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Abstract. In this paper, dynamically balanced gait generation problem of a 7-DOF
two-legged robot moving up and down through the sloping surface is presented. The
gait of the lower links during locomotion is obtained after assuming suitable trajec-
tories for the swing leg and hip joint. The trunk motion is initially generated based
on the concept of static balance, which is different from the well-known semi-inverse
method and then checked for its dynamic balance calculated using the concept of
Zero-Moment Point (ZMP). Lagrange–Euler formulation is attempted for the deter-
mination of joint torques. Average power consumption at each joint is then determined
based on the computed torques. Moreover, the variations of dynamic balance mar-
gin and average power consumption are studied for both ascending and descending
through the sloping surface. Both of them are found to be more for the ascending gait
generation compared to those for the descending case. The effects of variations of
the slope have also been studied on the average dynamic balance margin and power
consumption for both the cases.
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1. Introduction

Biped robots and their locomotion have received much attention, nowadays, as they are expected
to be used in the environment designed for the human beings to help them in the day-to-day
life. Many gait generation and control algorithms have been developed based on the assump-
tion that the walking surface is perfectly flat (Vukobratovic et al 1970; Juricic & Vukobratovic
1972; Furusho & Masubuchi 1987; Takanishi et al 1989; Seo & Yoon 1995; Silva &
Tenreiro Machado 1998; Goswami 1999; Lum et al 1999; Sugihara et al 2002; Lim et al 2002;
Pleaten et al 2003; Kajita et al 2003; Vukobratovic & Radic 2004; Kim et al 2005). In reality,
however, a typical environment may also contain some sloping surfaces and staircases. During
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locomotion, the biped robot should be dynamically balanced, during which the Zero-Moment
Point (ZMP) should not fall outside the support foot in case of single support phase (considered
in the present study). However, in case of double support phase (not studied in the present paper),
the biped robot might be dynamically balanced, even if the ZMP does not fall inside any one of
two support feet. The dynamic balance is measured using a parameter called Dynamic Balance
Margin (DBM), which is calculated as the shortest distance between the edge of the support foot
and the ZMP.

Many researchers contributed towards the gait generation and walking control of a biped robot
on flat surface. Some of these attempts are discussed below. Semi-inverse method was proposed
by Juricic & Vukobratovic for determining the trunk motion, in which the position of ZMP was
defined first. Furusho & Masubuchi (1987) developed a new reduced order model of a biped
locomotion system based on the concept of local feedback. Takanishi et al (1989) introduced
a control method for dynamic biped walking and it was tested on WL-12R robot. Seo & Yoon
(1995) proposed a technique based on the concept of DBM for designing a robust dynamic gait.
Silva & Tenreiro Machado (1998) presented the energy analysis of a bipedal walking system
and studied the effect of locomotion variables on the energy flow. Goswami (1999) proposed the
concept of Foot Rotation Indicator (FRI) point, which is an indication of postural imbalance and
it should be avoided. Lum et al (1999) developed computed torque control scheme and variable
structure control law for the control of a biped robot and evaluated the schemes on a plane surface
and climbing up a flight of stairs. Sugihara et al (2002) generated real-time humanoid motion, in
which the Center of Gravity (CG) was controlled by indirect manipulation of the ZMP. On-line
walking pattern for a biped robot with trunk was developed by Lim et al (2002), in which the
lower-links motion pattern was generated first and then the trunk and waist motions were realized
by a stabilization control based on ZMP trajectory. Pleaten et al (2003) developed asymptotically
balanced walking based on Poincare’s method and analysed the existence and balance of periodic
orbits introduced by the controller. Kajita et al (2003) modelled the dynamics of the biped robot
as the running cart on a table and formulated as a ZMP tracking problem to achieve dynamic
walking patterns. Vukobratovic & Radic (2004) proposed an integrated dynamic control scheme
of humanoid robots based on spatial dynamic model of humanoid mechanism, model of servo-
system and environment model. The structure of dynamic controller involved four feedback
loops, namely position-velocity feedback of the robotic mechanism joints, dynamic reaction
feedback around ZMP, contact force feedback at the moment of the foot striking the ground and
load feedback at the mechanism joints. Kim et al (2005) developed the KHR-2 humanoid robot
and achieved dynamic walking. Distributed control architecture was used to control all the joint
axes effectively.

In all the above studies, biped walking was considered on a flat surface. The gait generation
and walking control problem on the inclined and uneven surfaces were also solved by some of
the researchers. Zheng et al (1998) proposed a scheme for the biped robot to climb the sloping
surfaces using position sensors on the joints and force sensors underneath the heel and toe for
static walking, quasi-dynamic and dynamic walking (Zheng & Shen 1990). Kajita & Tani (1991)
used the concept of linear inverted pendulum mode for the dynamic biped locomotion on rugged
terrain. Boone & Hodgins (1997) proposed slipping and tripping reflexes for bipedal robots for
the single-slip tasks with varying static friction coefficients and single-trip tasks with varying
obstacle heights. Shih et al studied the motion control of a statically stable biped robot on an
uneven floor by assuming that the characteristics of the terrain were already known in advance.
Ono et al (1998) developed an algorithm to realize a stable walking motion on an unknown slope.
The slope angle was detected with the help of touch sensors mounted on the soles and encoders
fixed on the joint.
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Pratt et al (2001) proposed a virtual model control for the biped robot walking on both the
level as well as sloping terrain based on geometric considerations, in which the ground was
detected using foot contact switches. Zhou et al (2004) formulated the gait synthesis problem of
biped locomotion as a constrained optimization problem, considering ZMP for dynamically bal-
anced locomotion, internal forces for smooth transition and geometric constraints for walking.
Sugahara et al (2005) proposed a walking control method consisting of a position control, vir-
tual compliance control and posture control for the biped locomotor on an inclined plane. Kim
et al (2007) also developed walking control algorithm for biped humanoid robot on uneven and
inclined surface after considering local and global inclinations of the floor. Suitable walking
pattern was designed first and on-line controllers were then developed to activate the walking
patterns at suitable periods.

The staircase ascending and descending gait generation problem of a biped robot was solved
by Vundavilli et al (2007), after utilizing the concept of static balance for the trunk motion
generation and ZMP for verifying the dynamic balance. The difference between the said previous
work on moving through the staircase and the present work lies in the following facts:

• In case of moving through the staircase, the feet are placed on the flat surface, whereas they
are put on the inclined plane while walking along a sloping surface.

• The static friction coefficient between the foot and sloping surface and the angle of slope
play some vital roles to ensure the movement without slipping on an inclined plane.

• The projected area of foot support polygon reduces with the angle of slope and it has
significant influence on the DBM.

In the present work, dynamically balanced gaits of a biped robot ascending and descending the
sloping surface have been developed. In the proposed method, an algorithm is used to generate
the motion of the lower links, after assuming suitable trajectories for the swing leg and hip joint.
The concept of static balance is utilized to generate the motion of the trunk for the first half of the
cycle and is then verified for its dynamic balance. Once the dynamic balance is maintained for
the first half of the cycle, the trunk motion for the next half of the cycle is generated following
some repeatability conditions. The generated ascending and descending gaits are compared with
respect to the obtained dynamic balance margin and average power consumption. Moreover, the
effect of slope on dynamic balance margin and average power consumption is studied in detail,
for both the ascending and descending gait generations of the biped robot moving through the
sloping surface.

The rest of the manuscript is organized as follows: Section 2 explains the mathematical for-
mulation of the problem. Results are presented in section 3. Some concluding remarks are made
in section 4 and the scope for future work is discussed in section 5.

2. Mathematical formulation

The present paper deals with the dynamically balanced gait generation problem of a two-legged
robot, while moving up and down the sloping surface. Figure 1 shows a 7 degrees of freedom
(DOF) (two at the ankles, two at the knee and three at the hip) biped robot considered in this study
along with the lumped masses attached to the corresponding links. All the joints are considered
to be rotary in nature. The balance of the robot is checked only along the direction of movement
that is, in the forward direction. This paper deals with two cases—Case 1: ascending the sloping
surface and Case 2: descending the sloping surface, which are explained below.
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Figure 1. A schematic view of a two-legged robot(7-DOF) moving up the sloping surface.

2.1 Ascending the sloping surface

Two important parameters: step length l and hip height h can be determined for the known feet
placements (x1, x2, x3), slope of the surface α, length of the links L2 and L3, joint angles of the
swing leg (θ2, θ3) as follows:

l = x3cos α − x1cos α, (1)

h1 = L2cos θ2 + L3cos θ3. (2)

2.1a Gait generation: The swing foot is assumed to follow a cubic polynomial trajectory, so
that it can reach safely to the next landing position after avoiding collision with the sloping
surface. The equation of the swing foot trajectory (that is, the trajectory of ankle joint) has been
considered to be as follows:

z = c0 + c1x + c2x2 + c3x3, (3)

where z is the height of swing foot at a distance x from the starting point and c0, c1, c2 and
c3 are the coefficients, whose values are determined with the help of the following boundary
conditions:

• at x = x1 cos α, z = x1 sin α ,
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• at x = (x1 cos α + x2 cos α)/2, z = x2 sin α + fs
2 ,

• at x = (x2 cos α + x3 cos α)/2, z = x3 sin α + fs
2 ,

• at x = x3 cos α, z = x3 sin α ,

where α and fs are the angle of slope and length of the foot, respectively. Appendix A shows
the values of the coefficients c0, c1, c2 and c3 obtained using the above boundary conditions.
Figure 2 shows the variation of velocity of swing leg with time. The duration of maximum value
of each time step (T ) is assumed to be equal to 5.0 s. The maximum velocity (Vmax ) attained by
the swing leg in that cycle is set equal to 0.056 m/s. The maximum velocity and time step have
been decided based on the assumed capacity of the motors. In each time step, the swing leg is
allowed to move with acceleration for the first one second, with constant velocity for the next
three seconds and deceleration for the last one second. The trajectory of the hip joint is assumed
to follow a straight line with the slope kept equal to that of the surface, in order to generate the
repeatable gait for the next motion cycle. Hip joint as well as swing foot trajectories are divided
into seven equal time intervals for the purpose of study. The angles θ2 and θ3 can be calculated
using the mathematical expressions given below:

θ2 = sin−1
(

h1L3sinψ1 + l1 (L2 + L3cosψ1)

(L2 + L3cosψ1)
2 + (L3sinψ1)

2

)
, (4)

where h1 and l1 are shown in figure 1; L2 and L3 are the lengths of two links; and ψ1 has been
calculated using the expression: ψ1 = arccos ((h2

1 + l2
1 − L2

2 − L2
3)/2 L2 L3).

Thus, θ3 can be calculated from the equation θ3 = θ2 − ψ1. Similarly, the angles θ5 and θ6
are calculated using the hip height h2 and distance of the supporting ankle from the projection
of hip joint (that is, l2) as shown in figure 1. The mathematical expressions used for calculating
the joint angles θ5 and θ6 are shown below:

θ6 = sin−1
(

h2L5sinψ2 + l2 (L6 + L5cosψ2)

(L6 + L5cosψ2)
2 + (L5sinψ2)

2

)
, (5)
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Figure 2. Velocity distribution of the foot of the swing leg in one time step.
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where L5 and L6 are the lengths of the links (refer to figure 1); ψ2 = arccos ((h2
2 + l2

2 − L2
6 −

L2
5)/2 L6 L5). The angle θ5 can be calculated using the expression θ5 = θ6 − ψ2. To ensure a

cyclic gait, the following repeatability conditions are to be followed by the lower links:

θ2, ini tial = θ6, f inal ,

θ̇2, ini tial = θ̇6, f inal ,

θ3, ini tial = θ5, f inal ,

θ̇3, ini tial = θ̇5, f inal .

The trunk motion is generated using the concept of static balance (Vundavilli et al 2007),
which is different from the most popular semi-inverse method (Juricic & Vukobratovic 1972;
Vukobratovic et al 1990) and verified for its dynamic balance after determining the position of
ZMP. The mathematical expression for trunk motion, that is, θ4 obtained from the concept of
static balance is as follows:

θ4 = sin−1
(

1

m4r4
((p × msum) − (m1d1 + m2d2 + m3d3 + m5d5 + m6d6 + m7d7))

)
, (6)

where p denotes the distance of projected mass centers from the ankle joint and d1, d2, d3, d5,
d6 and d7 represent the distances of masses m1, m2, m3, m5, m6 and m7, respectively, from
the projection of respective mass center, r4 indicates the distance of m4 from the hip joint and
msum = m1 + m2 + m3 + m4 + m5 + m6 + m7. It is important to mention that the value of p (refer
to equation (6)) should not exceed the half of support foot length to maintain the static balance
of the robot. The trunk motion is generated for the first half of the cycle and it will be verified
for its dynamic balance. If the system is found to be dynamically balanced for the first half of
the cycle, the trunk motion for the next half of the cycle is generated based on the repeatability
conditions as given below:

θ4, ini tial = θ4, f inal ,

θ̇4, ini tial = θ̇4, f inal .

To summarize, the following steps have been used to generate the trunk motion:

Step 1: Determine the trunk motion of the robot after considering the static balance for the first
half of the cycle.

Step 2: Verify, whether the entire system is dynamically balanced for the above trunk motion at
different intervals of the half cycle by determining the position of ZMP, which has been
discussed in the next sub-section.

Step 3: If the system is found to be dynamically balanced for the first half of the cycle, the trunk
motion for the next half of the cycle is obtained using the repeatability conditions and
terminate the program. Otherwise, go to step 4.

Step 4: If the system is not found to be dynamically balanced, modify the motion of the trunk
besides that of the ankle, knee and hip joints, and repeat steps 1 through 3.

2.1b Dynamic balance analysis: In the present work, dynamic balance of the robot on the
sloping surface has been decided based on two different criteria. The first one is based on static
friction coefficient μ and the second one uses the position of the ZMP. For a particular value of
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static friction of coefficient, the maximum angle of slope along which the biped robot can walk
without slipping has been determined. The graphical relationship among tangential force FT ,
normal force FN , and angle of slope α is shown in figure 1. The mathematical expressions for
FT and FN are given as follows:

FT = Fsin(α),

FN = Fcos(α),

where F represents the ground reaction force and α is the angle of slope. The maximum value
of slope angle along which the robot can walk without slipping is decided by the static friction
coefficient μ. If the angle of slope α becomes greater than φ (where φ = arctan(μ)), the biped
robot will start slipping along the sloping surface. For the dynamically balanced gait, the ZMP
should lie inside the projected sole of the supporting foot. The position of the ZMP from the
ankle joint of the ground leg in the direction of motion (xZ M P ) can be determined as follows:

xZ M P =
∑7

i=1 (Ii ω̇i + mi xi (z̈i − g) − mi ẍi zi )∑7
i=1 mi (z̈i − g)

, (7)

where Ii represents the moment of inertia of i th link (kg-m2), ω̇i denotes the angular acceleration
of link i (rad/s2), mi denotes the mass of i-th link (kg), (xi , yi , zi ) is the coordinate of i th

lumped mass, g indicates the acceleration due to gravity (m/s2), z̈i is the acceleration of link i in
z-direction (m/s2), ẍi is the acceleration of link i in x-direction (m/s2).

The ZMP should not lie outside the foot support polygon (in case of single support phase) to
maintain the dynamic balance of the robot, otherwise the ankle, knee and hip joint torques of the
supporting leg must be updated to move the ZMP to a safe zone. The Dynamic Balance Margin
(DBM) is defined as the shortest distance between the end of the supporting polygon and the
point where the ZMP is acting. The expression utilized for determining the DBM in the direction
of motion (xDB M ) is given below.

xDB M =
(

L7

2
cos α − |xZ M P |

)
, (8)

where L7 is the length of the supporting foot.

2.1c Torques and average power consumption: Lagrange–Euler formulation is used to solve
the dynamics of the biped robot. Figure 3 shows the D-H parameters setting (Fu et al 1987) at
different joints of the robot. The joint angles are considered as positive, when measured in the
clockwise sense with respect to the vertical axis. In D-H parameters setting, the ankle angle of
the swing leg is considered as positive, when it is measured in the anti-clockwise sense with
respect to horizontal axis. Then, the relationship between the D-H parameters angles and the
gait angles are as follows. q1 = θ1 = α (as there is no variation), q2 = (90 − θ2 − θ1), q3 =
(θ2 − θ3), q4 = (θ3 − θ4), q5 = (θ4 − θ5), q6 = (θ5 − θ6), q7 = (θ7 − (90 − θ6)). The joint
angles are assumed to follow fifth order polynomial for smooth variation, as given below:

qi (t) = ai0 + ai1t + ai2t2 + ai3t3 + ai4t4 + ai5t5, (9)

where ai0, ai1, ai2, ai3, ai4 and ai5 are the coefficients. It is to be noted that the cycle time
has been equally divided into seven intervals using eight points. As there are six coefficients in
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Figure 3. A schematic diagram showing D-H parameter setting and included angles between the links.

equation (9), qi values at six instants only (that is, initial, final and 2nd, 4th, 5th and 7th instants)
are considered to determine the values of coefficients of the above equation and i=1,2,· · · ,n
joints. The above equation has been used to determine the variations of angular velocity and
acceleration in a cycle. The joint torques (τ ) can be determined as follows:

τi =
n∑

k=1

Dik q̈k +
n∑

k=1

n∑
m=1

hikm q̇k q̇m + Ci , i = 1, 2, · · · , n, (10)

where n = number of joints,

Dik =
n∑

j=max(i,k)

Tr(U jkJ j UT
ji ) i, k = 1, 2, · · · , n,
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hikm =
n∑

j=max(i,k,m)

Tr(U jkmJ j UT
ji ) i, k, m = 1, 2, · · · , n,

Ci =
n∑

j=1

(−m j gU j i r
j
j ) i = 1, 2, · · · , n,

where Dik , hikm and Ci represents inertia, Coriolis/centrifugal and gravity terms (Vundavilli et
al 2007).

Once the torque required at different joints are calculated, the amount of power consumed at
those joints can be determined. At a given joint i , the required mechanical power is calculated
as Pi = 1

T

∫ T
0 |τi q̇i |dt , where T is the cycle time. Therefore, the total power consumed can be

determined as follows:

P =
n∑

i=1

Pi , (11)

where n is the number of joints. In the above expression, the power consumption during the
walking of the robot has been considered, which includes inertia, gravitational, Coriolis and
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Figure 4. A schematic view of a two-legged robot(7-DOF) moving down the sloping surface.
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centrifugal effects. However, the said power term does not consider the dissipation of power for
static postures to simplify the model.

2.2 Descending the sloping surface

The method of gait generation for descending the sloping surface is kept similar to that of the
ascending case. However, there are some variations in the formulation, as discussed below. The
schematic view of the biped robot descending the sloping surface is shown in figure 4. The
same cubic polynomial trajectory for the swing leg is assumed. The only difference lies in the
constraints or boundary conditions, which are given as follows:

• at x = x1 cos α, z = x1 sin α ,
• at x = (x1 cos α +x2 cos α)/2, z = x1 sin α + fs

2 ,
• at x = (x2 cos α +x3 cos α)/2, z = x2 sin α + fs

2 ,
• at x = x3 cos α, z = x3 sin α .

The hip trajectory, lower link’s gait and trunk motion are generated in the similar way as have
been done for the ascending case. It is important to note that there is a small change in the
expression of ZMP. It is so, because of the fact that the acceleration due to gravity g and z̈i are
acting in the same direction. The expression of ZMP for descending the sloping surface can be
written as follows:

xZ M P =
∑7

i=1 (Ii ω̇i + mi xi (z̈i + g) − mi ẍi zi )∑7
i=1 mi (z̈i + g)

, (12)

where the terms indicate their usual meaning.
The method of torque calculation remains the same, but the D-H parameter angles are to be

modified according to the new posture and these are found to be as follows: q1 = θ1 = α (as
there is no variation), q2 = (−90 + θ2 + θ1), q3 = (θ3 − θ2), q4 = (θ4 − θ3), q5 = (θ5 − θ4), q6 =
(θ6 − θ5), q7 = (θ7− (90 +θ6)). The expressions for inertia and Coriolis/centrifugal terms will
be the same with those for ascending the sloping surface. The only difference is with the gravity
terms, as the masses are moving in the direction of gravity (Vundavilli et al 2007).

3. Results and discussion

The validity of the above mathematical model for ascending and descending through the sloping
surface is tested with the help of a case study.

Table 1. Parameters for different links of the biped robot.

Link m (kg) L (m) r (m) I(kg m2)

1 0.5 0.06 0.02000 0.000600
2 2.0 0.34 0.20000 0.021067
3 5.0 0.30 0.24000 0.078000
4 30.0 0.60 0.48000 1.872000
5 5.0 0.30 0.24000 0.078000
6 2.0 0.34 0.20000 0.021067
7 0.5 0.06 0.02000 0.000600



Balanced gait generations of a two-legged robot on sloping surface 535

3.1 Case study

The parameters related to different links of the biped robot considered in this work are given in
table 1.
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3.1a Ascending the sloping surface: The inputs fed to the algorithm are the foot placements
(that is, x1, x2, x3) of the biped robot along the sloping surface measured with respect to the
global coordinate system fixed at the starting point of the slope and initial posture of the robot
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Figure 6. Contributions of D, h and C on different joint torques during ascending a sloping surface. (a)
Contribution of D, h and C on torque 1. (b) Contribution of D, h and C on torque 2. (c) Contribution of D,
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(that is, θ2 and θ3 of the swing leg). Let us assume that the inputs are as follows: x1 = 0.03 m,
x2 = 0.18 m, x3 = 0.33 m and θ2 = 40◦ and θ3 = −40◦.

The maximum angle of the slope along which the biped robot can walk without any slip can
be determined using the value of static friction coefficient, say μ = 0.4. Thus, the maximum
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Figure 6. (continued).
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angle of slope along which the robot can walk without slip is found to be equal to tan−1(μ)
= tan−1(0.4) = 21.8◦. In the present study, the slope of the surface has been kept fixed to 10◦.

Figures 5 through 14 show the results of computer simulations. The variations of joint angles
during ascending the sloping surface are shown in figure 5 (a). As the angles of the swing foot
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and supporting foot (that is, θ1 and θ7) are kept fixed (no variation) and assumed to be equal to
the slope of the surface, two lines indicating the variations of θ1 and θ7 are overlapping at 10o,
as shown in the above mentioned figure. The rest of the joints follow the repeatability conditions
to obtain the cyclic gait. The variations of ZMP and DBM in one complete cycle are shown in
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figures 5(b) and 5(c), respectively. The xZ M P is initially found to lie at the back of the ankle
joint. It can be observed that during the second time interval, the xZ M P is further moving towards
the back from the ankle joint. This may happen due to the fact that the hip joint is still behind the
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Figure 9. Contributions of D, h and C on different joint torques during descending a sloping surface. (a)
Contribution of D, h and C on torque 1. (b) Contribution of D, h and C on torque 2. (c) Contribution of D,
h and C on torque 3. (d) Contribution of D, h and C on torque 4. (e) Contribution of D, h and C on torque
5. (f) Contribution of D, h and C on torque 6. (g) Contribution of D, h and C on torque 7.
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supporting foot. Due to this effect, the DBM value during the second time interval is showing a
sudden fall. From this point onwards, the xZ M P is moving towards the ankle joint and gradually
towards the end of the foot sole in the direction of motion, as the swing leg reaches to the next
step. It happens due to the moments generated by the moving masses.
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It is observed that for the entire motion cycle, the ZMP point is always lying inside the foot
support polygon. Therefore, the generated gait is said to be dynamically balanced. The DBM
value is found to be increasing initially and then decreasing towards the end of the cycle (refer
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Figure 10. Effect of variation of slope angle on DBM, average torques, average power consumption and
total power consumption during descending the sloping surface. (a) Variation of DBM. (b) Variation of
average torques at different joints. (c) Variations of average power at different joints. (d) Variation of total
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Figure 11. Simulation related to ascending the sloping surface in one cycle.

to figure 5 (c)). This happens due to the fact that the xZ M P points are moving gradually towards
the end of the sole through the ankle joint.

The variation of torques at different joints are shown in figure 5(d). It is to be noted that
clockwise torque is considered as the positive and anti-clockwise torque is assumed to be the
negative. It is also interesting to note that the torque values of ankle, knee and hip joints of
the swing leg and trunk during the second time interval are coming out to be relatively more,
compared to their values at other time intervals. It happens due to the fact that the inertia and
centrifugal/Coriolis effects are found to be more at this interval, as the biped robot starts moving
from the initial posture. The contribution of inertia, Coriolis/centrifugal and gravity terms on
different joint torques are shown in figure 6. It is interesting to note that the effect of inertia and
centrifugal/Coriolis components are more and that of gravity is negligible at the starting of the
swing phase on τ2 and τ3. It is also interesting to notice that both the gravity as well as inertia
have considerable effect on τ4. Moreover, it is observed that the effect of gravity is more on τ5
and τ6 but the effects of centrifugal and inertia terms are found to be negligible.

The variations of DBM, average torques, average power consumption at different joints and
total power consumption with the slope of the surface are shown in figure 7. It is observed from
figure 7(a) that the DBM values are reducing with the increase of slope of the surface. It may
be due to the fact that the projected area of the foot supporting region is reducing, as the slope
increases. Figure 7(b) shows the variation of average torque required at different joints with the
angle of slope. It is to be noted that the average torques required at all the joints are increasing
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Figure 12. Simulation related to descending the sloping surface in one cycle.

with the slope of the surface except τ5. It may be due to the reason that the included angle
between the upper part of the supporting leg and the trunk reduces, as the slope of the surface
is increasing. The variations of average power at different joints and total power consumption
during ascending the sloping surface are shown in figures 7(c) and (d), respectively. It is to
be observed that the power consumption increases with the increase in slope of the surface, as
expected.

3.1b Descending the sloping surface: Let us consider the following inputs: x1 = 0.33 m, x2 =
0.18 m, x3 = 0.03 m and θ2 = 40◦ and θ3 = −40◦. The slope of the surface has also been
assumed to be equal to 10◦. The variations of the joint angles required for descending the sloping
surface are shown in figure 8(a). As both θ1 and θ7 are assumed to be equal to the angle of slope
(that is, no variation) during a complete cycle, they are overlapping on each other. Figure 8(b)
shows the variation of xZ M P in one cycle. It is to be noticed that the location of the xZ M P is
always lying on the front side of the ankle joint and moving towards the end of the supporting
foot except at the second interval. It may be due to the reason that the projection of hip joint is
lying behind the supporting foot. As the xZ M P is moving towards the end of the foot, the DBM
values are reducing towards the end of the cycle, as shown in figure 8(c).

The variations of different joint torques are displayed in figure 8(d). It is interesting to observe
that the torque values at the second time interval for the ankle, knee and hip joints of the swing
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Figure 13. Variations of average DBM with the angle of slope for both the ascending and descending
cases.

leg and trunk are more compared to the torques at other intervals. It may be due to the fact
that the inertia and centrifugal/Coriolis components are having significant effect during that
interval, as the biped robot starts swinging its leg from the initial posture. The effect of inertia,
centrifugal/Coriolis and gravity components on different joint torques are shown in figure 9. It is
interesting to note that the inertia and centrifugal/Coriolis components have significant contribu-
tions on the joint torques of the swing leg, whereas the joint torques of the ground leg are mainly
influenced by the inertia and gravity terms. However, the contributions of different components
on the joint torques in case of ascending the sloping surface are seen to be slightly different from
those observed in case of descending, as expected.

The effect of variations of slope of the surface on DBM, average torque, average power and
total power are displayed in figure 10. The DBM values at different intervals are seen to be
reduced, as the slope of the surface increases (refer to figure 10(a)). This happens due to the
reason that the area of projected ground foot polygon is reducing, as the slope of the surface
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Figure 14. Variations of power consumption with the angle of slope for both the ascending and
descending cases.

increases. Figure 10(b) shows the variations of average torque at different joints with the increase
of slope. The average torque required at different joints (except for τ3 and τ6) are found to
increase with the angle of slope. This may be due to the reason that the angle variation at these
two joints are decreasing, as it is moving down the slope. Figures 10(c) and (d) show the varia-
tions of average power at different joints and total power required with the increase of the angle
of slope, respectively. The average power and total power required for descending are found to
increase with the angle of slope. It is interesting to note that the rate of increase in total power
requirement with the angle of slope comes out to be more in ascending case compared to that in
descending case.

3.1c Comparison: The results of the simulation related to ascending and descending the slop-
ing surface are shown in figures 11 and 12. It is interesting to observe that the repeatability
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conditions for gait generation are achieved. Figure 13 shows the variations of average DBM with
the angle of slope for both the ascending and descending cases. The average DBM values for
the descending case are always found to be less than those of the ascending case. It may be con-
cluded that the latter is more balanced than the former, which matches exactly with our general
experience in moving through the sloping surface.

The variations of power consumption with the angle of slope have been compared for the
ascending and descending cases (refer to figure 14). The power consumption in ascending case
is found to be more than that of the descending case, as expected. It happens due to the fact that
the robot moves against the gravity in the former case.

4. Concluding remarks

From the above study, the following conclusions have been made:

• Simulation results show that the generated gait is cyclic in nature.
• The generated gait is seen to be dynamically balanced, as the ZMP is found to lie within

the projected area of foot support polygon.
• It has been observed that the ascending gait is dynamically more balanced and consumes

more power compared to the descending gait does. The above observations match exactly
with our general experience of moving through the sloping surface.

• It has also been observed that the robot becomes dynamically less stable and consumes
more power with the increase of the angle of slope of the surface, in both the ascending as
well as descending cases.

It is to be noted that the present study has a significant value for real robot motion synthesis.
The obtained ranges of joint angle changes and joint torques have the meaning for the choice of
the motors and evaluation of their required motion speed (combining the walking speed with the
ranges of joint displacements).

5. Scope for future work

The present work may be extended in a number of ways, as indicated below.

• The performance of the developed model has been tested through computer simulations
only. It will be more interesting to carry out experiments with the real robot. However,
attention has to be paid on the following issues to make the experimentation possible with
the real robot: online modelling and realization of the environment with the help of a camera
and image analysis; force or inertia sensors mounted on the foot to determine the angle
of slope; texture analysis to determine the static friction coefficient of the surface; design
and development of closed-loop control system; modelling of foot-ground reaction as a
multi-DOF system; and others.

• A 7-DOF biped robot has been considered in the present work. However, it may be extended
for a biped robot having more than 7-DOF to implement the movement of the robot in the
lateral plane.

• An attempt can also be made to solve the dynamically balanced gait generation problems of
a biped robot on-line, on the sloping surface. The authors are working on the above issues,
at present.
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Nomenclature

C Gravity terms in torque equation
D Inertia terms in torque equation
F Ground reaction force, N
FN Normal reaction force, N
FT Friction force, N
fs Length of the foot, m
g Acceleration due to gravity, m/s2

h Coriolis and centrifugal terms in torque equation
h1,h2 Hip heights, m
I1,. . .,I7 Moment of inertia of the links, kg-m2

l1,l2 Distance between the ankle joint and the projection of hip joint, m
L1,. . .,L7 Link lengths, m
m1,. . .,m7 Lumped masses of links, kg
p Projection of mass center, m
q1,. . .,q7 Included angle between the links in D-H parameter setting, degrees
r1,. . .,r7 Distance of lumped masses from the joints, m
t Time step, s
T Total time of travel, s
Vmax Maximum velocity of the swing leg, m/s
xDB M Dynamic balance margin in the direction of motion, m
xZ M P Distance of zero moment point from the ankle joint in x-direction, m
Greek letters
α Angle of slope, degrees
μ Coefficient of friction
φ Friction angle, degrees
τ Torque, N-m
θ Joint angle, degrees
Abbreviations
CG Center of Gravity
DOF Degrees of Freedom
DBM Dynamic Balance Margin
FRI Foot Rotation Indicator
ZMP Zero-Moment Point
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