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Abstract

This investigation explored the possibility of canlling a biped robot in the
lateral direction as well as sensing terrain proggr A literature review was
conducted to learn from and build off of previoasearch. Little research existed
that deals directly with this topic, since moste@sh dealing with biped robots deals
with ambulation in the forward direction or conteyistems. The literature review
supported the idea of controlling a biped in thera direction in theoretical terms,
but has not ever been addressed by designing anddang a test bed and control
system. Terrain sensing has been addressed ousaspects, but this research was

aimed to acquire quantifiable values to determiow hHgid the terrain is.
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1 Introduction
The Intelligent Systems and Automation LaboratdBA(L) at the University of

Kansas has been developing an anthropomorphicggde?-D biped robot. During
ambulation, the two outer legs move together insimae motion, subsequently the
middle leg will move through the corresponding syyrhase.

Biped robots are more advantageous for walking aweren surfaces as opposed to
wheeled robots. Bipeds have improved stability méecountered with stairs, slopes,
and surfaces containing uneven obstacles, butneegunuch more complex control
system than their wheeled counterparts. All of éhesues have been addressed, to
some degree, in previous work. The work studieithis application deals with
controlling the inversion/eversion of a 3 degreéreédom ankle to overcome
obstacles that force the robot to become unstalileei lateral direction. The ankle
needs to sense the soil properties and the geowfetng ground [1]. The robotic
foot will have sensors and artificial intelligentwehelp determine the surface it is
walking on. The artificial intelligence will anag the data from the sensors and
determine whether it is walking on hard concretdormning sand, or other surfaces
and adjust the inversion/eversion to control therkd stability of the robot. The best
method of sensing the terrain would be to integaaterrain mapping device to

acquire visual data with force contact sensing.



2 Motivation
The motivation behind adaptation of inversion/ei@r®f a 3 degree of freedom

ankle for a 2-D biped walker is aimed at two oViegahls.

1) Continue and improve the existing 3 legged 2-D thigebbed the “JayWalker”
in the Intelligent Systems and Automation Laborai{®®AL). Inversion/eversion
adaptation of ground sensing ankles incorporateslaanced mechatronics problem
rarely addressed in the study of biped walking.

2) To strive forward to a goal well beyond the scopthis study, where research
performed on the Jaywalker is directly applicablétman prosthetics, thus
improving the quality of life for people who do nwdve the physical ability to

perform certain tasks.

3. Background and Significance
The main contributions of previous work are thropgith planning and 2D rough

terrain walking. Path planning evaluates obstaddont of the robot before the
robot encounters them. 2D rough terrain walkingl@ates some characteristic of the
terrain the robot is walking on

Some previous studies have indicated that patmpigrwill allow the robot to take
the least complex, most “feasible path”.[2] Lowddai proposed an algorithm to
determine the most feasible path by using laseudétirasonic sensors to divide up
forward areas into individual cells, then evalugtihose cells based on foot
placement. The cell was either acceptable or wpdable for foot placement. If the

cells were next to a boundary it was excluded fthenpossible cells for foot



placement. The shortest distance between two @ straight line, a robot with
the ability to walk over normally impeding terraanill require less energy, but
ultimately will still require the ability to avoidbstacles that cannot be walked over,
such as walls. If the height of the object wasbighan the height the leg could lift,
the cell was unacceptable. Although this is arekest method for path planning, it
still does not address the issue of rough terr#irs possible to detect obstacles, but
not possible to detect terrain without contact.idig around slippery or rocky areas
requires traveling a longer distance, which meaarerenergy. Even so, with sensors
it is difficult to sense the surface propertiea d@istance.[3] Using contact sensors
seems to be the only true way to sense terrairhehot been encountered
previously. Robust locomotion on rough terrain thesable to respond to the terrain
condition after contact and before the robot fils.

The equations of motion (EOM) are developed usingctikinematic models and
inverse kinematic models. For control purposes, niecessary to have an inverse
kinematics expression [4] that allows one to find &ctuator position angles as a

function of inversion/eversiong, (a,)). Whereg, is the inversion angle and is

the position of the actuator controlling the invens Direct kinematic models may
be used to validate the inverse kinematic modeisate not used for control
purposes[4].

Inverse kinematic equations are used to deterrhi@asition of the actuator
with feedback from the sensors on the foot. Thaeador position is a function of the

inversion/eversion angle of the ankle.[4]



The mechanical design of legs is more complex thahof wheeled robots.
Legs have several advantages, but require subgedéisign decisions. For instance,
since active dynamic walking requires power, theme tradeoff of size versus power
[5]. Itis known that pneumatics have a high poteesize ratio although they
sacrifice precision position control. The precisigh speed control of pneumatic
actuators is a complex topic because they arehadrper system, time variant
actuation dynamics, non-linearities from the corspiaility of the fluid, static and
coulomb friction, and a wide range of payload arespure supply variations [6].

The control system design of biped robots islmmore complex than the
design of multi legged or wheeled robots becauseylstem is naturally unstable [5].
The complexity is derived from the challenge oftcoliing the multiple inputs and
outputs required to perform various functions aradntain balance. Basic anatomy
demonstrates that the human body, when describedamanical terminology, has a
plethora of actuators that have evolved to perfepercific tasks efficiently. These
actuators are driven by a complex control systeahrégsponds to multiple sensors to
react to the surrounding environment. When apbleto the study at hand, a biped
that can sense ground reaction forces and comparéetrain mapping algorithm
may allow the control system to compute the mdstient solution to traversing
rough terrain. Various mathematical models havenlgroposed to control biped
robots in forward motion, although few have addedss mathematical model that
controls the lateral motion of the biped in thenta plane. However complex a

planar model might be, the problem of the lategalildrium around the edge of the
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foot has not been solved [7]. The number of joittsstically increases the

complexity of the model, resulting in models thag asually limited to being planar

[7].

4 Theoretical Development

4.1 Equationsof Motion
The Equation of Motion to control the biped in tateral direction can be modeled

with a simple inverted pendulum. The design vadealh this model is the height of
the center of mass. There are pros and cons toattheoff of control and the
energetic cost of raising the center of mass T#He higher the center of mass, the
slower the initial motion of the pendulum and therentime to react to the lateral
instability of the biped. This also means the oargystem will have more time to
react and adjust to the instability. This is destoated theoretically by evaluating the
inverted pendulum model with simple conservatioemdrgy laws or the angular
impulse-momentum principle[8].

Equation 1 — Conservation of Energy
%1 6°+mgh=0.

Where ‘I’ is the moment of inertia around about itfnersion/eversion axis of the

foot, @ is the angular velocity at which the robot is fadjilaterally, m is the mass,
and h is the height of the center of mass. “h” a&lso be expressed asosd, where

L is the length from the point of rotation to thenter of mass. Applying initial

conditionsé&o =0, the energy equation can be expressed as
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Equation 2 — Applying Boundary Conditions

. bz
0= (Z”I‘QL (coS6, - cos@))

The time required to move from the initial positioh& = 90°to a critical position is
determined by the elliptic integral[7]

Equation 3 — Critical Position of COM

At = At(6))-At(g,) = ( | J%

6 dég
2mgL J.

% (cosf, - cosd)2

4.2 Degreesof Freedom
It has been discussed that as more joints aredintex into the model, the more

complex the model becomes in order to control #greles of freedom. Initially the
model of the ankle incorporated 3 active degredseetlom, Inversion/Eversion,
Yaw, and plantar/flexor motions. In order to siffypthe model, the
inversion/eversion motions were kept as the maintpd focus for this study. The
yaw was made passive with springs in order to atltsvmechanical system to
deviate when implemented on the Jaywalker durirej steike and stance phase. The
plantar/flexor motions will be utilized when thekdabeing proposed is implemented
on the Jaywalker.

In order to practically handle the torque valued aritical points of the center of
mass, 15 degrees of either inversion or eversmm the vertical plane is the
maximum angle that the ankle will undergo. Cotinglthe full range of
anthropomorphic values would be difficult and regua much more expensive

motor/actuator capable of handling such high tosqueis also apparent, that as the
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center of mass extends in the horizontal diredibevards the critical point of
instability, there is less time available to reaofrem a potential fall. The
requirements for a fast response time may reqawdevel (assembly language)

programming of a control system and high speedagmis with precision control.

5 Mechanical Development

Mechanical System Development Procedure
The design underwent more than 30 revisions. & design was selected due
to the constraints of space, desired ranges ofomathnanufacturability, the
amount of components that could be purchased dffeohelf, and obviously
cost.

1. Determination of Footprint. The primary focus bistdesign was to keep the
ankle as close to anthropomorphic as possibler thie foot to be truly
anthropomorphic on the same scale as the Jaywdieefopot should be 3 inches
wide, the foot presented is 5.5 inches wide.

2. Determination of Degrees of Freedom. As a robdesigned with more degrees
of freedom to be more anthropomorphic, the levalarhplexity increases for the
mechanics and if the motion is active the contystam complexity will also
increase.

3. Manufacturing considerations. The majority of tustom components and

modified purchased components were to be manuttiarthe University of
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Kansas Mechanical Engineering Machine Shop andrdssd in the ISA

Laboratory.
4. Cost considerations were taken into account wheigdig and purchasing the

mechanical components.
5. Interface considerations with the forefoot weraipdiefore the initial design.

This allowed parallel design of the ankle and tre ffoot.
5.1 Determination of a Footprint

The ankle was designed too wide to be considertd@omorphic. This

was required in order to aid in stability and rebkahe current foot on the
Jaywalker. Collins and Ruina stated that usingdelyispaced foot achieves lateral
stability by keeping the center of pressure in leetwthe two foot rails and having a
tighter radius for the inner foot rails. The seféect is the indeterminacy at heel
strike collisions is significantly different thahthe order were reversed, making
computer simulation very difficult [9]. This is hthe case for the Jaywalker because
it has three feet as opposed to two. Three fexpt ke COM at a stable condition
during flat terrain ambulation. Computer simulatia the presented case is still
difficult considering all of the active and passdegrees of freedom in the ankle
alone. The Jaywalker is still stable on level gebbecause the foot does not have a
rigid constant radius of curvature. The developnoéthe flexing forefoot and the
potential for a moving heel pad is an improvemenaa@onstant 9” radius of
curvature foot. The heel pad has rubber incorpdrat order to absorb some of the

shock of heel strike. It has been observed trsatigtive impacts are provoked when
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the heels make contact with the terrain[7]. THeber heel pad is also used to secure

the piezoelectric force sensors on the heel.

5.2 Determination of Degrees of Freedom

The ankle was designed with all of the degreesesfdom that a human ankle
possesses. The active ankle designed does nasaeite have the same ranges of
motion as a human ankle, but the ability to rotateund all three axis has been
achieved. The ankle on the current test bed oayitiversion/eversion degrees of
freedom that are controlled with active actuatdrsplementation onto the Jaywalker
will acquire an active degree of freedom by rottime foot through plantar flexion
and dorsiflexion. Future developments will incieéise number of controlled degrees
of freedom in the ankle.

5.3 Manufacturing Considerations/Cost Considerations

The equipment available for manufacturing restddtee complexity of the
design. Standard components were purchased anifiedpdhere possible, to save
time and expense.

Numerous actions were taken to conserve cost. jariaof the components on
the foot were fabricated from the same materialkstarhis dictated design decisions,
but benefited cost optimization in other areasenfedlopment. Access to CNC
equipment was available, but in order to optimieeresults of the research, it was
felt that the primary expense should be the focusethe more critical actuators.

5.4 Interface
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The interface that connects the ankle and thefémewas developed in order to
make the design of the two sections parallel. imtexface provided a structural
member for both the forefoot and the ankle. The providing inversion/eversion,

for example, has one bearing surface that is iatedrinto the interface.

6 Control System Development

Control System Development Procedure

1. Determination of terrain contact sensing methotis Tonsisted of a selecting a
suitable means to feedback to the controller vatiidsrce as pressure was being
applied to the heel pad during gait. The sensorst imaid up to the environment (i.e.
dirt, oil, fatigue), and be able to mount on thelgad with minimum disruption of
gait.

2. Determining the method to measure the angle antilhe sagittal plane. This
consisted of a method that would provide feedbadké controller to determine the
stability of the robot in the lateral direction.

3. A control system would need to be able to interfiretfeedback from the
sensors and output a signal to a driving mechatuastorrect for unbalance when the
robot is stepping on uneven terrain.

4. Developing a driving mechanism to actuate the attkt=ontrol
inversion/eversion. This consisted of a mecharitshcould be powered with a low

voltage source and have the ability to feedbaclptstion of the device.
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5. Software development for the data acquisition auerpretation of real time
data. Based on how the sensors interface witpllgsical movements and feedback
to the controller, software would be needed torprit the data acquired by the
controller and analyze the results of the tests.

6.1 Determination of a Terrain Contact Sensing Method

The ankle needs to be able to sense the soil girepand the angle of the surface
it is making contact with [1]. To determine thel gwoperties requires values of force
feedback as a function of time. A step responsadavioe indicative of a hard surface
such has concrete, whereas a ramp response woirdibative of a deforming
surface such as sand.

Potentiometers were used by Yamaguchi on a ramttd determine unknown
uneven terrain [10]. This was a viable methodi@ir application of determining the
gradient of unknown terrain. It is possible to aicg force values as a function of
time indirectly by knowing the amount of forceakes to deform the heel pad.
Acquiring the voltage from the change in resistathes occurs as the heel pad
deforms and utilizing an analog to digital convettes force response can be found.
The potentiometers used to determine gradienttdithe design due to their size,
moving parts, and difficulty of placement.

Piezoelectric materials provide a thin, flat matlethat can be mounted directly to
the bottom of the heel pad with limited protectiofhe piezoelectric material will

create a varying voltage as it undergoes deformatib’hen the deformation is
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applied, the voltage is converted to a force respdry an 8 bit analog to digital

converter and read by the BS2 (Figure 1,2),[11]

5V — +BY —
8 Piezoelectric
1" 1 Vaa 5 A Transducer
Pe cs Vet e
BS2 12 7 ADC0831 , \\1[/
P7 CLK #Vip i
13 6
P8 DO RVARE
Vs

Figure 1 Analog to Digital Converter for Piezoeleatic Transducer
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+3V _— +5Y —
8 Piezoelectric
12 1 Vad 5 AN Transducer
P9 CS Vref : ):
BS2 11 7 ADCO831 |, N
P10 CLK +V,, ’l‘\"f"ﬁ"-v-"ﬂ‘-,- I I
14 6
P11 DO Vi 3
\/5.5

F=

Figure 2 Analog to Digital Converter for Piezoeleatic Transducer

The flat profile of the piezoelectric material alled easy interfacing with the heel
pad. This, along with the simplicity of interfagithe sensor with the controller,
made it the primary candidate to pursue terrainamisensing.

During ambulation, the piezoelectric material cents mechanical strain energy
into electrical charge. This electrical chargeaaverted into a digital value that is
fed back to the control system in order to deteentire terrain hardness. It may be
possible to determine the compressive properti¢iseoferrain by comparing the time
of initial contact to the peak force contact of tte®l. A longer time required to reach
full contact would signify a more compressive tarrsuch as sand. A short step
response would signify a more rigid terrain suclk@screte. The more deformation

the sensor is subjected to, the higher the probabii determining the terrain type.
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Initial development required this action to be@asprocess, as compression forces
have a very short response time. The piezoelesgnsors were placed between
pieces of rubber in order to achieve more deforomadind protect them from the
rigorous environment of surface contact and dirt.

6.2 Measuring the Angle of Tilt in the Sagittal Plane.

The inverted pendulum model requires knowing tigleof tilt in the sagittal
plane of the robot. A method of determining thglarof tilt would be through
sensing the angle of the servo that is drivinginlersion/eversion. To control
inversion/eversion with servo angles, it is necgsgause the inverse kinematic
expressions that allows one to find the servo ang$ea function of the angle of tilt
[4]. This would be the ideal method for contradlithe inversion/eversion on the
Jaywalker, but due to the selection of a lineanatcir for inversion/eversion control
on the active ankle’s test bed, this method wasiimettly practical.

Another method that was considered for controlimgersion/eversion was
mounting an optical encoder on the fulcrum pointhef ankle. This was not
implemented due to two main reasons. One, a @ecigd been made to mount
accelerometers at the center of mass on the Jagwallnce the active ankle is
implemented, the logical choice would be to ti@itite axis of the accelerometer
measuring the sagittal plane. Two, the size okth@der would prove to be difficult
to mount on the ankle. A pulley and cable systenldhave been used with the
encoder mounted at a different location, but tipom would have been difficult to

implement.
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The logical choice is measuring the angle oftith an accelerometer. A Hitachi
H48C 3 axis accelerometer was chosen to interfaitetiae controller. Only one axis
is needed for this application, but the 3 axis sem&s chosen to allow for future
options.

The accelerometer utilizes an onboard MCP3204itlaAalog-to-digital
converter to change the analog voltages to digédhles. The voltage output of each
axis is compared to a reference voltage, determithia angle of tilt. The schematic

of the accelerometer can be seen in Fig.3.

Vece

+3V
SENSOR X AOX
SENSOR Y AMP AQY
SENSOR Z AOCZ
0. 1uF SENSOR T ’ Tout
Vref

CONTROL
ZeroG

Figure 3 Hitachi 3-Axis Accelerometer
6.3 Determination of a Controller.
The Basic Stamp 2 (BS2) microcontroller was chdse this application because

the author was familiar with the device, and puplavailable example code for
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sensor interfacing was readily available. Tha&lmthe process of interfacing
multiple sensors more efficient than developinghesaplication from scratch. The
software associated with this microcontroller mattelsugging code straight forward.
The BS2 does not have the processing power of mmcrpprocessors, but it is

sufficient for the application at hand. It consisf the following characteristics:

4,000 instructions/second

32 Bytes of RAM
« 2K Bytes
* 16 I/0 Pins + 2 Dedicated Serial
e +5V output
* PBasic compiler
* Base code for sensors

6.4 Determination for Actuating I nversion/Eversion
Due to design constraints, the feasible metho@dtwation of the
inversion/eversion is a linear actuator mountethé&ankle. The driving
mechanism is a Warner, 12VDC linear actuator. &btsator was chosen due to
its high load capacity of 100¢lpa 10K ohm potentiometer for position feedback,
and a reasonable cost. The 10K potentiometerdwiaed as part of a voltage
divider circuit connected to an 8 bit ADC0831 ampto-digital converter. When
the shaft is fully retracted the A to D convertell wutput O bits, when fully

extended it will output 255 bits (Figure 4).
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]

8 1 V-dd 5
P3 cS Ve
BS2 9 7 ADC0831 )
P4 CLK +Vin P2 10KPOT
p5 | 10 510 v, |2 o
/I I Y S

Figure 4 10K Pot to Determine Actuator Position

The motor is controlled by the BS2, and isolaterfithe 12VDC circuit
mechanical relays. Figure X displays the circaitegnatic. Pin 0 of the BS2 will
determine the direction of the motor. When PQOghhthe actuator will retract.
When PO is low, the polarity of the circuit is resed making the actuator extend.

A high signal from P1 grounds the circuit to tulne imotor on.
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o oYM

L

Figure 5 Motor Control for Inversion/Eversion

This actuator will only be used to develop theacankle and will need to be
replaced when the ankle is incorporated on the digwvdue to the actuator’s

large mass and lack of precise position.
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6.5 Control Software Development
The Basic Stamp 2 was programmed with PBasic afreddiersion of Basic. The
BS2 has an onboard compiler to tokenize the PBasguage for the system. The
PBasic language has useful high level commandsihke programming a much
easier task.
Three different sensors’ data were acquired wighBB2. The accelerometer sends a
12 bit number to the BS2 after the onboard A tcobDverter has converted the output
voltage on the X-Axis. The BS2 will analyze thisnmber to determine the angle of
tilt and, if the case need be, correct the testdoed does not become unstable. The
10K potentiometer on the Warner Linear Actuatawriied into a voltage divider
circuit. The changing output voltage is convetied digital signal by an 8 bit A to
D converter so the Stamp can adjust the inversiengeon of the active ankle.
Voltages from the piezoelectric force transduceescanverted to a digital signal by
the ADCO0831 so the Stamp can evaluate the soilgpties. The feedback loops to
the BS2 are utilized to control the actuator by nseaf the relays.

The data is stored by serial communication toxaelemacro readily available
from Parallax. PLX-DAQ stores time stamped valinem the sensors as the testing
is performed. A schematic of the BS2 and the spoading pin assignments are

shown in Figure 6.
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BS2
Sout Vin
SIN-PLXDAQ |5 Vss

ATN RES

Vss Vdd
SPST Relay - Motor Direction | PO P15 | Accelerometer DIO P2
SPST Relay - Motor On/Off | P1 P14 Accelerometer Clock Output P1

P2 P13 Accelerometer Chip Select P5
ADC0831-POT-Chip Select P1 | P3 P12
ADC0831-POT-Clock P7 P4 P11 ADC0831-PZT-DO P&
ADC0831-POT-DO P8 P5 P10 ADC0831-PZT-Clock P7
ADC0831-PZT-Chip Select P1 | P6 P9 ADC0831-PZT-Chip Select P1
ADC0831-PZT-Clock P7 P7 P8 ADC0831-PZT-DO P8

Figure 6 Basic Stamp 2 Pin Assignments

7 Methodology

7.1 Terrain Sensing Procedure
Prior to testing the force response of heel sttite piezoelectric force sensors

needed to be conditioned. The sensors were cllglioaded at least twenty times

prior to testing. The main focus of this test w@analyze the ramp response of the
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force with respect to time from a given terraindrass. There were 20 tests per
terrain type.
The test procedure was as follows:

1. Place a type of material underneath the heel ptuthe foot suspended by
the test frame.

2. Start the DAQ.

3. Turn on the shank actuator to lower the foot.

4. DAQ acquires data from the force sensor.

5. End the test and repeat beginning with step 1.

6. Initially the PZT sensor was bonded in between prezes of rubber. During
initial testing it was found that it was difficuty get any output from the PZT
sensor. One layer of rubber was removed, leavibger in between the heel
pad and the PZT sensorth@ PZT sensor could make direct contact with the

terrain.

7.2 Lateral Stability Procedure

The 3-axis accelerometer does not require anygstey maintenance other than
writing the software. The procedure for testing ldteral stability is as follows.
1. Lower the foot with the shank actuator onto a gjuereven surface, so the
test frame is tilted.
2. Start the DAQ. (Software was written to executdecavhen the user pushes

“connect”)
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3. Let the system stabilize.

4. End the test and repeat beginning with step 1.

8 Experimental Results

8.1.1 Soft Terrain Sensing - Foam
The average final output of the force value is agpnately 5.9 Ibs, approximately 8

times less compared to stance phase on rigid eriéhis is due to only measuring
the force at a point. The deforming terrain arerigid heel pad do not allow the
load to be distributed evenly. Combined with tleéodming terrain, the sensor is not
directly measuring the applied force because theqgalectric material is not
deformed as the soft terrain conforms to the hadlgnd therefore the sensor does
not output the full range voltage. Although, tle@sor does not output the full load of
the test bed, the response time is similar to désts. The time required for the

sensor to output the maximum value for each test @19 seconds (Figure 7,8,9).
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Soft Terrain Sensing - Average

Figure 7 - Soft Terrain Response 0 - 2 sec

Force at .19 Sec| Standard Deviation @ .19 | Slope @ 0.19 seq
Terrain | Durometer Ibs sec Ibs/sec

Foam 5 6 1.5 53

Table 1 — Foam Terrain Average Test Values

The foam is easily deformed and will not output &ajues until it is almost
completely compressed. The foam'’s characteristeasy deformation yields a low
output from the force sensor, even though the emtgight of the test bed is applied
to the foot. The tests were very consistent aablilsted after the weight of the test
bed was completely transferred to the foot. Theeslof the force output during the
weight transfer at 51.7 Ibs/sec was as expectedpstg on foam is a subtle transition

in terms of force.
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Soft Terrain Sensing - Average

Figure 8 - Foam Terrain Sensing 0 - 0.2 sec

8.1.2 Medium Terrain Sensing - Rubber
The ramp response time was also 0.2 seconds foultiber terrain. The maximum

output from the analog to digital converter for tbece response was 27 Ibs. The
sensitivity of the response for the transient wateinined by the slope of the line

from 0 to 0.19 seconds, yielding 86 Ibs/sec.
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Rubber Terrain Sensing - Average

Figure 9 - Rubber Terrain Response 0 - 2 sec

Force at .19 Sec| Standard Deviation @ .19| Slope @ 0.19 sec
Terrain Durometer Ibs sec Ibs/sec

Rubber 61 27 2.1 88

Table 2 - Rubber Terrain Average Test Values

The varying output values after the weight transigphase do not have an effect on
the empirical results. These oscillations aretdube test bed slightly swaying on
the rubber terrain, but the focus is on the sevisitof the initial contact of the foot
and the terrain. The deviation of the force oufdu.19 seconds is approximately 2
Ibs. The slope value of 86 Ibs/sec suggests tieatuibber terrain possess a force
transition phase that is more sensitive and liygandportional to the hardness of the

terrain.

31



Rubber Terrain Sensing - Average

Figure 10 - Rubber Terrain Response 0 - 0.2 sec

8.1.3 Rigid Terrain Sensing — Hardwood Floor
The average output at the end of the force tramsgthase on non-deforming, or rigid

terrain, is approximately 42 Ibs. The force sersiween a rigid terrain and a rigid

heel pad outputs the full force value of the test.b

32



Rigid Terrain Sensing - Average

Figure 11 - Rigid Terrain Response 0 - 2 sec

Force at .19 Sec | Standard Deviation @ .19 Slope @ 0.19 sec
Terrain | Durometer Ibs sec Ibs/sec
Rigid 150 41 3 206

Table 3 — Rigid Terrain Average Test Values
The rigid terrain does not deform when the weidtthe test bed is transferred to the
foot. The deviation is slightly higher for theidgerrain at 3 Ibs. The transition of

the compression force was much more sensitivegoigid terrain at 201 Ibs/sec.
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Rigid Terrain Sensing - Average

/

Figure 12 - Rigid Terrain Response 0 - 0.2 sec
Comparing the values of the terrain tests may atlome correlation between the

output data and a force component

8.2 Lateral Stability

Multiple criteria for instability and convergenceke tested with successful results.
When using accelerometer feedback for positionrogrthe momentum (depending
on magnitude) can give false angles of tilt throtlghaccelerometer. Depending on
the control system and the determined range ofigyalovershoot values may be
given by the accelerometer feedback even thoughystem is actually in a stable

position. Table 3 shows the average values foingesultiple criteria; 90° is defined
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as vertical to accommodate accelerometer outputsgal The inversion/eversion
correction was tested with a stability tolerance@6’ with a test bed weight of 16
Ibs, and then tested with 41 Ibs of total weighéests were repeated with the same
weights and stability tolerance of +5° from thetieal. The test bed bearing only its
own weight has a COM 15” high. Adding the additibweight at the top of the test

bed moves the COM up to 20.5.”

Initial Angle Stabilized Angle | Elapsed Time to Stabilize | Critical Angle
Load | +90° (deg) (deg) (sec) (deg)
Yes 2.5 108 94.2 4.5 112
No 2.5 74 95.2 9.5 68
Yes 5 108 94.3 3.6 104
No 5 74 89.8 7.5 74

Table 4 - Lateral Stability Test Values

The results show that increasing the COM heigHtgitateral stability that is more
controllable with the given system. From Equatiomhis gives the control system
more time to react before the test bed reachesriti@al angle. The increased weight
also decreased the time for the test bed to bestabde for two reasonsThe
increased weight decreased the rate of motioneo&ttuator shaft, decreasing
angular momentum, and the feedback from the aaaleter had more time to react
with the DAQ since the angular velocity had decedlasherefore acquiring more data

before it sensed overshoot and converging.

9 Conclusions

9.1 Terrain Sensing
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Initially the measure of success was achievedeifDAQ system could detect a
difference in response times amongst terrains. t&steng proved that the difference
in time for a compression force among differentais is difficult to detect.
Essentially, one is trying to measure the timettiertest bed to deform the terrain as
its weight is transferred from the test bed tohtbel pad. With a 20Hz sampling rate,
only 4 points could be used to determine the ra@sponse time. This makes it
difficult to distinguish amongst different terraiypes in terms of response time. The
output voltage from the piezoelectric circuit maylbss on soft terrain due to the
terrain deforming and not the sensor, but not ehalada points exist to distinguish a
significant, quantifiable difference in the resperisne amongst terrain hardness. An
alternate method regarding the sensitivity of #sponse ultimately became the
guantifiable way to determine a difference in terra

The type of terrain can be quantified by the outifuhe piezoelectric force
transducer at a common rise time. At a givendaténg ambulation, it is possible to
determine the hardness of a terrain by evalualiagtitput value at consistent points
in the gait cycle. Regardless of the terrain tiime it takes to transfer weight to the
foot can be considered constant. The more riggdeirain, the more the
piezoelectric sensor deforms.

It appears intuitive at this point that the moggdithe terrain, the higher the output

values of the force sensor.
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9.2 Lateral Stability

Despite the momentum error, the accelerometer pgrayvée a viable way to
determine if the test bed was stable. The cosysiem code allows one to choose
the parameters of instability and stability crigeliie. the angle of tilt at which the
intelligent system detects the test bed is falbmgr and to what extent stability is
corrected. For instance, the biped might be utestait 15° relative to the vertical
and the system will correct the test bed unts ivithin + 5° relative to the vertical. It
is common knowledge that a system will become intestahen the center of mass
has a horizontal position beyond the base of teeegy. The time the system has
before becoming unstable was given by the elliptidagral in Eq 3. This equation
does not take into account momentum, which, asiquely stated, the test bed will
naturally have angular momentum about the Y-axisr@on/inversion). This
resulted in the test bed having an excessive asoifl from the acceleration value
being over the threshold when it is summed withntteenentum. Two methods were
used to resolve this issu®ne was to loosen the tolerance of the stabilirgtieaand

the other was to increase the COM of the test lyeatding additional weight.

10 Recommendations

* Increased sampling rate for the DAQ system.

» Design modifications are required to allow for thece sensor to output full
load of the test bed regardless of terrain.

* Feedback data for lengthening/shortening the thigbators to adjust the
COM.
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Harvest heel strike energy return with the incogtion of a mass-spring
damper system.

A material besides a metal, which will deform ummmtact with the ground is
needed.

Control damping coefficients for different walkisgeeds.

Various sensitivities for PZT sensors to improvea® contact sensing.

38



Bibliography

11.

12.

13.

Berns, V.K.a.K.A Concept for Walking Behaviour in Rough Terrain.
Professional Engineering Publishing, 1999: p. 7.

Bai, K.H.L., Terrain-Evaluation-Based Motion Planning for Legged
Locomotion On Irregular Terrain. . Advanced Robotics, 20027(8): p. 18.
Hodgins, G.N.B.a.J.KSipping and Tripping Reflexes for Bipedal Robots.
Autonomous Robots, 1994: p. 12.

Menegaldo, L.L.S., Rogerio Eduardo S.; De TolEury, Agenor,
Kinematical Modeling and Optimal Design of a Biped Robot Joint Parallel
Linkage. Journal of the Brazilian Society of Mechanicaleé®aes and
Engineering, 200&28(4): p. 7.

Espiau, B.The Anthropomor phic Biped Robot BIP2000. Proceedings of the
2000 IEEE, 2000(April 2000): p. 6.

Takemura, FControl of a Hybrid Pneumatic/Electric Motor. Proceedings of
the 2000 IEEE, 2000: p. 6.

Sardain, PBiped robots. Correlations between technological design and
dynamic behavior. Control Engineering Practice, 1998.p. 10.

Palm(lll), W.J. Mechanical Vibration. 1 ed. 2007, Hoboken, NJ: John Wiley
& Sons, Inc. 3.

Collins, S.H.A Bipedal Walking Robot with Efficient and Human-Like Gait*.
YamaguchiMultisensor Foot Mechanism with Shock Absorbing Material for
Dynamic Biped Walking Adapting to Unkown Uneven Surfaces.
IEEE/SICE/RSJ International Conference on Multiserisusion and
Integration for Intelligent Systems, 1996: p. 6.

Gilliland, M., The Microcontroller Application Cookbook. Vol. 1. 2002:
Wddoglen Press. 6.

Starner, T.Human Powered Wearable Computing. IBM Systems Journal,
1996.35: p. 11.

Paradiso, J.AEnergy Scavenging for Mobile and Wireless Electronics.
Pervasive computing, 2005: p. 10.

39



11 APPENDIX A: Mechanical Drawings
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12 APPENDIX B: Electrical Circuit Drawings
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13 APPENDIX C: Basic Stamp Code
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13.1 Terrain Sensing Code

‘Terrain Sensing 1.bs2

‘Author: Francis Hitschmann

'Revised Date: 4/10/2009

‘Terrain Sensing - Program to stream PZT forceesltlirectly to Parallax's
'DAQ macro written in excel

' {$STAMP BS2}
' {$PBASIC 2.5}

Left VAR Word
Right VAR Word
y VAR Word

Row VAR Byte
sPin CON 16
Baud CON 84

SEROUT sPin,Baud,[CR,"LABEL,Time,Seconds,Left, RighR]

SEROUT sPin,Baud,["CLEARDATA",CR] @r all data columns (A-J) in
Excel

SEROUT sPin,Baud,['RESETTIMER",CR] geeTimerto 0

PAUSE 80 @Ml data communications to stabilize

SEROUT sPin,Baud,[CR] néea lone CR to ensure PLX-DAQ
buffer is ready

Main:
LOW 6
LOW 9 ljelselect, active low ADC, get pot value
PULSOUT 7,1
PULSOUT 10,1
Left=0
Right=0
FORy=1TOS8
PULSOUT 7,1
PULSOUT 10,1
Left=Left*2
Right=Right*2 'shift bits to left
Left=Left+IN8
Right=Right+IN11 ‘assign new bit to Isb
NEXT
HIGH 6
HIGH 9
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SEROUT sPin,Baud,['DATA, TIME, TIMER,", DEC Right,",, DEC Left, CR]
' Send String with data for Excel

SEROUT sPin,Baud,['ROW,GET",CR] " Request last
row of data

SERIN sPin, Baud,[DEC Row]

GOTO Main

13.2 Lateral Stability Code

'‘AccelerometerPositionControl_PLX-DAQ.bs2

‘Author: Francis Hitschmann

'Revised Date: 4/10/2009

'‘Accelerometer Position Control - A program to e¢ohthe lateral stability
'of the test bed when it is subjected to unevemiter

' {$STAMP BS2}
' {$PBASIC 2.5}

X VAR Byte

y VAR Byte

Row VAR Byte

sPin CON 16

Baud CON 84
acclow CON 1975
acchigh CON 2125
accblow CON 2025
accbhigh CON 2075

Dio PIN 15 dtd to/from module

Clk PIN 14 lock output

CS PIN 13 ctige-low chip select

dir PIN O 'toodirection high = extends / low = retracts
mot PIN 1 ghi=on / low = off

XAXIs CON O dachannels

VRef CON 3 ccealerometer reference voltage
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axis VAR Nib Xia selection

rvCount VAR Word efvoltage adc counts
axCount VAR Word xisvoltage adc counts
dVvalue VAR Word isplay value
idx VAR Word
Reset:

HIGH CS egklect module

SEROUT sPin,Baud,[CR,"LABEL,Time,Seconds,AccValie]P,CR]
SEROUT sPin,Baud,["CLEARDATA",CR]  'Clear alhth columns (A-J) in Excel
SEROUT sPin,Baud,['RESETTIMER",CR] 'Reset Tirte0

PAUSE 100 '‘Allow datanemunications to stabilize
SEROUT sPin,Baud,[CR] 'Send a l@feto ensure PLX-DAQ buffer is
ready
Main:
DO
GOSUB Get_H48C ead vRef & axis counts
dValue = axCount ispday axis count
LOW 3 ‘chip select, active low ADC, get pot value
PULSOUT 4,1
x=0
FORy=1TOS8
PULSOUT 4,1
X=X*2 'shifits to left
X=X+IN5 ‘agisinew bit to Isb
NEXT
HIGH 3

SEROUT sPin,Baud,['DATA,TIME, TIMER,", DEC dVW, ",", DEC x, CR]
' Send String with data for Excel

SEROUT sPin,Baud,["ROW,GET",CR] ' Request last row of
data

SERIN sPin, Baud,[DEC Row]

IF dValue <=acclow THEN
GOSUB retract

ELSEIF dValue >= acchigh THEN
GOSUB extend

ENDIF

LOW mot

LOOP
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' Reads VRef and selected H48C axis through an NG#2DC
' -- pass axis (0 - 2) in "axis"

' -- returns reference voltage counts in "rvCount”

' -- returns axis voltage counts in "axCounts"

retract:

DO
GOSUB Get_H48C ddesRef & axis counts
dValue = axCount
SEROUT sPin,Baud,['DATA,TIME, TIMER,", DEC dW{&,"",DEC x, CR]
' Send String with data for Excel
SEROUT sPin,Baud,["ROW,GET",CR] ' Request last row of
data
SERIN sPin, Baud,[DEC Row]
HIGH mot
HIGH dir

LOW 3 ljelselect, active low ADC, get pot value
PULSOUT 4,1
x=0
FORy=1TOS8
PULSOUT 4,1
X=X*2 'shifts to left
x=X+IN8 ‘agsinew bit to Isb
NEXT
HIGH 3
LOOP UNTIL dvalue => accblow
LOW mot
RETURN

extend:
DO
GOSUB Get_H48C dde/Ref & axis counts
SEROUT sPin,Baud,['DATA, TIME, TIMER,", DEC dMa¢, CR] ' Send
String with data for Excel
SEROUT sPin,Baud,["ROW,GET",CR] ' Request last row of
data
SERIN sPin, Baud,[DEC Row]
dValue = axCount ispday axis count
LOW 3 ‘chip select, active low ADC, get pot value
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PULSOUT 4,1
x=0
FORy=1TOS8
PULSOUT 4,1
X=X*2 'shifts to left
x=X+IN8 ‘agsinew bit to Isb
NEXT
HIGH 3

HIGH mot
LOW dir

LOOP UNTIL dValue < accbhigh
LOW mot
RETURN

Get_HA48C:
LOW CS
SHIFTOUT Dio, CIk, MSBFIRST, [%11\2, VRef\3] ékect vref register
SHIFTIN Dio, Clk, MSBPOST, [rvCount\13] éad ref voltage counts
HIGH CS
PAUSE 1
LOW CS
SHIFTOUT Dio, Clk, MSBFIRST, [%11\2, axis\3] élect axis
SHIFTIN Dio, Clk, MSBPOST, [axCount\13] €ad axis voltage counts
HIGH CS
RETURN
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