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Curren t Status

The primary researt is now complete. Mechanical prototypes (betal, beta2), have been
constructed and initial designof the project has begun. This includesthe motion cortrol
scheme and the physical layer of the electrical system. Construction of prototype la has
begunearly in order to ensureits completion on the intended due date.

Work Completed
1 Beta Physical Protot ypes

Two prototypeswere createdfor testing the physical design. The betal prototype was the
rst prototype created. This designwas created out of wood and was bulky and dense.
Construction of the model was fairly easyand gave insight to better techniques. The initial
designimplemerted the universaljoint on the bottom of ead crosssectionwith the intent on
lowering the certer of gravity. After construction the betal prototype, it wasapparen that
a wider designneededto be consideredin order to provide room for the seno arm linkage.
At this time, an additional prototype manufactured out of aluminum was suggested.

For beta2, thin aluminum was utilized for the construction. This material is lighter,
thinner, and strongerthan the wood usedin the previousprototype. The universaljoint was
moved to the top of the crosssectionwhile the sero and its asseiated linkagewasinverted
and placedbeneath. This designmakesmoree cien t usageof the spacein ead crosssection
allowing the overall sizeof eat crosssectionto be smaller.

2 Kinematic Mo del

Formulating a mathematical model is essetial whentrying to understandthe medanics of
a system. Thus, model dewelopmer should be the rst stepin the designprocess.We can
model the orientation and location of an n-link snake by Figure 2. (The following kinematic
and dynamic modelsare the work of Prautsch, Mita, and lwasaki[1]) This medanical model
descrikes the planar position and orientation of ead link. Eadh link is has a length of 2|

and a massm;. ; is the angular displacemen in referencewith the x axis of the ith link.
A positive corvertion is assignedfor asit varies courter clock wise from the x axis. A
negative corvertion is assignedfor asit varies clock wise from the x axis. i = 1;:::;n.

There are a total of n links.
We can descrile the position as

X1= X+ a; a; = lcos ;
Xo=X+23+a,; aa=1cos,
Xz3= X+ 2a,+az; az=1cos ; 1)



\/

Figure 1. Medanical Model describingposition and orientation of snale.

or simply
)T( 1
Xi=x+ 2 cos j + | cos ; (2)
j=1

Then, the velocity in the x direction is

)'( 1

xi=x 2 +sinj  4lsin (3)
j=1

It follows that

¥ 1

yi=y+ 2 sin j + 1sin ; 4)
j=1
¥ 1

y=y+2 +cos j+ 4lcos; (5)

=1

Biological snake's manipulate friction to produce their motion. They exploit lateral
friction by pushingagainstthis lateral force. They then minimize the e ect of friction in the
direction of the motion. The snake robot usespassiwe wheelson the bottom of ead link to
maximize lateral friction, and minimize the drag of tangertial friction. A simple constraint
on the medanical model requiresthat the wheelsdo not slip in the lateral direction. Simply,
the wheelsrestrict the motion to the tangertial direction. We write this as

Xjsin j+ycos;=0 (6)



and by substituting (3) and (5)

X 1
xsin j+ycos;+ 2 +cos( i j)+14+=0 (7)
j=1
For notation let:
Ci = cos i Si=sin i
Cj=cos(i ) Sj=sin(i )
Expanding the constrairt (7), we nd that
2 32 3
I 0 S Gl s
2l Co [ 0 ::: . S, G,
20C3; 21C3 | 0o ::: : S; Cs =0 (8)
0 . " _ﬁ
: o0 : : X
Let
= [ ] ©)
r= [yl (10)
Rewriting (8),
(A;B)[=r]"=0 (11)
Further,
A _+Br=
A= Br
= ABr
and let
F()= A'B (12)
In—=F()r (13)
Hence,
[ FOI=rI" = A(@g= 0 (14)
wherethe generalizedcoordinate
q= [l (15)

From (14) we have arrived at the kinematic model of the snalke robot. The position and
velocity of ead link is described as a function of the generalizedcoordinate q.
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3 Lagrange Equation of Motion

From the kinematic model we wish to intro ducemassand motion into the model of the snake
robot. A dynamic model descrikesthe responseof the snake's massin motion. The dynamic
model can be described using the notion of energyvia the LagrangeEquations.

3.1 The Lagrangian

For a dynamic systemwhere the work of all forcesare accourted for in the Langraingian,
an admissablemotion is a natural motion if and only if the energyof the systemremains
constart. In short we state the Lagrangian with no dissipative energy as the di erence
betweenkinetic energyand potential energyof the system. [2]

L=KE PE (16)

3.2 Lagrange Equation

The Lagrange Equation descrikes the energy balance within the system. We write the
equation

- = =+ =Q (17)

where q is somegeneralizedcoordinate. P is the power function describingthe dissipation
of energyin the system. Q is the generalizedexternal forcesacting on the system. [2]
For our snake robot we can dewelop the kinetic energyas the sum of translational and
angular motion. Explicitly,
1 1
KE=_-mr?2+ 2J2 18
2 — 2 (18)
wherem is the total massand r_is the e ectiv e translational velocity. J is the inertia in the
link and —is the e ectiv e angular velccity.
Expanding this relationship by ead link, we nd that

X

KE=2" o+ y)+ 3] (19
i=1
_ Ll 11 Mu M —
B 2[_r_] ML Mz (20)
1
= 2dM()g (21)

We can write the potential energyasthe product, nmgh. n is the number of links, and
m is the total mass.g is accelerationdue to gravity and h is the vertical displacemen from
the certer of mass(COM). We can write this in closedform

PE = nmgh = nmg[Xcom €COS + Ycowm Sin | (22)
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where (Xcowm ; Ycom ) is the position of the certer of mass. and are gradierts alongthe
x andy, respectively, on the ground.

Finally, we dewelop a relationship for the power function of dissipative energy Similar to
the kinetic energy

1 1 1
P=2D?+ 2D 2+ 2D 2 2
2 '— 2 2 (23)
whereD, is the coe cien t of translational friction. D isthe coe cient of rotational friction.
D is the coe cient of friction in the joints. ; is the relative angle of ead joint. This

is important in our robot, sincethis represeims the actual angular position of ead seno.
Expanding the power function by ead link, we have

X 1 X
P=— [DH‘_E"‘D +]+_ D _2 (24)
2 2
i=1 i=1
_ 14
= >dD( ) (25)

We write our Lagrange Equation, (17), with u, the input torque of the senwos, as the
inputs.

da@A@ @, 6 @ _ _._ Eu
t@a @ @ o o (26)
whereE satises = E .
Substituting (21), (22), and (25) into (26) and evaluating,

M)+ U() C(5)—+D()a= o (27)

Adding the wheelcortraint A(q)" , where is a Lagrangemultiplier,

M()g+U() C(5)-+D()a+ or = (28)

The LagrangeEquation (28) fully descrikesthe dynamic systemofthe snake robot modeledin
Figure 2. Prautsch, Mita, and Iwasakidewelopedthis equationand successfullymplemerted
a cortrol sthemebasedon this dynamic model. Their work mainly consistedof simulation.
The inverse kinematics of the Lagrange Equation is excessiely detailed. It would be a
challengingtask to implemert their sdhemein a physical device. Further, it is essetial that
we dewelopthe simplestmodel possible,sincethe realtime computation of inversekinematics
is computationally intensive. The PIC MCU we chooseas the snake's CPU would not be
able to handle the real time processing.

4  Friction Mo del

Alternativ e to the LagrangeModel, Saito, Fukaya, and Iwasakiformulated a dynamic model
basedon frictional analysis. They deweloped two models: a simple friction model and a
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Coulonb friction model. [3] The Coulonb friction investigatesthe tangertial and normal
velocity componerts acrossthe integral of in nitesimal body segmets. The force of friction
in the tangertial and normal directions are derived from the di erential forces.

di _ i 0 sgn(¥y

dm; 29
d i 90 . sgnwy M (29)

where is the coe cient of Coulonb friction. The derivation of the expressiondor total
friction force and torque is deweloped into vector forms. [3]

fyi _ . COS | sin ti 0 w . 0

fyi M9 sin | cos, 0 sat ¥ ' li— (30)
1

i = > ni Miglidzs(Vii; | +) (31)

This is a sophisticated model and lesscomplex than the dynamic model deweloped in the
previoussection. Still, it is too complexfor our needs.Thus, we look to the Simple Friction
Model.

The simple friction model arrivesat more compactvector expressions

fui _ ~ COS sin; ¢ O Cos; Sin; X (32)
fyi ~ ' sin; cos, 0 G sin; cos, Yy

m; |2
i = G —é' += Gidi+ (33)

5 Frictional Equation of Motion

Saito, Fukaya, and lwasaki usedthe friction modelsto formulate the equationsof motion.
Like the friction models, the motion equationsare composedof translational and angular
relationships. De ne:

2 3 2 3
1 1 1 1
A=8 %;(n 1) x (n) ; D:=9 %:(n 1) x (n)
1 1 1 1
._ e 0 . . ._)@ _
E:= 0 e e:=[1:::1] :(n); m:= . m;
S :=diag(sin 1:::sin ,); C := diag(cos ;:::sin ;)
J:=diag(J;1:::Jn); M :=diag(m;:::my); L :=diag(l;:::1,)
H:=LAT(DM D) !AL; N:=M DT(DM D7) AL
J:=J+SHS +CHC ; C:=SHC CHS: L:=[SNT CNTJ

B:=DJ 'DT; K:=J 'D'B*'; p:=1=e'Je); e :=pe

The relative anglebetweenjointsis := D .



We construct the translational systemas

Mx = f, + D% (34)
My=f,+ D%, (35)

and the rotational system
J*= SLATg.+CLATg +D'u (36)

The vectorsx, y, and are constrainedby

Dx+ AL cos =0 (37)
Dy+ ALsin =0 (38)
Let
_ W _ 1 e'Mx
W= W, =3 &My (39)

Rewriting our equationof motion, we combine the simplefriction model and the Coulomb
friction model. The combination becomethe complete set of equationsof motion. This set
of equationrepresets the planar dynamicsof the snake robot.

J o c2 R S _ DT

om w' 0 " ST Q theta 0 (40)
where

R S _ D O LT .

ST 0T 0 o0t ET D; T L E (41)
and

._ CG™M 0 | o . ._ C s
Di:= 7 oM D :=CJ; = ¢ (& (42)
Ci:=diag(ci:::6n); Cp:= diag(Cu1:::Cmn) (43)

6 Serpenoid Curv es

As the relative joint angles, ;, are changed,the shape of the snake changes. The force f
and the torque are causedby the interaction betweenthe snake's body and the the ground
surface. To achieve locomotion we must cortrol  asit changeswith time.

Thus, we construct a function (t), which speci es the shape of the snale at sometime t.
Our cortrol sthemewill seekto follow this function. As Hirose suggested4], the serpenoid
curve accurately mimics the motion of a biological snake. Thus, it is a natural choiceto use
a serpenoid curve for our function



We rst examinethe de nition of a serpenoid curve. Considera curve on the x-y plane.
This curve is parameterized. The functional valuesof x(s) and y(s) along the curve, s at
somearbitrary point. We state a serpenoid curve

Z S Z S
X(s) = cos(acosb +c )d ; y(s)= sin(acosb +c )d (44)
0 0

wherea, b, and c are scalarsthe characterizedthe shape of the curve. a determinesthe degree
of undulation. b determinesthe number of periods in a unit length. c is the macroscopic
circular shape. Figure 6 demonstratesthe variation of c. The parameterc is useful sinceit
determinesthe curvature of the shape. This canbe usedto specify the direction of the snake
in motion. The parameterb a ects the amplitude asthe curve oscillates. a determinesthe
wavelength.

¢ a=-pi*2, c=pie*2
* a=pi *2, c¢=0
a=pi *2, c=pi-2

A a=pi 2, c=pi

a=pi 2, c=3*pi 2

Figure 2. Serpenoid Curves.

Unfortunately, the closedform solution to this function is not needed. We can use an
approximation of the curve. We can simplify the function by replacing the integral with a
summation.

X q kb k X1 kb k
Xi = =cos(acos—+ —9y: vz Zsin(acos— + -9 (45)
k=1 : : 1 " n A

which descritesa curve with n+ 1 points. Thus, the orginal serpenoid curve is approximated
by connectingn segmets. We nd the following relationship for ; asshawvn in Figure 2.

ib ic
i = acos— + — (46)
n n
Using (46) we can form an equationfor the relative angle .

=0 m= sin(o* ) (47)
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where

. b c

.—asmz ; = = (48)
We seethat is a sinusoidal function that varies along an arc length i=n. The amplitude
is descriked by . is the phasedi erence betweentwo adjacen relative angles. is the
bias that directs the curve away from the referencex axis. The bias a ects the circular
trajectory of the sinusoid. Essetially for a nonzero the undulation will follow circular
path. It will evertually return to the starting point.  determinesthe radius of the circular
path. Generally as increasesthe radius decreases.This is useful, sincethe snake might
be in a situation wherea circular path trajectory is required to navigate around an object.

Using this foundation, the motion of a snake can be descriked as a function of time.

(t)= sin(wt+ (i 1) )+ (i=21:::;n 1) (49)

Like before , ,and arethe serpenoid parametersthat determinethe sameof the curve.
w is the speedthat the serpenoid curve propagatesalong the body. Thus by tracing the
curve, the locomotionis achieved. Importantly, the motion is cortrollable, sincethe velocity
and direction of the snake's motion can be speci ed by w and respectively. We de ne the
velocity v and the direction

1 X w, _ 1 e'Mx

VIS W, COS + Wy sin ;= WIS T @My (50)

Through simulation, Saito, Fukaya, and Iwasaki determinedthat w is a linear function of
the forward speed. is an increasingfunction of the ratio of the coe cien ts of friction.
G

= c (51)

is appraximately 2 =n.

7 Observer Based Control Scheme

Date, Hoshi,and Sampei state that the main cortrol objectiveis to trace curve while avoiding
singular posture.[5]A singular posture ariseswhen the snake's body is in a shape sud asa
straight line or a parabolic curve. In theseposturesthe snale is helplessand can not move
out of this shape. Essetially, the singularity represeis an instability of the snake's motion.
Thus, it is necessarnto designa cortrol schemethat will maintain stability and avoid these
singular postures.

They proposethat the cortroller ful ll two requiremerts. The head of the snale traces
a desiredpath, and the posture of the snale is kept in high manipulability. The dynamics
are stable zero, as seenin in the constrains (8) and (38). Accordingly, it is necessaryto
only cortrol the position of the head. The headis the rst link with a position (x1;y;) from
Figure 2. High manipulability describesa large set of possiblemovemernts at somearbitary

11



time. This is a measureof the responseof the system. High manipulability indicates that
the systemis capableof responding to dynamic changesin its ervironmert. It is bene cial
to have a large set of possiblemovemeris when navigating and path planning dynamically.
The systemis more cortrollable if it was more freedomto move, and it can respond faster
by taking more direct paths.

Further, we would like to have only two cortrol inputs: velocity and direction. From
these commandswe expect the snalke to progresstoward the desired velocity and in the
speci ed direction. It is the goal to designa cortrol systemthat respondsto theseinputs
quickly. The responseto ead input is coupledwith the responseof the other. So, a balance
must be found. It is not usefulfor the snake to quickly attain the desiredvelocity but do so
in the wrong direction, and vice versa.

We rst considerthe cortrol systemproposedby Saito, Fukaya, and Iwasaki. Using (49),
the desiredrelative angles, ; are governedby a serpenoid transformation.

= osin(wt+ (i 1) )+ (52)
The function transformation maps the speci ed valuesof w and to the desiredrelative
angles, ;. Saito, Fukaya, and Iwasaki determinedthat and are constart for certain
coe cien ts of friction and constant for a body with n links.

They designeda cortrol systemasshownn in Figure 7. T is the transformation that maps
the command direction and velocity to the desiredrelative angles. T in this example, is
the serpenoid transformation (52), but it could be any function that can take direction and
velocity commandsasinputs and output a function of relative angles. This is usefulsincewe
could dynamically alter T to switch betweengaits. For instancethe snake might be moving
accordingto the planar serpenoid curve and encourter a vertical obstacle. By changingthe
transformation T to vertral undulating function, the snake could dynamically changeits
motion to overcomethat obstacle. When the obstacleis clearedthe snake could then revert
bad to its planar serpenoid transform. This ability is desirable,if the command velocity
and direction canremain constart during the gait changes.Simply, we want the gait change
to be independen of the input commands.

* . W
v——1C, *J\_ ¢ y
T ¢+U C u Snake
— X, C &
3 e

Figure 3. Control systemwith obsenors.
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Also, it is desirablefor the systemto be dynamically cortrollable. Feedbak is usedto
inform the cortrollers about the current state of the system. The cortrollers can compare
the desiredstate to the current state and form the next state input. The systemwill seek
to corvergeto the desiredstate. This state is speci ed by the input velocity and direction.
If the current state is not at theseinput values,the cortrollers will adjust the state sothe
system moves toward the values. This is useful for the snake as it travels acrossvariable
terrain. The snalke might beginto ascendan incline, sothe current state torque inputs for
eadt actuator will not be ampleto maintain the input velocity. Thus, the output velocity of
the snaleis fed bad to the cortrollers. The cortrollers notice that the output velocity is not
equalto the input velocity. They react by increasingthe torque suppliedto the actuators.

In Figure 7 the current state outputs are , v, and . is the obsened relative angle
of ead joint. v is the obsened velocity of the snake, and is the obsened direction. The
desiredstate inputs arev and . Theseinputs are transformedinto the relative angles
The velocity controller C, translatesthe di erence betweenthe commandvelocity and the
obsened velocity into the motion transformation parameterw. The direction cortroller C
translatesthe di erence betweenthe commandand obsened direction into the parameter .
Finally, the inner-loop cortroller C ensuresthat the obsened relative angle follows the
referencecommand

Date, Hoshi, and Sampei used PID cortrollers for C and C . From simulation they
found that v(t) is a sinusoid with increasingamplitude diverging to innit y. Thus, the
transformation from v to w is not boundedinput bounded output (BIBO) stable. Hence,
they chooseto usenew input cortrol that wasBIBO stable. They introduceda new variable

= wt+ w; i= wt (53)

If _isasinusoidthen sois . Astime goesto in nit y, w goesto zero. When _is sinusoidal,
v doesnot diverge. Thus, mapping _to v would be BIBO stable.

* . Ui

v—() C, *J\_ ), y
T ¢+U C “ Snake

EO—C ‘

Figure 4: Control systemwith new velocity cortroller.

13



They choosethe following mappingsfor cortrol.

=C(v v)= :—SLKV(S)(V V) (54)
(s) = C (s)( ) (55)
= sin( +( 1))+ (56)

From experimerting they found that

7
C (s) = 20+ s + 2s (57)

C(s)= 01 (58)
6:642

Ky(s) = 2553+ (59)

Their implemertation of this systemwas successful. Hence,we should also experience
successn our implemertation using their work as the foundation for our snake. It will be
necessaryto designobsenersfor the output states. Overall, the level of detail in the cortrol
schemeis adequate. Combining the cortrol stheme with our obseners will complete our
snale system.

8 Follow-the-Leader Control Scheme

Paap, Kirchner, and Klassenpreserted another cortrol schemefor a snake robot. [6] Their
sthemetakesa follow-the-leaderapproad. The headis cortrolled sothat it tracesa desired
path. During a time interval, the head performs a certain number of actions. When the
interval expires,the actions are passedto the next link. The headis then freeto perform a
new set of actions. Givena x body length, the length time interval varieswith the desired
velocity of the snale. Like the Obsener BasedCortrol sdheme,this schemerequiresthat the
velocity be obsened. The velocity is indicative of how fast the snale is propagating along
the desiredpath. The team suggestsa pattern recognition basedvelocity obsener.

They claim that the schemeadieveslocomotion that is very biologically accurate. The
shemewas implemerted in their snalke robot GMD-SNAKE2. The GMD-SNAKE2 consits
of two degreesof freedom (2DOF) joints. Thus, this work is very applicable to our snake
robot, sincewe aim to develope nonplanarlocomotion. The GMD-SNAKE2 provide excellen
insight into the workings of 3-dimensionalmotion.

The dicult y in their schemeis that the speedat which onelink performsthe actions
previously executedby the head must be modulated. Considerthe ith link, which must
perform the set of actions executedby the head beforeit has moved a distanceof i 2l.
Beforethis occurs,the velocity may have changed. So,the speedat which the link executes
the actions must be modulated.

This can be modeled by a shift register that passesthe sets of actions between links.
When the interval expiresthe head'saction set is passedto the 2nd link, which passesdts
actionsto the 3rd, and soforth. This turn basedsdemeprogressesFirst, the oldestaction
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is sert to the next section. Then, the action just received must be executedwith in the given
time.

The velocity is known and assumedconstart during a singletime interval t;. The velocity
may be di erent at the next time interval ti;; . We de ne

tivg =4 + VN (60)

where?2l isthe length of ead link. v isthe velocity, and N isthe number of actionsperformed.
Ead link must completethe actions at the sametime, sothe current time interval constart
for all links.

Hence,it is essehal to obsene the current velocity of the snalke. GMD-SNAKE2 uses
infrared sensorson ead link to gather proximity information about the ervironment. At a
certain time the sensorswill perceiwe a setof distances.At sometime in the future the snake
will have moved. The set of distanceswill appearto have shifted. The snake can interpret
the shift and calculate the speedit is moving.

The setof distancesis a function of ead link. Graphing this function a generalcurvature
or pattern emerges.As time elapsesthe pattern will shift along the body. The speedcan
be calculated, sincethe relative shift along the body indicates the distance the snake has
traveled. Also, the time that elapsedis known. This only works for ideal constart velocity,
so a meanvalue for the speedmust be estimated. Additionally, the systemis suceptibleto
noise. Therefore, it is unlikely that an overall pattern will be detected. Still, the pattern
should be obsenable betweenadjacert sensors.The meandetector characteristicis S .

Shew = Soig + (S Sgg)N (61)
where S is the current obsened characteristic. Using pattern recognition, the time delay
and displacemen can be calculated. In turn the velocity is obsened.

Curren t Work

The construction of prototype la is currertly underway. Construction of the snake has
started earlier than sdeduled to allow more time for resolving potertial problems. The
crosssectionshave beencut and are ready to be asserbled. The senos have beenordered
and will be addedto the prototype whenthey arrive.

The primary researt phaseis complete. We have accunulated a solid foundation for our
design. Se\eral cortrol sthemeshave beenstudied and will be implemerted. Currently, we
are researbing the PBASIC compiler, which will be usedin programmingthe brain.

Future Work

This week, design of the physical layer of the electrical system will begin. This includes
dewelopingthe Seno Controller Protocol and the Seno Corntrol Unit algorithm. As soon as
the Seno Controller algorithm is completed,it will be implemerted and tested.
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A rough brain prototype will alsobe designedin the coming week. A basic planar un-
dulating gait will be used. Shortly, we will implemert the design,programmingin PBASIC.
This rst verion of the snale will be tested as soon as the medanical prototype is tted
with the senos.
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