreases. There are a total 
of three batteries for the robot to 
perform the three events. 
 
 
 
TESTING AND CALIBRATION 
 
Testing was first completed on parts, 
then systems, then in the robot as a 
whole. 
 
Mechanical Systems 
 
Once the legs and arm were attached to 
the robot’s body the entire system was 
then tested. It was found that the lead 
screw motor interface was slightly off-
center and needed to be corrected.  The 
interface comprised of couplers, 
threaded on one side for lead screw 
attachment and tapped on the other for 
setscrew placement so it could be 
attached to the motor.  
 
To correct this problem new coupler 
were made with tighter tolerances on 
the motor side. The threaded side 
remained the same as before. 
 
 
Control System 
 
Most of the control system testing and 
calibration was done on the program.  
After a basic algorithm and program 
structure was created, programs were 
written to test each function of the main 
program.  These included testing the 
input port, output ports, and delay 
subroutines. 
 

After each section of the program was 
tested and completed, a program was 
written putting everything together.  It 
was at this point that many functions 
and subroutines did not behave as 
expected.  Some were programming 
errors while others were limitations of 
the evaluation board. 
 
New subroutines were written to replace 
the failed portions of the program.  In 
some cases, changes to the structure of 
the program were made.  The program 
as a whole was then tested again.  
These iterations were done several 
times over the course of the project. 
 
Programs were tested by simulating the 
robot motors with LEDs.  The LEDs 
allowed to program to be tested without 
having to worry about unexpected 
results from motor or motor controller 
malfunctions. 
 
After the final revision of the program 
was tested with LEDs, all that remained 
was to test inside the hexapod.  Exact 
timing of the motors as well as final 
check on the functionality of the 
program would be completed after the 
robot is mechanically and electrically 
finished. 
 
 
Solar Battery Charger 
 
     The solar powered battery charger 
was initially circuited tested on PSPICE.  
It was then built on a breadboard and 
bench tested with a power supply and 
the battery.  Finally, it was put out in the 
sun with the solar panel.   
 
A multimeter was used to test the 
voltage and current.  The panel was 
tested using a pyranometer to verify five 
illumination levels.  This was done while 
adjusting a 25 ohm, 50W load to acquire 
voltage and current measurements.  
These readings were then graphed to 
show the panel’s current-voltage and 



power vs. voltage characteristics.  (See 
Appendix for graphs.) These were used 
to calculate the wattage of the panel.  
 
 
 
EXTERNAL CONSTRAINTS 
 
Financial constraints had the largest 
impact on the project.  The purchasing 
of pre-made materials and supplies had 
to be weighed with the time and cost of 
making parts and materials from 
scratch.  Luckily, there was a good 
availability of parts and expertise 
available at the university for many of 
the constructed pieces. 
 
Safety issues had to be addressed, as 
with any system.  The emergency stop 
was included to insure that the user 
would be able to immediately stop the 
robot and avoid accidents.  In addition, 
care was taken to insure that all wires 
and fuses were properly sized in order 
to reduce the chance of an electrical 
hazard. 
 
There were not any major ethical issues 
with this project.  The robot that was 
constructed is not intended for any 
unethical purposes, or to replace human 
beings at any job.  The robot is intended 
for use in areas where human beings 
cannot travel or explore.  Production of 
walking robots would prevent deaths, as 
exploration of places such as Mars 
could be thoroughly completed 
unmanned.  After all the safety and 
health issues have been determined 
and solved, it would then be possible to 
use the data gathered by these robots 
and reduce the chances of a hazardous 
journey for the human passengers. 
 
This project has considered 
environmental issues by including a 
solar-powered battery charger.  The use 
of this charger and rechargeable 
batteries reduces the pollution and 

waste that is associated in the 
construction and operation of robots.   
 
Although the solar panels and batteries 
do eventually need to be disposed of, 
the waste and contamination of the 
panel less than that of non-rechargeable 
batteries or batteries recharged by 
electricity created by fossil fuels.  
Overall, solar power is an 
environmentally friendly energy source 
and the initial will reap the rewards of 
easily accessible energy for robotic 
power. 
 
 
 
COST 
 
The budget set for the first stage of this 
project was one thousand dollars.  With 
the use of many recycled, borrowed and 
used parts, the cost of construction was 
greatly reduced.  Due to ingenuity and a 
lot of parts available in the FAU 
Robotics Laboratory, Senior Design 
Laboratory, and loaned by individuals 
the project came out just under budget.  
The costs are described in the table 
below. 
 
 
Costs 

Finishing Supplies 6.50 
Hardware 127.57 
Cables and Batteries 118.70 
Round and Threaded Rod 44.87 
Aluminum 247.50 
Motors 381.92 
Total 927.06 

 
 
 
 
 
 
 
 
 
 



 
TIME SPENT ON PROJECT 
 
 
A large amount of time was put in 
designing and constructing the hexapod 
and charger.  Most of the time expended 
was in constructing the many parts and 
systems of the robot.  In the end, over 
2000 hours have been spent on the 
project so far.  This includes recorded 
times of design, construction and team 
meetings. 
 
 
 
 
 
CONCLUSIONS 
 
 
The project is still in progress.  Although 
the major construction of the robot and 
charger has been completed, some 
enhancements and programming need 
to be completed. 
 
Son of Fledgling has many unique 
features when compared to other 
hexapods.  While most of the features 
and the functions of this project are an 
advantage, some difficulties remain. 
 
 
 
INNOVATIONS 
 
 
The solar powered charging station is 
the greatest innovation of this project.  It 
is the first known to be created for a 
robot intended to compete in the SAE 
Walking Machine Challenge ®. 
 
The use of a "screw-drive" is also fairly 
innovative for a walking machine.  This 
reduces or eliminates the need for gears 
and gearboxes.  The screws allow the 
joints to have good range of motion, and 

also can support the weight of the robot 
as it rests on these joints. 
 
 
 
ADVANTAGES 
 
 
One major advantage of this design is 
that the hexapod has six independently 
actuated legs which each have three 
degrees of motion.  This allows for 
excellent positioning of each leg.  In 
extremely rough terrain, a leg would be 
able to handle a large range of 
elevations as well as the ability to step 
around obstacles. 
 
Another advantage is the aluminum and 
composite construction of the robot.  
This allows for the robot to be very light, 
yet also strong.  The robot would be 
able to handle some load, while also 
being as light as possible to reduce 
energy consumption. 
 
The use of a microcontroller offers the 
advantage that the control system is 
very small, light, and energy efficient.  
This type of computer offers the best 
balance between power, size, 
functionality and cost.  
 
The specially designed motor controllers 
are advantages due to their compact 
size and special mounting.  All three 
motor controllers for each leg are 
mounted on a single board, giving a 
total of six boards.  This reduces the 
space needed for the motor controllers, 
reduces the number of chips needed, 
reduces the cost, and also reduces the 
manufacturing time for the system.  An 
added advantage was that the motor 
controller boards conveniently mounted 
on the legs, with the use of the 
aluminum legs as a heat sink.  The 
boards are in a position, which make 
them readily accessible for repair or 
adjustment, but also keep them out of 
the path of the moving parts. 



 
DISADVANTAGES 
 
 
The major disadvantage of the robot is 
in the speed it functions.  Due to the 
small number of available motors with 
the correct specifications, there were 
only a few choices that were affordable.  
These affordable choices proved to be 
very slow-moving motors.  Although the 
rotational movements of the legs are 
acceptable, the speed at which the legs 
raise and lower are extremely slow.  
Some correction for this was made in 
the program however, by decreasing the 
dependency of the slow moving motors 
in the gait sequence.  Faster motors 
were adjusted to run for longer periods 
in order to reduce the time needed to 
complete a gait. 
 
Another disadvantage is the limited 
capability of autonomy of the computer.  
Although the computer is great for non-
autonomy, visual recognition and other 
advanced autonomy techniques would 
not be possible with the controller.   
However, the chip would possibly be 
able to handle other types of autonomy, 
especially the "counting steps" method.  
This would only involve having the 
computer count the steps taken and 
stop when the appropriate number of 
steps have been made to complete an 
event in the competition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
DIFFICULTIES 
 
 
Difficulties included the machining of the 
components in order to obtain the 
geometric precision and tolerances 
required. Many of the robot’s 
components had several alterations due 
to machining errors. Another difficulty in 
the project was finding a common vision 
among the robot designers causing slow 
downs in the project. However, these 
difficulties were dealt with and 
corrected, becoming minor problems as 
experience grew. 
 
Another unexpected difficulty was the 
functionality of the microcomputer.  At 
several points in the project, the entire 
structure of the program was revised to 
accommodate limitations with the 
evaluation board.  One of these 
limitations was that the interrupts would 
not function correctly if the chip was in 
single mode.  This meant a trade-off 
between having plenty of I/O pins for 
robot control, or the use of interrupts to 
make the program more responsive and 
efficient. After more limitations, it was 
realized that there could be neither as 
many I/O pins as there should have 
been available nor the use of interrupts 
for all of the user requests.  In the end, a 
solution was developed that also 
allowed for better handling of continuous 
motion commands from the user.  The 
program also ending up becoming 
smaller and simpler, which made 
debugging easier.  Having modular 
subroutines that could be used with 
various programs reduced the difficulty.  
In the end, the program worked, 
however it was not as ideal as it could 
have been. 
 
 
 
 
 
 



 
FUTURE PLANS 
 
 
The robot is now in the initial stage of 
testing as a whole system.  As the 
system is tested, some plans for 
improvement have been made. 
 
Some of the planned improvements for 
the hexapod include: 
 

• Purchase of real lead screws 
rather than threaded rod to 
improve efficiencies. 

 
• Improve clearance between 

knee motor and thigh lead 
screw. 

 
• Implement sensors for position 

feedback. 
 

• Restructuring the controller to 
use multiple microcontrollers to 
allow for better handling. 

 
• Implementing some, if not full 

autonomy for the tasks of the 
hexapod. 

 
• Find faster motors for lifting the 

leg, or change the gear ratio. 
 
Possible improvements for the solar 
powered battery charger include: 
 

• Adding a buck-boost converter to 
the circuit would be beneficial.  It 
would increase the charging 
capability of the solar powered 
battery charger under cloudy 
conditions and other non-peak 
sun hours.   

 
• Implementing a built in meter to 

check voltage and current would 
have been an excellent addition.  
A momentary switch should 
activate the meter. 

 
• Including visual indicators of 

charging. 
 

• Adding prevention for the 
reversing of polarity of the jacks. 

 
The current goal of the project is to 
compete in the 2004 SAE Walking 
Machine Challenge ®.  For this event, 
the robot will be prepared to handle 
more events, including the obstacle 
course.  Autonomous techniques will 
also be researched and implemented.    
 
 
 
 
TEAM MEMBERS INVOLVED 
 
 
The following table shows the main 
specialty areas of each member of the 
team so far.   
 
 
Team Members 

NAME Department Areas of 
Specialty 

Bonnie 
Landon 

Electrical 
Engineering 

Solar 
Charger 

Denise 
Martin 

Electrical 
Engineering 

Power 
System, E-
Stop, Motor 
Controllers 

John D. 
Morris, II 

Electrical 
Engineering 

Motor 
Selection, 
Power 
System, 
Motor 
Controllers 

Melissa 
Morris 

Electrical 
Engineering 

Control 
System 

Jeff 
Railsback

Mechanical 
Engineering 

Legs, Body 
and Arm 

Mike 
Spies 

Mechanical 
Engineering 

Legs, Body 
and Arm 
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MECHANICAL PART LIST 
 
Part Material Height [in] Depth [in] Length [in] Image 

Calf Plates Aluminum 2 ⅛ 10  

Thigh 
Plates 

Aluminum 2 ⅛ 17.5 
 

Hip Lead 
Screw 

Stainless 
Steel 

¼ ¼ 6 
 

Knee Lead 
Screw 

Stainless 
Steel 

¼ ¼ 10 
 

Lead 
Screw Nuts 

Nylon 1¼ 1¼ 2 

 

Calf Blocks Aluminum ½ 1 2  

Thigh 
Blocks 

Aluminum ½ 2 2 

 

Turn Table 
Interface 
part #1 

Aluminum 3 ¼ 7 

Turn Table 
Interface 
part #2 

Aluminum 3 ¼ 7 

Bearing 
Plates 

Aluminum 2 ¼ 2½ 

Motor 
couplers 

Cold Rolled 
steel 

¾ ¾ 1¼ 

 
 



MOTOR SPECIFICATIONS 
 
12VDC MOTOR & TURNTABLE ASSEMBLY  
 

Heavy-duty, precision turntable assembly 
originally designed for use in a satellite dish 
positioning device. Powered by a 12 Vdc motor, 
the final rotational speed is 5 RPM, with quite a 
bit of torque. For a description of the motor, see 
below.  The overall size of the turntable 
assembly, excluding motor, is 5.6" diameter x 
1.84" thick. The outer portion of the turntable is 
stationary while the inner 3.28" disc rotates. The 
rotating disc is 1.38" thick including the heavy 
gear to which it is attached and has a rubber 

outer ring which serves to weatherproof it. It is tapped with four mounting 
holes.  
 
 
 
12VDC GEAR MOTOR W/BRAKE 

 
Globe Motors # 409A582 Precision gearhead 
motor equipped with an electric brake and a tach 
or positioning sensor. Brake must be energized to 
allow motor to rotate. Use of the brake enables 
precision starting and stopping. Brake can be 
easily disconnected if not required. Motor rated at 
12 Vdc, brake at 24 Vdc. No load rating: 25 RPM 
@ 12 Vdc @ 130 mA. Motor functions well up to 
24 Vdc. Overall size, excluding shaft, 5.15" long x 
1.52" diameter. 0.25" diameter x 0.9" long shaft 
equipped with a press-fit gear. Threaded 

mounting holes on gearhead face.  

 

GEARHEAD MOTOR  

Globe Motors # 415A410. 12 Vdc gearhead motor. 
650 RPM @ 12 Vdc, 170 mA. 3/16" diameter x 0.7" 
long shaft, flatted 0.32" inward from tip. 3.15" overall 
length. Motor is 1.18" diameter. Gearhead is 1.37" 
diameter. 4" leads.  
 

 



SINGLE MOTOR BOARD SCHEMATIC 
 
 

 
 
 
 
 
 
 
 
 
 
 
 



CABLE WIRING FOR MOTORS 

 
 
COMPLETE WIRE HARNESS 

 
 



SOLAR POWERED BATTERY CHARGER SCHEMATIC 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



SOLAR OUTPUT CHARTS AND GRAPHS 
 
 
 
 
 
PYRANOMETER READINGS (mV) Taken on Fri Jan 31, 2003  Boca Raton, FL    

 13.65  13.08  9.81  6.54  3.27  

 V I V I V I V I V I 

Isc 0.00 2.26 0.00 2.19 0.00 1.59 0.00 1.07 0.00 0.48 

OHMS:   1 2.85 2.30 2.62 2.14 1.59 1.59 1.26 1.03 0.52 0.42 

2 4.70 2.30 4.29 2.12 3.24 1.59 2.11 1.03 0.86 0.42 

3 7.14 2.28 6.60 2.11 4.96 1.58 3.20 1.03 1.33 0.42 

4 8.99 2.27 8.25 2.10 6.21 1.58 4.04 1.03 1.67 0.42 

5 11.28 2.23 10.50 2.08 7.84 1.56 5.15 1.02 2.15 0.43 

6 12.62 2.15 11.83 2.03 9.10 1.55 6.02 1.02 2.51 0.43 

7 13.82 1.98 13.17 1.90 10.65 1.53 7.05 1.02 2.98 0.43 

8 14.54 1.80 14.04 1.74 12.08 1.50 8.09 1.00 3.46 0.43 

9 14.87 1.62 14.65 1.60 13.09 1.43 9.14 1.00 4.00 0.44 

10 15.03 1.54 14.92 1.49 13.69 1.37 9.83 1.00 4.22 0.44 

11 15.36 1.38 15.23 1.37 14.28 1.29 11.06 0.99 4.65 0.42 

12 15.52 1.30 15.38 1.29 14.59 1.22 11.71 0.98 5.24 0.44 

13 15.70 1.20 15.55 1.19 14.88 1.16 12.55 0.95 5.67 0.43 

14 15.78 1.16 15.60 1.15 15.10 1.11 12.93 0.95 5.95 0.44 

15 15.93 1.06 15.74 1.05 15.31 1.02 13.69 0.91 6.54 0.44 

16 16.01 1.01 15.82 1.00 15.41 0.97 14.06 0.89 6.91 0.44 

17 16.13 0.94 15.94 0.93 15.56 0.91 14.46 0.85 7.53 0.44 

18 16.20 0.89 16.02 0.88 15.65 0.86 14.72 0.82 7.85 0.43 

19 16.24 0.85 16.08 0.84 15.73 0.82 14.95 0.78 8.33 0.44 

20 16.29 0.81 16.16 0.80 15.82 0.78 15.16 0.75 8.79 0.43 

22 16.37 0.74 16.26 0.73 15.94 0.72 15.44 0.69 9.64 0.43 

23.5 16.43 0.71 16.30 0.70 16.00 0.69 15.57 0.67 10.09 0.43 

Voc 17.25 0.00 16.97 0.00 17.08 0.00 17.10 0.00 16.58 0.00 
 
 



TOTAL POWER vs VOLTAGE
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