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Abstract— In this paper, we implement a reported method to
produce a torque control on position-controlled servos allowing
the implementation of more complex walking stability control in
the robots designed with these kinds of actuators. A preview ZMP
controller is implemented in a BIOLOID premium kit
customization.
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I. INTRODUCTION
Nowadays the commercial humanoid robots available for
robotics hobbyist are easy to acquire, relatively cheap and
easily customizable. In another hand, at a certain point, the
challenges that arise when we try to make a humanoid robot to
develop a common human task like biped walking, objects
handling, people interaction, self-navigation, etc. Are the same
for small size and full-size humanoid robots. Therefore, the
versatile, low cost and small size commercial robots represent
a good option for robotics education, competition, and research
goals. Sometimes some customizations are needed for more
complex applications like a new processor system, extra
sensors, extra batteries, etc. These customizations allow us to
implement more complex algorithms and perform new or better
tasks, even though, one of the principal drawbacks is the servo
controller implemented in the robots’ actuators. We must
remember that these robots are designed for a wide public and
to make easy to control the robot the designers decided to use
an easy and Non-robust controller for the actuators.
Most of these actuators are position controlled servomotors
with a proportional control law, in consequence, there is always
a stationary state error, SSE, and control algorithms based on
articular positions, velocities and accelerations are not possible
to implement, directly. A method to produce a torque control
on position-controlled servo actuated robots, using position
inputs, and is implemented on the Honda ASIMO robot is
presented in [1]. However, this methodology is based on the
total knowledge of the built-in controller, which, designed by
the manufacturer of the actuators, is usually unknown or partly
unknown to individual users. For the case of the unknown
controller, a methodology based on the use of robust
differentiators to estimate the actuator’s angular velocity and
acceleration to produce a torque control over the commercial
actuator AX-12 of ROBOTIS is presented in [2].
The capability to produce a torque control on the robots’
actuators allows the user to implement controllers that involve
articular positions, velocities, and accelerations, this is of great
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advantage when the robot’s dynamic is important for the
movements design for example when the robot is walking. Even
though the robot equilibrium while walking can be achieved by
controlling the position of the center of masses, CM, in which
case a position servo controller is enough. These methodologies
depend on a restriction of the CM acceleration to values close
enough or equals to zero, producing some very characteristics
and rigid movements commonly known as robotic walk. The
kind of walk produced by this restriction is classified as static
walk because the stability relies on the succession of static
equilibrated postures with low-speed transitions to have small
accelerations and prevent the robot to fall by un equilibrated
forces. To produce a walking movement, in the robot, closer to
the human behavior the CM of the robot must accelerate and
deaccelerate to the verge of almost fall, actually the human
walk process is considered as a succession of controlled falls,
and then the robot’s dynamic must be considered and
controlled. This kind of walk is called dynamical walk for
which a simple servo position controller on the robots’
actuators is not enough.
II. PROBLEM STATEMENT
To implement a local torque control on the robot’s positioncontrolled actuators to allow the implementation of a dynamic
based control algorithm for the walking cycle, improving the
actuator performance and the robots’ walking stability.
III. THEORETICAL FRAMEWORK
A. Biped Walker Stability
Walking is a continuous repetition of the gait cycle, in a
manner that the whole body moves towards the desired direction
with a desired velocity and acceleration. The biped gait cycle
starts from the double support phase (DSP), two feet touching
the ground, followed by the single support phase (SSP), only one
foot is touching the ground, in a way that the support leg changes
in every SSP. The walker-ground interaction (WGI) always
must exist, otherwise, the cycling movement could be described
as running, jumping or jogging; While the robot-ground
interaction surface should be restricted to the feet soles i.e. The
walker always must be touching the ground and this contact can
only be through his feet soles. Due to the impossibility for
describing the robot condition when the WGI conditions are not
fulfilled, we will consider that the robot has lost his stability and
fell when the walker is, whether, not touching the ground or is
touching it with something more than his feet soles.

Based on the previous statements, the biped gait stability is
defined as the capability of the walker to fulfill the WGI
restrictions along the whole gait cycle. Several methods, to
identify if a biped walker is going to fall and how to prevent it,
have been studied for robotics and biomedical researchers, in
fact, the most common stability criteria based on the ground
reference points (GRP) are based on biomedical observations of
healthy and diseased human walkers.
The ground reference points criteria, applied in robotics,
started with the introduction of the Zero Moment Point (ZMP)
by Vukobratović in 1968 [3]. The ZMP corresponds to the point
where the ground reaction force GRF is produced, over the
walker’s foot, and a net torque equilibrium is achieved ∑ 𝛕𝛕 = 0.
The ZMP is directly related to the GRF position: if the GRF is
located inside the boundary of the WGI surface, support
polygon, the ∑ 𝛕𝛕 = 0 is fulfilled, the ZMP exists and the GRF
location is the ZMP. In the original definition of the ZMP
Vukobratović never talks about a support polygon, the GRF
acting on the boundary of the WGI surface, etc. It was 35 years
later [4] when he explains that if the GRF acts in the support
polygon boundary we cannot ensure that the ∑ 𝛕𝛕 = 0 condition
is fulfilled, we cannot call this point a ZMP and the not
equilibrated 𝛕𝛕 will make the walker rotate and fall. Further
considerations for the ∑ 𝛕𝛕 = 0 condition are needed for a
proper stability analysis of the walker:

From Fig.1 it is clear that GRF depends on the perpendicular
to the ground component of the force (𝑚𝑚𝑎𝑎𝑧𝑧 = 𝐺𝐺𝐺𝐺𝐹𝐹𝑧𝑧 ) and the
friction force (𝑚𝑚𝑎𝑎𝑥𝑥 = 𝐺𝐺𝐺𝐺𝐹𝐹𝑥𝑥 and 𝑚𝑚𝑎𝑎𝑦𝑦 = 𝐺𝐺𝐺𝐺𝐹𝐹𝑦𝑦 ), acting over the
robot. In the ZMP definition, the friction force is neglected
because forces acting parallel to the ground cannot produce a fall
on the walker. In fact, if ∑ 𝐹𝐹𝑥𝑥 𝑜𝑜𝑜𝑜 𝑦𝑦 ≠ 0 the robot will only slide
in 𝑥𝑥 or 𝑦𝑦 direction but the WGI restrictions are never violated.
For the case of the torques acting along the 𝑧𝑧-axis direction, the
ground reaction torque also depends on the friction force and a
∑ τz ≠ 0 condition will only produce a walker rotation over the
𝑧𝑧 -axis, again, this does not represent a WGI restrictions
violation.

Fig. 2. Free body diagram

B. Biped Walker Dynamic Model
To solve the problem of computing cost and complexity,
produced by a precise and detailed robot’s dynamics model
some authors have introduced simplified and linearized models
whose performance and validity are already proved over several
years of continuous implementation and study. One of these
well-known models is the cart table introduced by Kajita [5].
For the cart table model, the total mass of the humanoid is
considered concentrated in a cart that runs over a massless table,
as is depicted in Fig. 2, the cart movement is restricted to a
constant height line 𝑧𝑧𝑐𝑐 , the table support corresponds to the
support polygon and 𝑥𝑥̈ is considered the control input. The ZMP
x-position, for the cart table model, is defined as:
𝑧𝑧
(1)
𝑝𝑝𝑥𝑥 = 𝑥𝑥 − 𝑐𝑐 𝑥𝑥̈ .
𝑔𝑔
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(2)

where the state 𝑥𝑥 ∈ ℝ3 includes the CM position, velocity
and, acceleration, the output is the ZMP position 𝑝𝑝𝑥𝑥 and the
control input 𝑢𝑢 ∈ ℝ is the CM acceleration time derivative, also
known as jerking.

C. Position torque converter
For the AX-12 actuator, according to the manufacturer
characteristics table, the output torque profile is depicted in Fig.
3. Where the B zone is equal to 0.29° and the AC zone is equal
to 18.56°, ignoring the B zone, in the AC zone the output torque
is perfectly proportional to the position error while outside of the
AC zone we reach the actuator torque saturation. It is this
proportional output torque, in the AC zone, what produces the
SSE and then the controller will be designed to work in this
zone, outside of the AC zone the original actuator controller will
take care of the servo.

Fig. 1. Cart table representation of a robot
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Fig. 3. Torque profile of the AX-12 dynamixel motors

The actuator output torque model in the AC zone is described as
𝜏𝜏 = 𝑓𝑓 (𝑢𝑢 − 𝑞𝑞)

(3)

With 𝜏𝜏 as the actuator torque, 𝑢𝑢 is the desired angular
position and 𝑞𝑞 is the current angular position. While the dynamic
model of a rigid body driven by a torque is
(4)

𝜏𝜏 = 𝐼𝐼𝑞𝑞̈ + 𝐹𝐹𝑣𝑣 𝑞𝑞̇ + 𝑄𝑄(𝑞𝑞 )

Where 𝐼𝐼 is the moment of inertia of the body and 𝐹𝐹𝑣𝑣 is the
viscous friction coefﬁcient; 𝑄𝑄 (𝑞𝑞 ) stands for the load gravity
torque, which is generally a trigonometric function of 𝑞𝑞.
From (3) and (4)

𝑓𝑓 (𝑢𝑢 − 𝑞𝑞) = 𝐼𝐼𝑞𝑞̈ + 𝐹𝐹𝑣𝑣 𝑞𝑞̇ + 𝑄𝑄(𝑞𝑞)

(5)

and solving (5) for the element acceleration
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Separating the linear and nonlinear parts from (6)

(6)
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(7)

Where 𝜆𝜆 are all the modeling errors disturbances. Now the
problem is a parameters, 𝑎𝑎1 (𝑡𝑡), 𝑎𝑎2 (𝑡𝑡) and 𝑘𝑘(𝑡𝑡) , identification
problem, easily solved by the least square method and the
following consideration: As the AC zone is small in comparison
with the hole actuator action zone, the 𝑎𝑎1 (𝑡𝑡), 𝑎𝑎2 (𝑡𝑡), 𝑘𝑘(𝑡𝑡), and 𝜆𝜆(𝑡𝑡)
parameters can be considered as slowly time-varying parameters
and then (7) can be written as a linear nominal model:
𝑞𝑞 ̈ = −𝑎𝑎1̅ 𝑞𝑞 − 𝑎𝑎2̅ 𝑞𝑞 ̇ + 𝑘𝑘̅𝑢𝑢
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Where the control law is provided by
𝑢𝑢 = −𝜑𝜑𝑇𝑇 𝜃𝜃 ̂

with the adaptive update rule 𝜃𝜃 ̂̇ = 𝛾𝛾𝛾𝛾𝐹𝐹 𝑇𝑇 𝑃𝑃𝒒𝒒 [6] with 𝛾𝛾 > 0 and
𝑃𝑃 a positive definite symmetric matrix.
IV. THE EXPERIMENTAL PLATFORM
The GRP criteria need a GRF position feedback to establish
if the walker dynamic is stable or not while the control
algorithm needs a robot’s dynamic feedback to perform a
dynamic or support polygon modification to return to a stable
dynamic. To provide with this information the commercial
humanoid platform Bioloid, premium kit, was customized with
a new onboard computer and all the sensory system needed for
the stability control.
The GRF feedback is provided by a force location and
measurement system, located in each foot, that is going to be
briefly described in the next section and was presented and
deeply described in previous works [7]. The CM acceleration,
velocity, and position are measured or estimated using an
external IMU located at the robot’s CM. The new onboard
computer is a raspberry Pi2 provided with all the power and
communication interfaces needed to allow the control and
communication with all the robots new sensors and original
actuators. The control and communication protocols for the
AX-12 actuators were developed and included in the final robot
control program to make easier the platform end-use.
A. GRF Sensory system
The GRF sensing system, illustrated in Fig. 4, is an array of 4
FSS1500 strain gauges symmetrically placed at the corners of
the rectangular sensing card, as shown in Fig. 5.

𝐶𝐶 =

After the identification problem solved, (8) can be stated as an
adaptive control problem that can be expressed as:
𝒒𝒒̇ = 𝐸𝐸𝒒𝒒 + 𝐹𝐹 (𝑢𝑢 + 𝜑𝜑𝑇𝑇 𝜃𝜃)

(11)

(10)
Fig. 4. Ground reaction force sensory system

C. IMU system
A GY-87 IMU was attached into the robot’s CM to provide
the CM acceleration feedback, this unit provide acceleration
measurements along the 3 axes at a maximum of 400kHz
frequency, working in fast mode. A filtering stage based on
Kalman filter was implemented on the onboard Pc to reduce the
noise of the readings. The integration process of these signals is
considerably simplified by the following considerations:

Fig. 5. Gauges geometrical distribution

The sensing card performs the amplification and processing
of the force measurements of the 4 gauges, the processor of this
card also estimates local GRF position respect to the center of
the foot sole, o, considering ∑ τo = 0, using the fixed gauges
positions and the force measurements as follows:
𝑝𝑝𝑥𝑥 =

𝑙𝑙1 (𝑓𝑓2 + 𝑓𝑓4 − 𝑓𝑓2 − 𝑓𝑓1 )
,
𝑓𝑓2 + 𝑓𝑓4 + 𝑓𝑓2 + 𝑓𝑓1

𝑙𝑙 (𝑓𝑓 + 𝑓𝑓2 − 𝑓𝑓3 − 𝑓𝑓4 )
𝑝𝑝𝑦𝑦 = 2 1
,
𝑓𝑓2 + 𝑓𝑓4 + 𝑓𝑓2 + 𝑓𝑓1

(12)

Where the ZMP position in 𝑥𝑥 and 𝑦𝑦-axis, 𝑝𝑝𝑥𝑥 and 𝑝𝑝𝑦𝑦 respectively
is defined by the distance between the o point and each sensor,
𝑙𝑙1 in 𝑥𝑥 and 𝑙𝑙2 in 𝑦𝑦, and the force measurements, 𝑓𝑓1 , 𝑓𝑓2 , 𝑓𝑓3, and
𝑓𝑓4 . The gauges and all the system electronics is confined inside
a box formed by the top and the bottom cover of the foot.
To prevent that the friction between the sensing card or the
part of the leg connection and the foot box walls. There is a slight
tolerance in the dimensions, this difference in sizes allows to the
sensing card and the leg connection to move and rotate freely in
all directions. These new degrees of freedom are about 1mm of
net displacement and 0.5° of net rotation and is neglected in the
final model. The strain gauges have a spherical sensing area that
ensures the proper application of the force over the sensing
element and then the movement of the sensing card does not
represent any problem. The bottom cover of the foot is the
walker side WGI surface, it is a rectangular surface of 7x5cm
made of PLA 3D printed material.
B. Robot’s Physical Parameters
Direct measurements were performed to determinate the
geometrical and inertial parameters of the robot, the CM
position of a link was calculated by:
(13)
∑𝑘𝑘𝑛𝑛=1 𝑚𝑚𝑛𝑛 �𝑐𝑐𝑚𝑚𝑥𝑥,𝑦𝑦,𝑧𝑧 �𝑛𝑛
𝐶𝐶𝑀𝑀𝑥𝑥,𝑦𝑦,𝑧𝑧 =
,
∑𝑘𝑘𝑛𝑛=1 𝑚𝑚𝑛𝑛

where 𝑘𝑘 is the number of elements of that link, �𝑐𝑐𝑚𝑚𝑥𝑥,𝑦𝑦,𝑧𝑧 �𝑛𝑛 is
the CM position of the n-element along the 𝑥𝑥, 𝑦𝑦 𝑜𝑜𝑜𝑜 𝑧𝑧-axis and
𝑚𝑚𝑛𝑛 is the mass. The same model (13) is used to calculate the
whole robot CM position from the individual links CM position
calculated using the direct kinematic model of the robot.

1) The robot always starts to walk from a static state 𝑣𝑣0 =
0 and 𝑎𝑎0 = 0.
2) The robot CM movement is restricted to a constant
height plane (due to the cart table model, as described in
section III, B)

These conditions define the initial conditions of the integration
process and provide a noise reference signal since some
measurements should be 0. This way the drift and noise
problems are simplified.
V. CONTROLLERS DESIGN
For the actuators the local control law (11) is implemented
with the following consideration: to solve (9) we need to know
the actuators’ angular position, velocity and acceleration (𝑞𝑞, 𝑞𝑞 ̇
and 𝑞𝑞 )̈ , in [2], the authors propose to use the actuator position
encoder along with robust differentiators to estimate 𝑞𝑞 ̇ and 𝑞𝑞 .̈
They propose an ALIEN differentiator for offline parameters
estimation and a HOSM differentiator for the controller online
implementation. In our case, both differentiators produce a time
delay in the control law computation and this delay can produce
a robot fall. Therefore, we use the IMU to have measurements
of the CM’s jerking, 𝑥𝑥⃛ , and acceleration, 𝑥𝑥̈ , and integrating this
value we get the CM 𝒙𝒙 = (𝑥𝑥, 𝑥𝑥̇ , 𝑥𝑥̈ ). Using the inverse position,
velocity and acceleration kinematic models, of the robot’s leg,
the workspace variables, 𝑥𝑥, 𝑥𝑥̇ , and 𝑥𝑥̈ , are mapped into the
articular space variables (𝑞𝑞, 𝑞𝑞 ,̇ 𝑞𝑞 )̈ .
Now for the whole robot equilibrium a preview control [5] is
used as follows: consider the discrete version of the cart table
model state-space representation (2) with 𝑇𝑇 as the sample
period.
𝒙𝒙(𝑘𝑘 + 1) = 𝑨𝑨𝟏𝟏 𝒙𝒙(𝑘𝑘) + 𝑩𝑩𝟏𝟏 𝑢𝑢(𝑘𝑘),

with

𝑝𝑝(𝑘𝑘) = 𝑪𝑪𝟏𝟏 𝒙𝒙(𝑘𝑘)

(14)
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During the walking trajectories generation, the desired ZMP
trajectory, where the stability criterium is fulfilled, is designed.
This provides a reference trajectory 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 (𝑘𝑘) and a ZMP tracking
error is defined as 𝑒𝑒(𝑘𝑘) = 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 (𝑘𝑘) − 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 (𝑘𝑘).

Using the following performance index:

𝐽𝐽 =

∞

𝑸𝑸 (𝑒𝑒(𝑖𝑖))2 + Δ𝒙𝒙𝑇𝑇 (𝑖𝑖)𝑸𝑸𝑥𝑥 Δ𝒙𝒙(𝑖𝑖) + 𝑹𝑹�Δ𝑢𝑢(𝑖𝑖)�2 �,
�� 𝑒𝑒
𝑖𝑖=𝑘𝑘

(15)

where 𝑸𝑸𝑒𝑒 , 𝑸𝑸𝑥𝑥 , and 𝑹𝑹 ∈ ℝ3×3 , are symmetric non-negative
definite matrices, Δ𝒙𝒙(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) − 𝑥𝑥(𝑘𝑘 − 1) is the incremental
state vector and Δ𝑢𝑢(𝑘𝑘) = 𝑢𝑢(𝑘𝑘) − 𝑢𝑢(𝑘𝑘 − 1) is the incremental
input.
The control law 𝑢𝑢(𝑘𝑘) that minimizes the 𝐽𝐽 cost function (14) is
given by:
𝑢𝑢(𝑘𝑘) = −𝐺𝐺𝑖𝑖

𝑘𝑘

�
𝑖𝑖=0

𝑒𝑒(𝑘𝑘) − 𝐺𝐺𝑥𝑥 𝒙𝒙(𝑘𝑘) −

𝑁𝑁𝐿𝐿

�
𝑗𝑗=1

𝐺𝐺𝑝𝑝 (𝑗𝑗)𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 (𝑘𝑘 + 𝑗𝑗),

(16)

where 𝐺𝐺𝑖𝑖 , 𝐺𝐺𝑥𝑥 , and 𝐺𝐺𝑝𝑝 (𝑗𝑗) are the gains calculated from
𝑸𝑸𝑒𝑒 , 𝑸𝑸𝑥𝑥 , and 𝑹𝑹.

VI. CONTROLLER IMPLEMENTATION
The control input 𝑢𝑢(𝑘𝑘) provided by (15) is a CM jerking value,
𝑥𝑥⃛ (𝑘𝑘), acting in the robot’s workspace, while the control of the
robot is provided by a vector 𝒒𝒒 = (𝑞𝑞1 , 𝑞𝑞1̇ , 𝑞𝑞1̈ , … , 𝑞𝑞𝑛𝑛 , 𝑞𝑞𝑛𝑛̇ , 𝑞𝑞𝑛𝑛̈ ) of
position, velocity, and acceleration for the 𝑛𝑛 degrees of freedom,
DOF, of the robot’s leg, in the articular space. The jerking value
provides the next value for the CM acceleration, velocity, and
position:
𝑥𝑥̈ (𝑘𝑘 + 1) = 𝑥𝑥̈ (𝑘𝑘) + 𝑢𝑢(𝑘𝑘)𝑇𝑇

𝑥𝑥̇ (𝑘𝑘 + 1) = 𝑥𝑥̇ (𝑘𝑘) + 𝑢𝑢(𝑘𝑘)

𝑇𝑇 2
2

(17)

𝑇𝑇 3
6
And to perform the mapping from the workspace to the articular
space the inverse kinematic models of positions, velocities,
accelerations, and jerkings are used. The inverse kinematic
model of positions is obtained by a geometric analysis to obtain
a closed not redundant and simplified model, for the velocities,
accelerations and jerkings models, the derivatives of the direct
kinematic model of velocities are computed [8].
𝑥𝑥(𝑘𝑘 + 1) = 𝑥𝑥(𝑘𝑘) + 𝑢𝑢(𝑘𝑘)

𝒒𝒒 = 𝑓𝑓 (𝒙𝒙),

𝒒𝒒̇ = 𝐽𝐽𝑖𝑖−1 (𝒒𝒒)𝑥𝑥̇ ,

𝒒𝒒̈ = 𝐽𝐽𝑖𝑖−1 (𝒒𝒒) �𝑥𝑥̈ −

𝑑𝑑
𝐽𝐽 (𝒒𝒒)𝒒𝒒̇�,
𝑑𝑑𝑑𝑑 𝑖𝑖

VII. RESULTS
The proposed algorithm was implemented originally in a
desktop PC with a 4Ghz intel core i7 processor and a 64GB of
RAM where the computations was fast and smooth but when the
algorithm was implemented on the inboard robot PC the
movements were slower, we need to mention that the robot’s
computer performs other tasks like the trajectories correction,
the PC-Dynamixel communication, the sensors reading and
filtering, etc.
For robustness comparison and performance test, the ZMP
tracking was verified while the robot performed a walking task
on a regular terrain with 0° of slope and in a terrain with 20° of
slope. The ZMP trajectory tracking was successful, for both
cases, as shown in Fig. 6. and Fig. 7; The robot walked with
stability even in the presence of terrain perturbance and the local
servo control performed as expected.
A video of the resulting walk process can be found in the
following URL: https://youtu.be/WkP4-A1FKQg
VIII. CONCLUSIONS
The proposed method improves the robot equilibrium and
produces a reliable ZMP trajectory tracking, even in the
presence of external perturbances like a unknown change in the
terrain slope, however, the movements in the robot are slower
than expected and other tests are needed to check if this
movements delay is due the low onboard computer power or
the algorithm performance. The first results, using a powerful
desktop PC to control the robot, suggesting that it is due the low
onboard computer power, however, more tests are necessary to
be sure. Also, we should try different dynamical algorithms to
control the robot equilibrium and see if the performance speed
is increased.

TABLE I. IMPLEMENTATION PARAMETERS

Parameter
Robot Mass
(18)

𝑑𝑑 2
𝑑𝑑
𝒒𝒒⃛ = 𝐽𝐽𝑖𝑖−1 (𝒒𝒒) 𝑥𝑥⃛ − 2 𝐽𝐽𝑖𝑖 (𝒒𝒒)𝒒𝒒̇ − 2 𝐽𝐽𝑖𝑖 (𝒒𝒒)𝒒𝒒̈
�
�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

Where 𝐽𝐽𝑖𝑖 (𝒒𝒒) is the velocities Jacobian of the robot’s ith link and
𝐽𝐽𝑖𝑖−1 (𝒒𝒒) his inverse. For the analyzed x-z workspace plane there
are 3 DOF (2 positions and 1 orientation) while 3 DOF in the leg
are orthogonal to the x-z plane then, 𝐽𝐽𝑖𝑖 (𝒒𝒒) is a 3x3 square welldefined matrix and the physical restrictions on the leg structure
prevent the singularities in 𝐽𝐽𝑖𝑖 (𝒒𝒒) then 𝐽𝐽𝑖𝑖−1 (𝒒𝒒) always exists, the
same goes for the y-z workspace plane.
The explicit function and matrices of (17) for the robot are
reported in previous works [9]

CM Height
Gravitational Acceleration
Maximum Sample time

Symbol Value Units
m
𝑧𝑧𝑐𝑐

1.5

Kg

0.18

m

g

9.81

m/s2

T

10

ms

Fig. 6. ZMP tracking for a 0° sloped terrain on x and y-axis

Fig. 7. ZMP tracking for a 20° sloped terrain on x and y-axis
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