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Abstract: This paper presents modeling of a 12-degree of freedom (DoF) bipedal robot, focusing on the lower limbs of the system,
and trajectory design for walking on straight path. Gait trajectories are designed by modeling of center of mass (CoM) trajectory
and swing foot ankle trajectory based on stance foot ankle. The dynamic equations of motion of the bipedal robot are derived by
considering the system as a quasi inverted pendulum (QIP) model. The direction and acceleration of CoM movement of the QIP model
is determined by the position of CoM relative to the centre of pressure (CoP). To determine heel-contact and toe-off, two custom
designed switches are attached with heel and toe positions of each foot. Four force sensitive resistor (FSR) sensors are also placed at
the plantar surface to measure pressure that is induced on each foot while walking which leads to the calculation of CoP trajectory. The
paper also describes forward kinematic (FK) and inverse kinematic (IK) investigations of the biped model where Denavit-Hartenberg
(D-H) representation and Geometric-Trigonometric (G-T) formulation approach are applied. Experiments are carried out to ensure the
reliability of the proposed model where the links of the bipedal system follow the best possible trajectories while walking on straight

path.
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1 Introduction

Relating to the various configuration of joints and links
of a humanoid robot, a specific set of equations establishes
the association of end frame with reference frame. For the
simplification of process, the position and orientation is-
sues should be analyzed independently and need to be accu-
mulated for the complete set of interrelated equations! 2.
As the solution of inverse kinematic (IK) formulation, the
necessary values for joint and link variables are required
to identify to move the end point at expected locations
with proper orientations. One of the simplest technique
is geometric-trigonometric formulation where the valuated
joint and link variables are accumulated into a tabulated
form, known as mapping[4’ 5l

In a real system, the suitable sequence of trans-
formation depends on robot’s structure and its joint
configurations!® 7. In Nao Humanoid, Hip pitch-yaw joints
are designed using single servo which made the system
distinguishable in presenting kinematics and movement
patterns[s’g]. Denavit-Hartenberg (D-H) representation
strategy is applied as the solution of forward kinematic
(FK) formulation, while IK solution is proposed with ana-
lytical approach that eliminates assumptions and singular-
ities of its earlier models™™®. A different kinematic struc-
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ture is reflected in SILO2 humanoid where FK analysis is
performed utilizing screw theory to express product of ex-
ponentials formula (POEF)[H’ 2]~ As a non-negligible offset
exists at hip joint of SILO2, a hybrid mechanism is pro-
posed for IK analysis. In this approach, geometric analyti-
cal solution is identified as the initial condition of numerical
method to reduce the number of iterationl.

Homogeneous coordinate transformation matrix is used
by Lope et al.[13], to describe the position and orientation of
foot. Kinematic structure of the system reflects PINO hu-
manoid where IK solution is formulated based on artificial
neural network (ANN) using two layered back propagation
architecture. Zorjan and Hugel[M] presents a modified D-H
convention, called DHKK. They applied geometric formu-
lation only for knee joint and decomposed to calculate hip
and ankle joint angles which allow the elimination of IK
singularity!**. Direct kinematic analysis using D-H strat-
egy and geometric formulation are also reflected in a small
sized biped called Ro-bonova-11**l. Beside these, a biped
with flexible ankle and split-mass balancing strategy has
achieved stable walking by decoupling walking motion from
sideway balancing control°.

Many of the experimentations reflect flat-lifting and flat-
landing (FL-FL) strategy for bipedal walking, while natu-
ral walking shows hill-contact and toe-off (HC-TQO) pattern
which is adopted in this study. Moreover, the leg swing
motion is defined as a function of center of mass (CoM)
to have lateral stability where co-relation between motion
trajectories and acceleration is established through quasi-
inverse pendulum (QIP) model of 12 DoF bipedal platform.
Although, Section 2.3 presents a 14 DoF model (consider-
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ing lower extremity), both of the toe joints are considered
as fixed (0; = 613 = 0°) for experimentation, as the biped
has 12 DoF at lower kinematic chains.

The rest of the paper is organized as: Section 2 presents
methodology of designing the walking model through iden-
tification of anatomical center of mass, calculation of mo-
ment of inertia, investigation of FK, formulation of walk-
ing stability, trajectory planning, and IK investigation.
Section 3 presents sensor attachments and strategy in cal-
culating CoP trajectory. Section 4 explains the designed
algorithm and experimental results. Finally, concluding re-
marks are presented in Section 5. This research is the moti-
vation of previous works which can be found in the reference

section['7 251

2 System analysis and design

2.1 Investigating anatomical CoM

Though CoM of a humanoid system shows dynamic be-
havior, the variations of the CoM positions are compara-
tively smaller for walking gait. Considering this factor, the
CoM of the body is calculated using balance board tech-
nique, as presented in Fig. 1129, Here, L and m; are in-
dicating length and CoM of the balance board, (1 = l2).
Humanoid body height and mass are indicated by H and
ma (acting on the CoM point of body). Therefore, total
mass (mi1 + ma2) of the entire setup is acting on the pivot
point which is indicated by the distance x; from the cen-
ter line of balance board. Pivot point is the critical point
at which the board can balance itself parallel with ground.
Distance of the CoM of body is considered as x2 from the
pivot point. In this setup, only x2 remains unknown which
is needed to be determined. Now, taking moments about
the pivot point, z2 can be calculated using the equation,
presented in (1).

g = (T2 (1)
ma
So, the height (h), of CoM point of the humanoid system
can be calculated as

h = (H—ll)+(x1+x2). (2)
s S
e i i o e e
«—————— L —mm e
-——»
-+|x,
N "
m,+m,

Fig.1 Balance board strategy to calculate CoM of anatomical
body

2.2 Investigating moment of Inertia (I)

Considering the human model as a complex pendulum,
experimental setup has been made to calculate the period
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of oscillation, T', for sagittal plane and coronal plane. Axis
of oscillation is considered at the ankle joint. Distance be-
tween ankle joint and foot of the humanoid system is mea-
sured as 3.3cm. So, the height of CoM is considered from
the ankle joint, (henk—con). For small angle, about 4°, T
is calculated as follows by taking the average of 20 oscilla-
tions.

_ (3)
Tcoronal = 0.981 35s.

{ Tyagittal = 0.93785s

The moment of inertia, I, is calculated based on (4)

where M is the total mass of the humanoid, g is gravita-

tional acceleration, hank—con is the height of the CoM from

the ankle joint and T is oscillation time of the humanoid

compound pendulum. Moment of inertia for sagittal and
coronal plane, I's and Ic, are presented in (5).

T 2
I = Mghank—COIW <§) (4)

{ Is = 658 717.345 7 gm - cm? )

Ic = 721317546 gm - cm?.

2.3 Forward kinematics (FK) investiga-
tion

For this experiment, humanoid multi-link composite plat-
form is considered as five kinematic-chains connected at a
common point, the hip joint, where CoM is considered for
this experiment. The frame assignments for each joint are
presented in Figs. 2 and 3.

Fig.2 Assigning the local frames to each joint considering the
right-foot as base
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Fig.3 Assigning the local frames to each joint considering the

left-foot as base

To perform locomotion, humanoid robot always shifts its
foot contact from left to right and vice versa, during double
support phase (DSP). During single support phase (SSP),
only one foot is in contact with ground. Focusing on the
lower limbs, FK investigation is conducted for four config-
urations, right-foot to CoM, CoM to left-foot, left-foot to
CoM, and CoM to right-foot. Tables 1 to 4 are present-
ing D-H parameters of lower kinematic chains of the model,
where 0; = 0135 = 0° is considered to make the model appli-
cable for 12 DoF system.

Based on the D-H parameter tables, several A matrices
are derived which are post multiplied to find out the general
equations (7" matrices) for forward kinematics of the chains.
Equations (6)—(9) are presenting the 7" matrices.

Table 1 D-H parameters for right-toe base to CoM (FBT,_,,)

Joint axes D-H parameters (®5T,,,,)

0 dn an Qn,
3 97, =0 0 a; = L2 0
s T
1 01 = 5 0 a; = L3 a1 = 5
2 0 0 0 z
g = — —
2 2 2
3 03 0 a3z = L4 0
4 04 0 a4 = L5 0
T
5 0 0 0 = —
5 a5 )
6 0 0 0 z
ag = —
6 6 2
CoM 0c de = Lg ac=—Lr 0

Table 2 D-H parameters for swinging leg, CoM to left-toe

( C’OIW,I‘LS)

Joint axes D-H parameters (C°M T} o)

6, dn an Qn
7 0 d7 = —Lg a7 = —Lg 0
8 9 0 0 il
g = ——
s 8 5
9 9 0 0 il
g = ——
9 9 5
10 1910 0 alp = ng 0
11 011 0 a1 = L1 0
T
12 912 0 0 12 = 5
™
13 013 =0 diz=1Liz aiz=Li2 aiz= -5

Table 3 D-H parameters for left-toe base to CoM (Y8BT, ,,)

Joint axes D-H parameters (“BT._,,)

(2% dn, an Qn
7 6; =0 0 a; = L3 0
s s
1 191:5 0 a1 = Lo a1:—5
s
2 02 0 0 ag = 5
3 03 0 az = L11 0
4 64 0 as = L1o 0
T
5 05 0 0 as = -3
s
6 06 0 0 ag = -3
CoM Oc dc = Lo ac = —Lg 0

Table 4 D-H parameters for swing leg, CoM to right-toe
(9oMTys)

Joint axes D-H parameters (COMTRS)

On dn an an
7 0 d7 = 7L6 a7 = 7L7 0
8 0 0 0 il
ag = —
8 8 2
9 9 0 0 il
9 ag = 3
10 010 0 aio = Ls 0
11 011 0 a1 = Ly 0
s
12 012 0 0 a2 = —o
T
13 1913 =0 dlg = L2 a13 = L3 @13 = 5
RB _ _
Teom = AiA1A2A3AL A5 AsAcon =
Ng(RBC) Oxz(RBC) Gz (RBC) Pz(RBC)
Ny(RBC) Oy(RBC) Qy(RBC) Py(RBC) (6)

Nz (RBC) Oz(RBC) Qz(RBC) Pz(RBC)
0 0 0 1

CoMT) o = A7 AgAgArg A1 A1 Ars =
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NgcLs) Oz(CLS) OGz(CLS) Pz(CLS)
NycLs)y OycLs) GyCcLS) Py(CLS) (7)
Nzy(CcLs) Oz(cLS) Qz(CLS) Pz(CLS)

0 0 0 1

EBT o = AiA1As A3 Ay As As Acons =

Ng(LBC) Oxz(LBC) Qz(LBC) Pxz(LBC)
Ny(LBC) Oy(LBC) Qy(LBC) Py(LBC) (8)
Ny(LBC) Oz(LBC) Qz(LBC) Pz(LBC)

0 0 0 1

CoMTpg = ArAgAgA19A11 Az Ars =

Ng(CRS) Oz (CRS) Gz(CRS) Pz(CRS)
Ny(CRS) Oy(CRS) Gy(CRS) Py(CRS) ) (9)
Nz(CRS) Oz(CRS) Gz(CRS) Pz(CRS)

0 0 0 1

The equations for n, o, a, and p of BT, and *B T,y
are calculated as shown from (10) to (33), where L,
represents the length of each link (n=1,2,3,--:). Sm
or Cy, are representing sin(6,,) and cos(0,) respectively
(m=1,2,3,-").

Ng(rBCy= (8iC2C6Cc—ScCi) Cisyats)+
(CiC6Cc+5:iScC2) S(31a+45)—5:5258Cc  (10)

0z(rBC)= (SiC2Cc—ScCiCs) S(34445)—
(SiScCQCa+CiCc)C(3+4+5)—‘rSiSQSaSC (11)

az(rBC)=5156C2C0 34445+ 56CiS(3+445)+5:52C6  (12)
nyrac) = (8iC6Cc — CiC2S5¢c) S(zya45)—
(CiC2CsCc + SiSc) Catats)+
C;528:Cc (13)
oy(rBC) = (ScCiC2Cs — SiCc) Crzqats)—
(SiCsSc + CiC2C0)S(34a45)—

S256ScC; (14)

ay(rBC) =9i565(314+45)—
Ci(C256C 34445y + 52Cs) (15)

n.(rec)=S2 (C6CcCata45+ScS311445)) +56C2Cc
(16)

0x(rBC)=52(CcS34415—ScC6C34a45))—S6ScCa (17)
az(rBC)=5256C (34445 —C2C% (18)
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Pa(rBC)=L7(Si5286Cc—(SiC2C6 Cc—Sc Ci)Cs4a45)—
(CiC6Cc+85:iScC2)S31a15))+
L (SiS6C2C (34445)+CiS65 (31445 +5:52C6)+
L5(8:C2C 344y +CiS(31.4))+
L4(S;C2C3+4C;S3)+L3S;+L2C; (19)

Py(rBC)=L7((CiC2C6Cc+S:Sc)C(34a45)—
(8iC6Cc—ScCiC2)S3yars)—CiS256Cc)—
Lo(CiC85C 34.445)—Si 865 (54 445 +Ci S2Cs) —
L5(CiC2C(314)=SiS(3+4)) —
L1(CiCaC3—5:S3)—LaCi+LaS; (20)

P2rBCY=—L7(52(C6CcC34a45+ScS31at5))+
CQSGOC)+L6(SQS6O(3+4+5) —0206)+
So (L5C(3+4)+L4C3) (21)

Ng B0y =(CiSc—5:iCaCsCc)C(34a45)—
(8iScCa+CiCsCc)S(31415+5i528:Cc (22)

0x(LBCy=(8iScC32Ce+CiCc)C (34445 +
(ScCiCs—8:CaCc)Sssars)—SiS2865c  (23)

a4(1.8C)=S5186C2C (34445)+S6CiS (31445 +5:52Cs  (24)

ny(Lec)=(CiC2C6Cc+5iSc)C 34445 —
(SiCﬁCC—CiCQSC)S(3+4+5)—CiSQSGCC (25)

oy(LBc)=(8iCc—ScCiC2C6)C (34445 +
(8:8cCe+CiC2Cc)S(34445)+5256ScCi (26)

Qy(LBC) =5S6(S; S(3+4+5) —CiCQC(3+4+5) )—52CiCs  (27)

n.Lpoy=—52 (C6CcCsiatsy+ScSiarats)) —
S6C2Ce (28)

0.(LB0)=52(ScC6C (34445 —CcS3yays))+56ScCa (29)
a(LBC)=5256C (31415 —C2Cs (30)

Pz(LBcy=Ls((8:C2C6Cc—ScCi)Crayats)+
(CiCsCc+5:iC25¢)S (34445 —Si5286Cc )+
Lo(SiC256C (3+445)+CiS6S(3+4+5)+
8:82C6)—L10(SiC2C (314)+CiS(344))—
L11(S:C2C3+C;S3)—L12S;4+L13C; (31)

PyBcy=Ls((SiCeCc—ScCiC2)S(34a45)—
(CiC2C6Cc+8iSc)Cayays)+5296C:Co)—
Lo (S6(CiC2C 31445 —5iS3+a+5))+
S52C3C6)+L10(CiC2C 344)—SiS344))+
L11(CiC2C5—S5;53)+L12Ci+L135; (32)
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P2(LBc)=Ls(S2(CeCcC 31445y +ScSE1at5))+
C286Cc)+Lo(5256C 344y —C2C6)—
SQ(LIOC(3+4)+LIIC3)' (33)

To have these simplified equations, (10) to (33), following
trigonometric formulas are used, as shown in (34) and (35).

S0.C05 + CO,505 = S (01 + 92) = S(1+2) (34)
C0.COs — S0,50> = 0(01 + 92) = C(1+2). (35)

To characterize the movements of CoM of the humanoid,
a fixed or world reference frame is needed to assign. Fig.4
shows the fixed reference frame, from where the movement
characteristics of CoP and CoM are exemplified.

According to Fig. 4, the 2nd reference frame (R2) varies
on the direction of movement with respect to the 1st ref-
erence frame (R;). The right-toe frame and the left-toe
frame are placed at the distance of 3cm (L.,=3cm) from
the reference frame Rs. D-H parameters are identified as
presented in Table 5. The T matrices from reference frame
to toe frame are calculated and presented in (36) and (37).
Total transformations from reference frame to CoM, comply
with the equations presented in (38) and (39).

Zo
o Left toe frame

Vi +

1st reference Xn Xp, Direction of movement
frame (R)) : . - >
2nd reference
2 frame (R,)

Yo
2 Right toe frame

Fig.4 Assigning the reference frames on the ground (top view)

Table 5 D-H parameters for R; to right-toe and left-toe

D-H parameters for reference frame

Joint axes (RITRZO and RlTLZO)

0 dn an Qn
™
Apo 0 0 ar2 = Lr2z apr2 = Py
™
ARzO eRzo = 5 dRzO = Lzo 0 0
T
Abzo 01120 = 5 szO = 7Lz0 0 ALz = T

0 -1 0 Lrs
R1 0 0 -1 —Lz
Trey=Ar2XAR. = 0 36
flrom B AA 0T g g (36)
0 O 0 1
0 1 0 Lgo
R1 0 0 1 LZO
Tr.y=ARraXAL.y= 37
Lzg R2 Lzg 1 0 O 0 ( )
0 0 0 1

A Trpe=""Tr., "’ Tc (38)

RITLBC:RITLZO BT, (39)

2.4 Walking stability and swing leg plan-
ning

For a humanoid system, it is important to maintain the
CoM inside the base support area or should move safely
inside the base support region if it comes outside of the
region. Direction and acceleration of CoM movement of
humanoid inverted pendulum is decided by the position of
CoP relative to CoM point. Fig. 5 shows the model of quasi
inverted pendulum model of humanoid system for lateral
movement of walking, where h is the height of CoM from
ankle, yo is the distance between center line and stance leg
tip in coronal plane, [ is the length between tip to tip of
swing leg in sagittal plane and ¢ is the step time.

@ - -@----Tf

| / CoM

Inertial
frame

' /
Stance leg tip if »

Frontal view

[ v
I I
| |
I I
| |
I / 1
| || &
I I
|/ |
I I
| |
I
|

1
O
1
|
1
|
/ & I
|
1
I
I
I

7T "Marginao - 4 —
I trajectory (ym)\ 47 !
I I
rl e v\
Stam_:e ! y s ! t=1, |
legtip | 4 | 1
¢ /- - - L _ _ _ _ 1 l
I \ I 1
x W
I N I t=20 I
Inertial | N S gl & |
frame | CoM ~o | 1
g _lmegory  To-o o )
Top view

Fig.5 Quasi inverted pendulum model of humanoid system for

lateral walking

The acceleration of CoM varies based on the movement
on sagittal and coronal plane which can be defined by (40)
and (41), where Is and I¢ are indicating the moment of
inertia of the platform about ankle joint in sagittal and
coronal plane. CoM, and CoM, are presenting forward
acceleration and media-lateral (M-L) acceleration of CoM
respectively. M is total mass of body, g is the acceleration
due to gravity and h is the height of the CoM above ankle
joint.
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Mgh(CoM 4 — CoPy)

CoM , =
o Ts

(40)

Mgh(CoMy, — CoPy)
Ic

Fig. 6 presents the conceptual design of walking pattern
and swing leg planning with ankle joint movement trajec-
tory of the humanoid platform. The pattern is split into
three phases, gait initiation (GI), continuous gait (CG),
and gait termination (GT). Here z¢ is the tip to tip dis-
tance of the swing leg ankle joint and zo indicates the height
of the swing leg ankle from ground contact.

CoM, = . (41)

ﬁ N CoM motion

z . {

Fr‘:m: / ) M Ankle motion

X

Continuous

Gait initiation (GI) gait (CG)

Gait termination (GT)
Fig.6 Walking pattern and ankle joint movements in sagittal
plane

Angular velocity, w, of the humanoid compound pendu-
lum can be calculated based on (42) and (43), where ws and
wc indicate the angular velocity of the humanoid compound
pendulum in sagittal and coronal plane. For a stable walk-
ing, velocity of ankle should be controlled and the swinging
foot must be landed on ground before humanoid becomes
unstable.

ws = | Mah (42)
Is

we = | Ml (43)
Ic

In sagittal plane, CoM motion trajectory should pass the
stance point to reflect locomotion. Moreover the CoM tra-
jectory for the lateral movement should not cross over the
stance point to ensure a stable walking. The initial condi-
tion for CoM point in sagittal plane can be defined by (44)
and (45), where xo > 0 and vzo > 0.

zcom (to) = —xo (44)

Zconm (to) = V0. (45)

The initial condition of CoM trajectory in lateral plane
can be identified by (46) and (47), where yo > 0 and vyo >
0.

yoom (to) = —%o (46)

@ Springer

Yoo (to) = vyo. (47)

The following inequalities presented in (48) are also
needed to be considered for a stable walking.

Vzo > \/%xo, Vyo < \/%yo. (48)

For both of the sagittal and coronal planes, CoM trajec-
tory can be described as presented in (49) and (50).

Tcoom (1) = core VI 4 cppeV/ R (49)

yoom (t) = Cyle_\/%t + cyze\/%t. (50)

Here cz1, cz2, cy1 and cy2 are defined in (51)—(54).

Cz1 = —%\/g (vzo + \/%a:o> (51)

1 [h
=3 7 (vyo — \/%yo) . (54)

Using the inequality from (48), the above equations can
be expressed as, c;1 < 0, cz2 > 0, cy1 < 0 and cy2 > 0.
Now, it is important to select the trajectory of swing leg in
such a way that if the swing leg becomes stance position,
lateral stability should be maintained. There could be a lit-
tle difference between the actual step time and the planned
step time. For the lateral motion, the desired trajectory of
swing leg can be defined as the function of CoM so that the
lateral stability of the system is always maintained while
switching the stance leg. The swing leg marginal and nom-
inal trajectories in lateral plane are defined by (55) and
(56).

e h. T
Y (1) Lyconr (1) + \/ Jieo (1) = 2e,0eVEE (55)

yn (1) Eycorr (0) + L con (1), (56)
Y

It is possible to adjust the maximum lateral speed by
deviating the lateral trajectory from the nominal trajectory
of the swing leg. Maximum lateral speed will decrease if the
value goes towards the marginal trajectory. The maximum
lateral speed will be increased if the value goes away from
the marginal trajectory. The total step time is a constant
value and can be determined by (57).

. Eln yo-l-\/gvyo 7
V9 y()_\/gvy()

— h
no (e
S (57)
Y
J__\/;

Yy0



M. Akhtaruzzaman et al. / Quasi-inverse Pendulum Model of 12 DoF Bipedal Walking 185

Based on the above formulation, step time ts is calculated
as 0.9699s. (ts =~ 1.00s). So, the swing leg tip velocity on
z direction can be calculated based on equation presented

in (58).
)

ts
2.5 Inverse kinematic (IK) investigation

(58)

VSwing, =

To achieve the stable mobility of a humanoid system, it
is necessary to have the required position and orientation of
each joint so that the CoM point can follow the CoP shift-
ing trajectory. For this project, IK solution is investigated
based on geometric-trigonometric approach.

2.5.1 Determining action pose

Action pose is considered as the prelude for any particu-
lar action executed by the system. Fig. 7 (a) is representing
left view of lower torso of the platform, and Fig. 7 (b) is geo-
metric representation (triangle BAC) of three joints. Knee
pitch (614), hip pitch (612), and ankle pitch (616). Objec-
tive is to shift the knee pitch, point B, just on the line,
AC, where the resulted pose is considered as the action
pose of the system. Two lines can be considered, BD and
EF, which are perpendicular and parallel with AC. Now,
following relations can be established as presented in (59).

(59)

AB:BC:L5:L10:L4:L11
BD =d

(a) Left view

(b) Pitch joint geomentry

Fig.7 Geometric formulation of lower limbs transforming from

initial pose to action pose

Applying geometric and trigonometric formulation, de-
sired angular displacement for pitch joints of both legs are
possible to establish as presented in (60) to (62).

. d
011 = 012 = sin~" <L_10) (60)

015 = 014 = 2sin~" (Li) (61)

10

- d
015 = 016 = sin~ ' <L_11) . (62)

General equation for updating the angular values of each
joint is presented in (63), where “+” indicates the clockwise
and counter-clockwise direction of the angular movements
based on the right hand rule.

anew = (001d + (:I:ecalculated )) (63)

2.5.2 Double support phase (DSP ) to single sup-
port phase (SSP) transformation

To transform phase from DSP to SSP, torso moves side-
wise so that CoM point goes closer to the corresponding
stance foot which makes the SSP stable. Fig.8 shows the
geometry assigned on coronal plane of lower limbs in finding
desired joint angles for DSP to SSP transformation. Neces-
sary conditions are presented in (64)—(66).

E| E
3cm f Y
|
p) LgoM; d d %"
% A
Lo| §
15.1 cm e
_~"
Ly :
__017_%—____3_'_2'8_ __Li[j ________

(a) DSP in action poser (b) DSP while tilting to left

(d) SSP in pre-swing mode

(c) SSP initialization

Fig.8 Geometry of lower limbs transforming DSP to SSP

_ d
Oy = 017 = b0 = bhg = tan™' | ———— 64
9 17 10 18 an <(L10—|—L11)> (64)
_ d
010 =sin ' [ ———— 65
o =S ((L10+L11)) (65)

9 = 2sin~" (ﬁ) . (66)
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3 Sensor attachment and center of
pressure (CoP) measurement

To identify vertical force induced on ankles of the hu-
manoid, four FSR sensors are attached at the contact sur-
face of each foot. For identification of heel-contact, heel-off,
toe-contact, and toe-off moments while performing forward
walking, two custom made switches are installed at the heel
and toe positions of each foot. Fig. 9 shows the attachment
of FSR sensors and contact switches at the plantar surface
of each foot. Fig.10 is presenting a conceptual model in
calculating y-components of CoP.

Controller module

FSR sensors

Custom-made
switches

Fig.9 FSR sensors and contact switches, attached with plantar

surface of each foot

According to Fig. 10, y1 and y2 are the lateral distance of
left and right feet from the center line of walking direction.
Total pressure induced on left and right ankles are repre-
sented by Lp and Rp which are calculated based on (67)
where Lp; and Rp; are the values obtained from each FSR
sensor of left and right feet respectively, (i=1,2,3, and 4).
Position of CoP will be on the center line if the pressures
on both of the ankles are equal.

Left foot
Ly
- S
L ’LP L,
C D]
Ll L
Y »nl ™ " i
2 CoP, Center line
Y "-—1-- ﬁ) CoP (walking direction)
———ep o —————— —>
|
Yeor y : y,=0
1 -
Rp4 | Rﬂl l
A Reference line
y R, R, B

R
7 Right foot

Fig.10 Modeling the y-component of CoP

i=4 i=4
Lp =) Lpiand Rp =Y Rp. (67)
i=1 i=1
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The point, CoP;m, is indicating an imaginary position of
CoP for a certain condition. Now, considering an imaginary
reference line on the right ankle parallel to the center line,
y-component of CoP (ycop) can be calculated based on the
equation presented in (68) where dy is the adjustment pa-
rameter which is equal to the distance between center line
and imaginary reference line. The position of CoP with re-
spect to center line can be presented based on the relations
shown in (69).

Yoor = (%) s, (68)
Yyoor =0 if L, =R,
Yyoor >0 if L, >R,
yeor <0 if L, <R, (69)
yocor =y1 if L, =0
Yycorp =y2 if Rp=0.

Similarly, x-component for CoP can be calculated as pre-
sented in (70) where Lead,, is the ankle pressure of leading
foot and Rear; is the ankle pressure of rear foot. Distance
of the rear ankle and lead ankle from the center line of
z-component (perpendicular to the walking direction) are
indicated by x1 and z2. The adjustment factor, d,, is equal
to the distance between center line and imaginary reference
line of z-component.

[ Leady, (1 + x2)
Leob = ( Lead, + Reary 0z (70)

4 Algorithm design, implementation
and result presentation

Block diagram of the designed algorithm for bipedal for-
ward walking is presented in Fig. 11. According to the algo-
rithm, at the initiation stage, CoM trajectory is generated
based on QIP model of the biped.

I Joint
Base frame | information
switching [~ FK | fmmmm—

|

Swing foot +_ . ]
trajectory Joint
generator IK eyl MOtOrs e
control
>
iy
+ A
System
Initiation CoM CoP I
—» trajectory [« trajectory
generator generator Foot sensors

data

Fig. 11 Block diagram of designed algorithm for bipedal walking

In practical case, CoM trajectory is also guided by the
calculated CoP pattern. For an instance, the current posi-
tion of CoM is calculated in FK block and compared with
desired position of generated CoM. The result is fed to IK
block to calculate necessary angular changes for each joint
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of the kinematic chain. The switching of base frame (stance
foot) from ankle to ankle is performed depending on the po-
sition of CoM with respect to the center line of walking.

Swing foot trajectory generator produces necessary pat-
tern depending on QIP model of the biped. For the er-
ror correction between actual and desired ankle positions,
IK block calculates necessary angles of the kinematic chain
(CoM to swing foot ankle joint). Depending on the infor-
mation identified in IK, joint motors controller maintains
required movements and velocity to propel the biped with
forward walking pattern.

The servo actuators (Dynamixel AX — 12) are used for
each joint that supports 0° — 300° as operating angles with
maximum holding torque 1.2~ 1.6 N-m. Actuator has on-
board ATMega8 p-controller having 1 MBps speed with half
duplex asynchronous serial communication protocol. Each
actuator supports serial networking (ID range: 0—253), and
provides position, velocity, load, temperature, and input
voltage information as feedback. Using RS485, it is possible
to send desired angular position and velocity to the servos.

As the biped is modeled to walk on straight line, the dis-
tance of ankles from the center line is considered as 3 cm.
and the biped is always trying to maintain this condition.
The boundary condition for CoM trajectory is defined as
—2.5cm to 2.5cm for the lateral movement where the cen-
ter line is considered as the reference. As the CoM is cross-
ing the centerline while walking, the necessary condition
for switching the base frame is presented in (71). Base
frame will switch from right to left or left to right, if the
y-component of CoM (yconr) is greater than 0.3 cm or less
than —0.3cm. In between these boundary values (0.3 cm
and —0.3 cm), the base frame will maintain its most recent
position. Fig.12 shows the conceptual model of CoM tra-
jectory and base frame shifting moments.

Base frame to Left if Yycom > 0.3cm

Base frame to Right if Ycom < —0.3cm

<0.3 (1)
i . com < 0.3 cm
Recent position if Yco
Yycom > —0.3 cm.
15 771 Left foot
) +==-2 position
5] :
Right foot
2 at IEposition
29
g2 ‘é Left foot
‘=5 O base frame
= S .
= & Right foot
Sl base frame
g Base frame
2 4 ‘h shift indicator
8 10 12 14 16 18 20
Y Time (s)
X (Walking direction)

Fig.12 Generated CoM trajectory pattern and pointing the
base frame shifting moment

4

Left ankle trajectory
3| ===== Heel contact ]

-—————— Toe contact

Swing leg left ankle
tarjectory generator
(Limit: 0 cm to 2 cm)

Time (s)

Fig. 13 Designing swing leg ankle trajectory comparing with
experimental data of Heel and Toe contact behavior
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Fig.14 Pressure induced on individual FSR sensor with heel

and toe contact behavior of the biped robot while walking

Swing leg ankle trajectory is designed based on QIP
model of the bipedal system as presented in Fig. 13 compar-
ing the experimental result of heel and toe contact behavior
pattern of forward walking.

Fig. 14 presents the behavior pattern of pressure induced
on each FSR sensor while the bipedal robot is walking for-
ward. Here sensor readings in decimal range are consid-
ered instead of actual pressure. The figure also presents
heel-contact and toe-off (HC-TO) behavior of the walking
pattern which comply with natural walking behavior.

As the custom made switches are used at heel and toe
position, the ground reaction forces (GRF) are not consid-
ered in designing the bipedal walking. From the behavior
pattern of FSR sensors, total induced pressures on left and
right ankle are calculated using (67). Behavior pattern of
induced pressure on left and right ankles are presented in
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Fig. 15 (a). Fig. 15 (b) is presenting the behavior pattern of
CoP movement of the bipedal robot while stepping forward.

800

600

S
=)
S

[~}
(=3
(=}

Pressure induced on ankle
(Decimal range)

[\S]
I

CoP tracking
(-3cmto3cm)
(=)

|
[N

"

" i

8 10 12 14
Time (s)
()
Fig.15 CoP trajectory pattern based on left and right ankle
pressures. (a) Pressure induced on both ankles of biped; (b)
Experimental behavior of CoP trajectory for forward walking

Fig. 16 presents experimental behavior pattern of CoM
and CoP movements while the biped is walking forward.
The figure also compares with the generated CoM move-
ment trajectory. For better understanding of the walking
behavior, experimented results are also presented in 3D for-
mat as shown in Fig. 17.

sessessess CoP experimental
——— —— CoM experimental

CoM trajectory generator

4 v v + ~ - -

iy

(S}
canans
an ALS ST

Rilan B/ |

S

Lateral movements (cm)

|

N}
'~
-y
E =
o
=
Aarey .~

8 10 12 14 16 18 20
Forward walking (s)

Fig.16 Experimental results of CoP and CoM motion trajecto-

ries while the biped is stepping forward
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Experimental results of ankle motion trajectories for both
legs are shown in Fig.18. The figure also illustrates the
behavior of heel-off and toe-off moments of SSP when ankle
starts to swing. heel-contact and toe-contact moments are
indicating the end of SSP as well as the end of ankle swing of
a particular leg. At this moment, DSP starts and continues
for next heel-off and toe-off moments. Fig. 19 presents the
angle variations of each joint actuator associated with lower
limbs of the biped while walking three steps forward.

Vertical
movements

Lateral -~ g 10
movements

Time (s)

& ‘(¢r 0

Fig.17 3D representation of CoP—CoM trajectory patterns of

biped forward walking (experimental)
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. —ea— Right ankle trajectory
g 4| mmmme Left heel contact (0 = Yes, 1 = No) ]
g‘ """"""" Left toe contact (0 = Yes, 1 = No)
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3
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8 10 12 14 16 18 20

Time (s)

Fig. 18 Experimental results of ankle motion trajectories with
heel-contact, heel-off, toe-contact, and toe-off behavior for for-

ward walking of the biped

5 Conclusions

The project is carried out as a M. Sc. program to de-
sign and develop a locomotion strategy for a bipedal robot
in indoor environment. This paper presents the prelimi-
nary stage of the project where a bipedal system is modeled
based on QIP modeling technique concentrating on the 12
DoF kinematic chain of the lower limbs of the robot. For
this project, two custom made switches are attached at the
plantar surface of heel and toe positions to detect heel con-
tact and toe off moment while the biped is performing its
forward steps. Four FSR sensors are also attached at the
plantar surface of each foot to determine the pressure in-
duced behavior on each of the ankle joints which leads to
calculate the CoP with its x and y components. Results
of the practical experimentation show that the designed al-
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gorithm is viable in balancing the biped while walking for-
ward on straight path. Later the model is used in designing
several locomotion strategies, such as, turning, walking on

irregular path, obstacle overcoming, and stepping up-down

stairs.
140
° Hip yaw
< 120 b3
100 Lef
------ Right
30 . . . R L :
8 9 10 11 12 13 14 15
140
- Hip roll
% 120
100 Left
------ Right
80 1 " " L " " lg
8 9 10 11 12 13 14 15
160 3
- 140 4 Hip pitch
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Fig.19 Experimental data of angle variations of each joint as-

sociated with lower limbs of the biped while walking forward
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