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Abstract—Quadruped robot has many advantages over
wheeled mobile robots, but it is a discrete system in which
joints of each leg has to operate in particular fashion to get
the desired locomotion. So, dynamics plays an important role
in the operation and control of quadruped robot. Proper
conception of the dynamic formulation is must for the
complex system like quadruped robot. Here, an attempt is
made to generate three dimensional model of a quadruped
using the bond graph technique. Bond graph is an efficient
tool for system modeling from the physical model itself and
various control strategies can be developed very efficiently.
A quadruped robot configuration used for analysis is two
links legged robot in which upper link is rigid and lower link
is compliant. In a lower link, piston and piston rod is sliding
inside the cylinder and movement is restricted by the
internal hydraulic pressure of the cylinder which will
generate compliance in the leg. Simulation of the various gait
performed by the quadruped is carried out, which proves the
versatility of the three dimensional model generated. The
generated model can be used in research of various aspects
pertaining to quadruped, the same thing is demonstrated by
doing performance evaluation between compliant and rigid
legged robot and also between two different gaits like trot
gait and amble gait.
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the dynamic formulation of complex systems. To this end,
various researchers used different dynamic analysis
methods for multibody systems, such as the methods based
on Lagrangian equation [5], Newton-Euler equation [6, 7],
Kane's equation [8, 9, 10] and variational methods [11].

Benani and Giri [12] presented a dynamic model
approach of quadruped considering open and/or closed
kinematic chain mechanisms. It is based on Newton-Euler
approach and the explicit formulation of kinematic
holonomic constraints for the closed loop mechanism.
Mahapatra and Roy [13] developed a dynamic model of
six legged in CATIA solid modeler, SimDesigner and
ADAMS multibody dynamic solver and kinematic and
dynamic simulation is performed based on virtual
prototyping technology. Krishnan et al. [14] presented a
bond graph model of compliant legged quadruped robot in
a sagittal plane. The sagittal plane dynamics have been
tested through experimental set-up. Soyguder and Ali [15]
solved the stance and flight phase dynamic structures in a
sequential closed loop for quadruped and obtained the
equation of motion for pronking gait. Shah et al. [16]
presented a concept of kinematic modules for the
development of the dynamic model of the four legged
robots where each module is considered as a set of serially
connected links. module-level Decoupled Natural
Orthogonal Complement (DeNOC) matrices were

Legged robot offer many advantages over Whee|e¢ﬂtr0duced which helpS to analyze the Iarge number of

robots including greater adaptability to terrain irregularitiedinks as a system with a smaller number of modules.
and superior off-road mobility [1, 2]. Legged SystemsRecurs_lv.e.klnematlc relationships were obtained between
require only a series of discrete footholds along théwo adjoining modules. Ganesh and Pathak [17] developed
pathway for off-road locomotion. This property enablesd dynamic model of four legged in a sagittal plane by
legged robots to traverse surfaces inaccessible to wheel@mulating kinetic and potential energy equation of body
mobile robots. Compliance in the leg improves locomotiorfnd leg. These were used to derive Lagrangian function
of legged robot [3]. Variable compliance in the legs [4]and then equation of motion.

overcomes the size, weight, fragility and efficiency |, this paper, three dimensional dynamic model of

problem. Basically, legged robots are discrete system iggmpjiant legged quadruped robot using bond graph has
which joint of each leg has to operate in particular fashioneen geveloped. Bond graph is an efficient tool for system
So, dynamics plays an important role in the operation an

4 odeling from the physical model itself. A quadruped
control of a walking robot. Recently, there has been ot configuration used for analysis is two links legged
noteworthy increase in the use of computational dynamicgpot in which upper link is rigid and a lower link is

for design, analysis, simulation and control of variouscompjiant. Lower link is considered similar to a prismatic
robotic systems. This is because of better understanding @fint in which, piston and piston rod is sliding inside the
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cylinder and movement is restricted by the internal F=2 (1)
hydraulic pressure of the cylinder which will generate dt

compliance in the leg. Simulation of the various gait . . ,
performed by the quadruped is carried out which proves Wherep = mv, if v is expressed with respect to a
the versatility of the three dimensional model generated©tating frame then net foréeis given as,

Performance analysis is carried out, between rigid legged .

and compliant legged robot and also static and dynamic F= (6—p) +wXp 2
gaits are compared. /el

T_he paper is_ organized in fol_lowing sequence. In 6_15) is the rate of change of momentum
section 2, three dimensional dynamic model of quadruped ot/rel o ) )
robot is developed using bond graph. Dynamics of bod lative to the moving frame. Similarly, the relationship
and leg is discussed in detailed. In section 3, simulatioRetween the net torque acting on the body and the
results of trot gait is shown and performance measurangular momenturh can be written as,
between rigid and compliant leg and also between trot gait
and amble gait is discussed. an ?)

where (

=4
dt
Il. MODELING OFA QUADRUPED RoBoT

Modeling of a quadruped robot consists of modeling of f the bodv. th | b :
angular and translational dynamics of robot body and leg&X€S Of the body, the angular momentum can be written as
Figure 1 shows the schematic diagram of a quadruped — low in Wh'ChI. is a diagonal matrix of the prlnC|_paI
robot model in which A} is an inertial frame andB} is moments of inertidy, , Iy andlz If his expressed with
the body frame. Frame {0} is fixed at the hip joint of each'espect to the rotating frame then net torquean be
leg which is fixed on the robot body. Each leg of theWritten as,
quadruped robot has two degree of freedom (DOF) with
two revolute joints per leg. The joint between linkand
i+1 is numbered as+1l. A coordinate frame if1} is
attached toif 1) joint. A coordinate frame is attached to
each link. The link frames are named by a number
according to the link to which they are attached i.e. framé&
{i} is rigidly attached to linki. The rotational inertias are

AssumingXx-y-z axis to be aligned with the principal

= (&) +@xh (@

A

Using the right-hand rule for equations (2) and (4), the
omponent equations can be written as,

defined about frames fixed at the center of gravity (CG) of Ee = mypvy + mywyv, — mpw, v, ©)
the link. The CG frame is fixed along the principal
directions in the link or body. The surface on which the E, = myv, + Mpw, vy — Mpw, v, (6)
robot is walking is assumed as a hard surface.
F, = mpv, + My, vy, — Mpwy Uy @)
Forward direction
and,
Ty = Lpwy + (Izb - be)wywz (8)
Ty = ybd)y + (be - Izb)wzwx (9)
T, = Ipw, + (be - be)wxwy (10)

These nonlinear differential equations are known as
Euler's equations. The cross product terms can be treated
as forces in a set of equations (5), (6) and (7) and as
torques in a set of equations (8), (9) and (10). The forces
Fig. 1. Schematic representation of quadruped robot with complian@Nd torques can be added at the respective 1-junctions and

legs using gyrator-ring structures bond graph is generated as
_ presented in [18]. Generated structure is known as Euler
A. Dynamics of a Robot Body Junction Structures (EJS).

For a given instant, the body has absolute translationgy Dynamics of a Upper Link of Leg
velocity v and absolute angular velocityw The
translational velocity and angular velocity vectors hav
been resolved into three mutually perpendicular’y
componentsy, v, v,anda, &}, a. The net forcé acting A A P 5
on the body and the linear momentpnean be related as (Vo) = (*Vz)+ 4R [— (BP,) x (AaB)] (12)
[18],

Translational velocity of frame {0} of each leg is given
[19],
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Where,A( 4V;) represents the translational velocity of A(AVGi) = [A(AI_/})] +[4R] [— i( "Pai) XH i(“&-)]
body frame 8} with respect to an inertial frameA} and (16)
expressed in frameA}; B(AQB) represents the angular

velocity of body frame B} with respect to inertial frame Equations (14), (15) and (16) represent the TVP of link

) B, p= in each leg of the robot. The CG velocity of links depends
{A} and expressed in frameBf;, (°P,) represents the on link inertia. In the bond graph model “elements
position vector of frame {0} of" leg with respect to the (representing mass of a link), are attached at flow
Besgy _  junctions. They yield the CG velocities of links. The
body CG Tframe B). It can be expressed aé PO)i B starting point of the current link is same as the previous
[rix iy 7z] , Where'i denotes leg 1 to 4. Heredenotes link tip. Hence, the tip velocity of the previous link and the
position of frame {0} with respect to body CG frame. In angular velocity of the current link are used to find the tip

equation (11)4R represent the transformation from body velocity and the CG velocity of the current Iinilé.Aai) in
frame {B} to inertial frame $} and can be expressed as,  ghoye equations can be obtained from the AVP for the

current link.

The EJS to represent angular dynamics of the link can
be constructed similarly as discussed in section 2.1. In case
of link, torque is provided in direction only. A pad is
used to avoid differential causality. Pads are artificial
compliances/lumped flexibilities that can be used in bond
graph [20, 21]. Bond graph model of above discussed body
and leg dynamics is developed in SYMBOLS software
[22]. Nomenclature used throughout paper is listed in
Appendix 1.

cOc® syPsOcd — cps@®  chsOcP + sPsD
4R = <c€s(2) sYsOs@ + cpcd  cPpsOs@ — sg[;c(Z)) (12)
—s60 sych cycl
where,cé is shorthand focod), s for sind and so on.
@, 0 and y are theZ-Y-XEuler angles. Governing equation
for an angular velocity propagation (AVP) of links of a leg
can be given as [17],

i+1 A— i+1 i A— i+1 i—
Witq) = "R w;) + w; 13
(%@isa) R (1) (‘@) (13 C. Dynamics of the Prismatic Link
i1, 4, . . Lower link of the quadruped leg can be considered as a
~ Wwhere, ( “’i+_1) is the angular velocity ofi - 1) prismatic link, in which piston and piston rod is sliding
link with respect to inertial frameA} and expressed i ¢ inside cylinder. The movement is restricted by the internal
1)" frame, ‘(Aai) is the angular velocity of th&" link hydraulic pressure of the cylinder and helical compression

with respect to the inertial frame\f and expressed iit" spring  attached at th_e piston  rod. T_hi_s arrangement
generates compliance in the leg. The sliding of piston is

i1, i, . . .
frame and'"( ‘@;,,) is the angular velocity of ¢ 1) link  gne of the most difficult multi body components which
as observed frori” link and expressed in ¢ 1)" frame.  give rise to nonlinear equations of motion. It is important
The term can be expressed for link 1 and 2 respectivelyp develop bond graph model of prismatic link with proper
as,l( 051) =16, o ol, 2( 152) =4, o o, mass dlstnbuthn. Incorrect r_nodellng of entire prismatic
. . ... link generates improper inertial forces. Thus, utmost care
where g;represents angular velocity of frame {1} with gn, 14 pe taken at the time of generating bond graph
respect to frame {0} expressed in frame {1} and similarly ,n 46 of the three dimensional prismatic link. Bond graph

6, represents the angular velocity of frame {2} with moqeling of prismatic link is developed from the concept

respect to frame {1} expressed in frame {2}. presented in [23, 24, 25, 26, 27]. The schematic drawing of

For translational velocity —propagation (TVP), Prismatic link is shown in fig. 2.
governing equation for the link tip velocity and link CG (X2,Y2,Z2) (X3,Y3,Z3)
velocity are given as, (x2,y2:23) i a ip (x3,Y3,23)

Arp= Al A A ira— i 2@:(:) )/cg yCO 5%“‘ ms

(Wien) = (%) +4R| (M) x ('Pu)] (19) z Lo Xl %e .

cg j|2l ‘D lpg
. . Y|
Where, P refers to the position vector of link frames l

{1}, {2}, {3} with respect to its previous frames. Link
lengthsl; andl, are taken along the princip#axis of the  Fig. 2. Schematic diagram of prismatic link

links and hence represented in vector form®Bs=

T 13 _ T 25 _ T Local coordinate frame is attached at the center of mass
[0 0 o, "R=[0 &L OF, P =[0 L 0] of piston &, Yp %) and cylinder X, Y., z) and they are
Equation (14) can be simplified as, assumed to be aligned with the inertial principal axes.

Piston and cylinder motions are described with reference to
A p= _[4r ap ap1[_ i ip ira—s this body fixed coordinate system which rotate and
(1) = [ ( V‘)] + [iR][ (*Piia) X” ( wi)] translate with the respective rigid bodies. The end of the
(15)  cylinder part will be fixed with the link 1 of quadruped
) robot and piston _end _wiII touc_h the ground, Yz,_ Z, and
For position of a link CG,L( iﬁci) =[0 l; O] X3, Y, Z3 are the inertial c_oordmate system whije v, %
and X3, ys ,23 are body fixed or non-inertial coordinate
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system of the cylinder and piston end respectively. Theoordinate transformation block (CTF). CTF block are
contemporary length is the distance between the two endgenerated using successive multiplication of rotation
points. The center of gravity of the cylinder is located at anatrices as follows:

distance of.4 from the fixed end. The combined center of

gravity of the piston and the rod is located at a distance of X,

l,g from the rod end. The length of the pistondisThe P X2 (26)
center of the piston is located at a distalgdeom the rod 2 (T Tocoeye) )2
end. Zy %
The velocity vector of the cylinder in the inertial frame  \where
is represented ag y.zcand in the body fixed frame as
Vieyeze 1Ne angular velocity vector in the body fixed frameTwc bepe =
IS Wyc,yc,zc- Then, Euler equation for translatory motion of CQ)' ' —sp. 01[cO, O sb[1 O 0
the cylinder can be given as, [S(Z)z CQ)CC Ol [ 0o 1 o0 l [0 cb, —5¢cl(27)
—s6, 0 c6.110 s c
Eee =M + Mc(chyc = VeWyc) (17) 0 0 ! ‘ ‘ Ve Ve
c6. is shorthand focod),, sf. for sind. and so on and
Fye = MY + Mo (e ze — ZeWyc) (18) @., 6. and Y, are theZ-Y-XCardan angles. Components of
Tococypc are used to construct CTF block. Similarly, the
Fpe = Moz + M (Yoo — XcWy() (19)  velocity of the piston in the body fixed frame can be

written and it can be converted into an inertial frame. It is
WhereFXC' ch, FZC are externa| forces acting in body_ to be nOted thatthe reqUIred angle. fOI’ CTF block are
fixed X, yo andz, directions respectivelypy, my andw,, ~ derived from the inverse transformation from body-fixed

are angular velocities of the mass center of the cylinder igngular velocities to Euler angle rates [27].

the body fixed framex., j. and z. are velocities of the The normal fixed velocities at the contact point 4 and 5

mass center in the body fixed frame;;,j. andZ. are  on the cylinder and piston alongand z directions by
accelerations of the mass center in the body fixed fram@ssuming a thin but long piston can be given as,

Similarly, Euler equations for rotary motion of the cylinder

can be given as, . ) d
fae = e+ (1= 1y = Leg = 5) e (28)
ch = Ixc(bxc - (ch - Izc)wycwzc (20) ) . d
o=+ (1= 1y —log = 3) s (29)
Myc = yc(byc - (Izc - Ixc)wzcwxc (21)
da
) Xgp =%y — (L, — Ly +- )@ (30)
Mzc = lzcWze — (Ixc - ch)wxcwyc (22) ’ P ( ? P 2) i
. . d
wherely, Iy andl,c are second moment of inertia about Zap = Zp — (lp = lpg + 5) Wxp (1)
the principal axesM,, M. and M. are components of
resultant moment due to external forces and couples about b=+ (1= -1+ o 32
the non rotating coordinate frame whose axes are e e ( L 2) e (32)
momentarily aligned with the principal axes of the body. p
Above Euler equations can be represented by the Zse = Zct (l ~l e +5) @xe (33)

double gyrator rings where the gyrators are modulated by

the angular velocities in the body fixed frame. Similarly, Xsp = Xp — (llJ — Ly — %) Wzp (34)
Euler equations can be generated for the piston also and it

can be represented by the double gyrator rings. Generated . . d

bond graph model of above equations are shown in fig. 3 Zsp = Zp — (lp ~ lpg = 5) Wxp (35)

in which G1 to G12 are the gyrator moduli taken from

above equations. The position of the fixed point in the where « indicates the body fixed angular velocity
body fixed frame i, y», 2. The velocity of the cylinder about the axis indicated in subscript. Subsaipfs been

in the body fixed frame is used for cylinder whilg has been used for the piston. The
rate of change of contemporary length between two end
Xy = Xe + ZyWye — Yoy (23) points of prismatic link can be expressed as
3.’2 = yc + XoWze = ZpWxc (24) ic = (XZ;X3) (Xz - X3) + (YZL_CY3) (YZ - Y3) +
Zy—Z3 ; s
22 = Zc + Vo Wye — XpWye (25) ( le ) (Zz h ZS) (36)

Equations (23), (24) and (25) are body fixed velocities. As shown in fig. 3,u, M, and g, moduli are used to
So, it is necessary to convert it into the inertial frame bylerive the relative sliding velocity between piston and
cylinder at a ‘O’ junction, compliance in the link is
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modeled by ‘C’ and ‘R’ element. For contact pointvelocities are transformed into inertial velocities and then
mechanics, to compute contact point velocities in bodyhey are implicitly constrained. The relative normal

fixed frame moduliR; to R, andRs to Rg are determined velocity between the contact point on the cylinder and the
from kinematic analysis of the cylinder and pistonnormal velocity at the contact point on the piston are
respectively. Through a set of transformer moguto p;,  implicitly constrained by contact stiffness and damping
similar to an expanded form of CTF block, body fixed parameterds, andR, respectively.

Xcgc(—m‘nx
chc<——-|1{(5 ;

\ 1@ > we
. P2E 61 dc > dc
chc<-| []-412 2 :
T 16c P> 6c
Previous SE:-Mc*g
link velocity -0 z2 I_:rMc
el >1 o Tim0Z ] \ i
p:C=—1 X2 xp-0E
T TF+ \ o\
P:R 1Y, 102c o GV — Ty
Previous {4\ Y65 GeGY 2| N
link velocity >0 — X I Iz<>( l:lyc -
e/ . G3:GY
. . ATF {Gvez GITYY, . X
kp: C =—i1 —}1y‘~1y 0 1yc GY- 1zc TF e
1 2 & SIE ML kR 0y TF—
. 2 : | b JWxe . R7
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I N~ AT Ta——j0-TF_ 0 0 TR o——1
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P:R 1/%x2 : t X i
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input input ps ps
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Fig. 3. Bond graph model of prismatic link

D. Dynamics of Combined Body and Leg Links
The bond graph model is developed using abov

takes the angular velocity from a boéﬁ 4@y) (obtained

. Ao .
discussed body and leg dynamics. A compact and a simp?@m EJS) and translational Ve|OCIt)( VB) (decided by

presentation of a bond graph model can be carried out #Pdy mass) as input and gives out the velocity of {0}
multi bond graph form. Here also developed thredrame to the link 1 of each leg. Frame {0} and {1} are
dimensional model of quadruped robot is presented ifoincident for each leg. Hence, the velocity of frame {1} is
multi bond graph form as shown in fig. 4. TVP sub-modelsame as the frame {0}. ‘Leg’ sub model in the multi bond
is shown in the ‘Body’ part of the multi bond graph. It graph represents a two DOF leg. It takes the angular and
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linear velocity of body and joint torques abotxis as  3x1 matrix of centrifugal and Coriolis terms a@¢V) is a
input. It uses AVP and TVP sub-models of links 1 and 23x1 matrix of gravity terms.
and gives out leg tip velocity as output. This sub-model

furnishes complete dynamics of a two link leg. The various ! X
sub-models shown in fig. 4 for leg 1 can also be used t8uadruped robot. But over compliance reduces locomotion

model leg 2, 3 and 4. The leg tip sub-model in fig 4speed and increases posture disturbance. So, optimum

represents the modeling of leg tip-ground interaction. Andesic_gn (t)f co%o]!iancetz)_ ist. must fol; spe%ific (;Obgt
‘R element is appended to ‘1’ junction of each leg inXhe configuration. IS objective can be —achieve y

and Y direction, to model the frictional resistance offereqSimulating generated bond graph model of quadruped.
by ground while the ‘C' element is used to mOdelNumber of simulations can be carried out by varying the

compliance. Similarly,C’ and ‘R elements are attached in stiffness and resistance, and its values can be finalized for

Z direction to model the normal reaction force from thenaXImum locomotion speed of robot. This optimum

Compliance in the link improves locomotion of

the leg tip position coordinates. A systematic constructio arameters for deS|gr_1|ng“the spring u_sed in prismatic link.
umber of turn of spring?’” can be decided as

of bond graph model yields a dynamics expression that ¢
be written in matrix form as scd
n=_--= (38)
7, = [A(6)6 + B(6,6) + C(6)], - JTF; (37)
where,_\N is Ioad,é_is ax_ial c_ieflection_derived frorr_1
where,tis the 2x1 matrix of joint torque arf@is the  load(W)/stiffnessf), C is spring index derived from coil
3x1 vector of the ground contact force of leg is the diameterD)/wire diameterf) and G is the Modulus of

Jacobian matrixA(d) is the 3x3 is the mass matrR,is a  igidity of spring material.
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Fig. 4. Multi bond graph of a quadruped robot
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. SIMULATION AND RESULTS

FL FL
. . . —— Leg1
A. Joint rotation for locomotion (Ceom Can
(Leg?) [em— (Leg2) |— f—

Walk can be classified as “static walk” and “dynamic
walk”. In static walk stability is maintained by keeping, at 5, f——— (Log3)
least three feet planted on the ground and maintaining the rr RR ] I —
center of gravity within the support polygon. In dynamic ~ **%¥ (Leoh
walk stability is maintained by continuously moving either
the feet or the body to maintain balance. Alexander [26]
shows various gait pattern followed by four legged animaltig- 5. Trot and Amble gait
Here statically stable gait ‘Amble’ and dynamically stable . .
gait ‘trot’ is considered for validation of dynamic model. Leg forward motion Body forward motion
As shown in fig. 5 diagonal legs are operated together ir ~ Rear Leg FrontLeg RearLeg Frontleg
case of trot gait, while in amble gait legs are operated on
by one in 1-4-2-3 sequence. Now, to run the bond grapl
model in any of the gait, it is necessary to know rotation
required at each joint so that a required voltage can b
supplied to get the desired rotation of a joint. Thus, to
determine a joint rotation for leg forward and body
forward movement, graphical presentation is carried out
Graphical presentation as shown in fig. 6 gives an ide:
about a joint rotation required for the said movement.
From this, joint position with reference to time is listed in ¢
Table 1 for trot gait. Here, cubic curve is fitted for smooth (b)
joint rotation. The required voltage for the said movement , _
is supplied by actuator which is controlled by PD Fig. 6. Graphical presentation of leg and body movement
controller.

FL: Front Left Leg; FR: Front Right Leg; RL: Rear Left Leg; RR: Rear Right Leg
Trot Gait Amble Gait

(c)

TABLE 1. JOINT POSITION FOR TROT GAIT
Joint position corresponding Legl Leg 2 Leg 3 Leg 4

to time interval Joint 1 Joint 2 Joint 1 Joint 2 Joint 1 Joint 2 Joint 1 Joint 2

Initial joint angle -1.87 0.6 -1.67 0.53 -1.27 -0.6 -1.47 -0.53
To<t<Ty2 -1.97 1.01 -1.78 0.59 -1.36 -0.59 -1.18 -1.01
TJ/2<t<Ty -1.67 0.53 -1.87 0.6 -1.47 -0.53 -1.27 -0.6
T:<t<T)2 -1.78 0.59 -1.96 1.01 -1.18 -1.01 -1.36 -0.59
T2<t<T, -1.87 0.6 -1.67 0.53 -1.27 -0.6 -1.47 -0.53

B. Simulation Results is necessary to evaluate and compare robot performance

Bond graph model developed in section 2 is simulate@nd abilities with respect to common criteria. A common
for trot gait for which controlled efforts are supplied to theMeasure to evaluate and compare the energy efficiency of
actuator to reach to required joint position shown in Tabl¢/€hicles is the energy consumption per unit distance. To
1. Input parameter considered for the simulation is listed if/Stify the comparison, mass moved and velocity obtained
Table 1 of Annexure 2. Positivé direction is considered Should also be considered with the cost of locomotion. We
as forward direction. Each cycle is of 0.5 s. Simulation i€'€ comparing here quadruped walk with specific
carried out for five cycles, result of which is shown in fig. 'éSistance &). The specific resistance [29, 30] is a
7. Each leg tip movement i#i and Y direction and body d|mens.|onless number descnbyng thg energy efficiency of
CG movement iX, Y andZ direction are shown in fig. 7. & mobile system. The specific resistance is used as a
It shows robot moves in a forward direction. An initial function of velocity, as
disturbance in body C@ direction is observed because of
compliance in the leg and then pattern stabilizes. Similar e=2® (39)
way, simulation can be carried out for other gait also. mav

C. Performance measure where,P(v) is the power needed to move the body with

Efficient dynamic model plays a vital role in researchve“mlity Vi mdis the total mass of the system, apdhe
of walking robot. The above developed bon graph modefcceleration due to gravity.

can be used for various research aspect related to First, comparison is made between rigid legged and
quadruped. Here, we are demonstrating it with one ofompliant legged quadruped performance. Gait is trot in

them. Robot walk may be evaluated by stability, maximumhoth the case. Compliant legged quadruped’s performance
speed and energy consumption. Parameters like a type @ta are taken from above simulation result which says
gait, stride length, duty factor, length of leg, joint anglequadruped travels 0.252 m in 2.5 s, means it moves with
and rotation are deciding the above-mentioned).101 m/s speed. Now to get rigid legged quadruped’s
performance criteria. To discuss advantage angerformance data, above discussed model is modified and
disadvantage of different designs and control strategies, decond link of a leg is modeled as rigid instead of
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prismatic. We have simulated a rigid legged model withstable gait, while the amble gait is considered as a
the same speed i.e. 0.101 m/s by tuning controllestatically stable gait. The compliant legged model is
parameter and final result obtained in terms of body CGimulated for both the gait. Here also results are compared
displacement ir¥ direction is shown in fig. 8(a). Sensors for the same speed. The amble gait takes 0.9 s to complete

are placed at the actuator in both the bond graph modehe cycle. When it is simulated for five cycles, it is found
which gives power consumption data. The specifidhat robot travels 0.2504 m distance with 0.0556 m/s
resistance equation (38) is evaluated for both the case witipeed. Then, the trot gait is also simulated for the same

robot mass as 3.5 kg, and gravitational acceleration 9.8dpeed by

tuning controller

parameter. Body

CG

m/s" which brings specific resistance for the compliancedisplacement obtained il direction for amble gait is
legged model is 2.94 while for rigid legged model 12.91shown in fig. 8(b) and for trot gait is shown in fig. 8(c).

Smaller

the

specific

resistance,

higher

the energyRresults obtained are used to evaluate equation (38) which

efficiency. So from above result, it seems that specifibrings specific resistance of the trot gait as 2.09 while
resistance of compliant legged model is smaller, thus, it ispecific resistance of the amble gait is 7.54. From this

energy efficient than rigid legged robot.

Second comparison is made between trot gait an

result it seems that specific resistance of the trot gait is

maller. Thus the trot gait is energy efficient than the

. o . . mble gait.
amble gait. The trot gait is considered as a dynamically 9
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Force

External force acting at the cylinder body fixed and
z axes

Angular momentum
Link number, frame number

Rotor inertia

Moment of inertia of the robot body about, andz

axes

Moment of inertia of the upper link of robot leg abrut

y andz axes

Moment of inertia of the cylinder part of a prismatic link
aboutx, y andz axes

Moment of inertia of the piston part of a prismatic link
aboutx, y andz axes

Contact point stiffness at the piston cylinder of prismatic

link
Flexibility due to hydraulic pressure inside the cylinder
of prismatic link

Ground contact stiffness iy, andz direction

Integral gain of controller
Proportional gain of controller

Contemporary length of prismatic link

Distance of cylinder CG from a cylinder end frame of
prismatic link

Length of linki

Length of a piston and piston rod of prismatic link

Distance of piston CG from a piston end frame of
prismatic link

Motor inductance

Mass of the body

Mass of cylinder part of the prismatic link
Mass of linki

Mass of a piston and piston rod of a prismatic link

External moment acting at the cylinder body fixeg,
andz axes

Gear ratio

Translational momentum

Transformation from body frameBf to inertial
frame{A}

Contact point resistance at the piston cylinder of
prismatic link

Friction between piston and cylinder of prismatic link

Ground contact resistancexyy, andz direction

Position of the frame {0} oi"" leg with respect to the
body CG

Motor resistance

Time

Translational velocities of the body
Angular displacement of franme

Torque

Euler angles representing a robot body rotation ahout
y, zaxis of the body fixed frame

Cardan angles abouty, z axis of the moving fixed
frame

Angular velocity

Angular velocities of the mass center of the cylinder in
the body fixed frame
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APPENDIX?2

TABLE 1. INPUT PARAMETERS
Parameters Value
Leg Parameters
First link length of led() 0.225 m
Mass of first link{;1) 0.25 kg
Mass of cylinder part of the prismatic lift) | 0.3 kg
Mass of piston part of the prismatic lit() 0.2 kg
Inertia of Link 1
loa 0.00106 kgrh
lyy1 0.0000125 kgrh
21 0.00106 kgrh
Inertia of cylinder part of prismatic link
Ixxe 0.005144 kgrh
lyye 0.0000487 kgrh
| 22¢ 0.005144 kgrh
Inertia of piston and piston rod of prismatic
link
Lo 0.00168 kgrh
lyyp 0.000025 kgrh
Iz 0.00168 kgrh
Flexibility due to hydraulic pressure inside the5000 N/m
cylinder of prismatic link ;)
Friction between the piston and cylinder of &88 Ns/m

prismatic link &)

Contact point stiffness at the piston cylinder
prismatic link k)

0100000 N/m

Contact point resistance at the piston 3
cylinder of prismatic link iR,)

ANi000 Ns/m

Length of piston and piston rod of prismat
link 1g

0.1 m

Distance of cylinder CG from a cylinder en
frame of a prismatic linki)

d0.05 m

Distance of piston CG from a piston end fral
of a prismatic link(lg)

me.07 m

Mass of piston & piston rod of the prismat
link (my)

ic0.2 kg

Mass of cylinder part of the prismatic linkd | 0.3 kg

Position of the cylinder end point with respect

to the body fixed frame at the mass center

X2 0.0m

2 -0.05m

2 0.0m

Position of the piston end point with respect|to

the body fixed frame at the mass center

X3 0.0m

Ys 0.07m

Z 0.0m
Common Parameter

Mass of bodyNib) 0.5 kg

Inertia of Body

Ixo 0.0049 kgrA

lyb 0.0038 kgrA

[ 0.0086 kgrh

Ground damping irx, y, z direction Ry, Ry, | 1000 Ns/m

Ry

Ground stiffness in

x direction Kgy) 10000 N/m

y direction Kg) 1 N/m

zdirection Kg)

1000000 N/m

Controller Parameter

Proportional gain of controlleK¢) 30

Derivative gain of controllerq,) 25
Actuator Parameter

Motor constantt) 0.01Nm/A

Motor armature resistancBy) 0.1 Ohms

Motor inductancel() 0.001 H

Rotor inertia

0.0000025 kg

Gear ratio ff)
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