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Abstract— This paper describes the theoretical design and
the physical realization of an anthropometric robotic leg. It
contains a brief description of the mechanical structure as
well as the hardware and software architecture. The aim of
this project is the development of new technologies for the
implementation and realization of bio-mechanical limb for
motoric gait rehabilitation. Moreover the work presented
describes the implementation of a control architectures in
order to ensure the right stability condition, based on the
main gait parameters measurements. For this reason a biax-
ial inclinometer and a foot pressure sensor have been specif-
ically designed.
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I. INTRODUCTION

HE interest of the scientist community in studying

biped locomotion is increased in the last decades for
many reasons. First of all, the high level of mobility, and
the high number of degrees of freedom allows this kind of
mobile robot to adapt and move upon very unstructured
sloped terrain. Moreover, the study of the walking cycle in
biped robot allows the researchers to understand more ac-
curately the strategy actuated by human beings in keeping
balance in order to maintain a proper stability level during
the gait.

II. BASIC CONCEPTS

In order to develop a theoretical strategy to perform the
correct joint trajectories synthesis that ensure a dynam-
ically stable walking gait [1], it is necessary to take into
account some basic concepts.

During the walk, two different situations arise in se-
quence: the statically stable double-support phase in which
the whole structure of the robot is supported on both feet
simultaneously, and the statically unstable single-support
phase when only one foot of the robot is in contact with
the ground, while the other foot is being transferred from
the back to front position. Thus, during a single walking
cycle, the kinematic structure of locomotion changes from
an open to a closed kinematic chain.

The biped robot stability, and the foot behaviour in par-
ticular, cannot be controlled directly, but in an indirect
way, by analysing appropriate dynamics of the overall con-
text; in other words the links acceleration context and the
ground reaction force context have to be taken into ac-
count. According to this point of view, researchers consider
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two overall indicator of the biped locomotion stability: the
ZMP (Zero Moment Point) notion, and the COP (Centre
Of Pressure) notion [2].

The first one is defined as follow:

Theorem 1: ZMP is the point on the walking ground sur-
face at which the horizontal components of the resultant
moment generated by active forces and moments acting on
humanoid links are equal to zero.

Suppose that the ground applies a pure force to the biped
robot at a location point, in order to support the robot in
the case of possible overturns; this point is called ZMP.

In the Fig.1 a simplified planar model of the ZMP is
shown. Suppose that the whole mass of the robot, indi-
cated by the M letter, is concentrated on the centre of
gravity; According with the previous definition, the ZMP
can be derived from the relations:
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Fig. 1. Simplified planar scheme of the ZMP

in which the F' vector represents the force acting to the
M point, and the b segment represents the arm of the
torque acting to the P point developed by the F' force.

Applyng the vector product definition to the (1) relation,
the parallelism condition between the F' segment and the
(r-p) segment can be derived.
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Indeed the relation (2) is satisfied any time only if

sen(@)=1V 6.



Posing the third component of the vector product equal to
zero, the x-coordinate of the ZMP can be derived:

M(#y —g) - (Fy = P) — M#ry =0
(3)
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P =31,

Generalizing the previous theory to an m centers of mass
system:
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In order to maintain the necessary stability during the
walking cycle, the following condition has to be achieved:

(4)

Theorem 2: The gait is balanced when and only when the
ZMP trajectory remains within the support area.

In which the support area represents the convex poly-
gon whose vertexes are the robot contact points with the
ground.

In this way the system dynamics is perfectly balanced by
ground reaction force, and the ZMP trajectory coincides
with COP (Centre of pressure) trajectory inside the con-
tact surface.

The COP is defined as follow:

Theorem 3: COP represents the point on the support foot
polygon at which the resultant of distributed foot ground re-
action forces acts.

Moreover, during the walking cycle, the COP position
moves from the hill to the toe of the sole. In this way, the
biped locomotion mechanism acquires stability and speed
in the movements.

III. PROTOTYPE MODELS

A kinematical model of the whole prototype structure
was made using two different points of view. In the first
case a three-dimensional model of the prototype is devel-
oped, while in the second case, a planar model restriction to
the sagittal plane is found in order to minimize the control
algorithm computational load, and minimize the simula-
tions time.

A. 38D Model

According with the well known Denavit-Hartenberg rules
[3], the prototype kinematical model is developed, and
shown in the Fig.2. As it is possible to see, four reference
frames are considered:

Yo : The global reference frame.

Y1 : The foot reference frame.

Y5 : The shinbone reference frame.

Y3 : The thighbone reference frame.
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Fig. 2. Prototype kinematical model and the corresponding Denavit-
Hartenberg parameters

Using the P; = (z;y;2;) notation to represents the centre
of gravity of the i-link, having each of them a corresponding
mass indicated by the m; symbol, it is possible to deduce
the three spatial coordinates of the prototype global centre
of gravity, as shown by the equations:
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Ycoa = mi+mo+ms (5)
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in which P; coordinates are obtained by the relations:
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The Tij symbol represents the rototranslation matrix
that transforms the ¥; reference frame coordinates into X;
reference frame coordinates.

In the same way it is possible to deduce the ZMP coordi-
nates using the following relations [4]:
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B. 2D Model

As said before, another way to deduce the prototype
model is available. Indeed, in this case, a sagittal plane



restriction of the dynamic behaviour is made. To imple-
ments the dynamic model of the prototype a three link
planar manipulator is considered as shown in the Fig.3;
Each link of the manipulator represents a leg segment, and
the ground-foot rotation joint is not actuated. As a result
of this strategy, an underactuated manipulator is used to
approximately reproduce the prototype behaviour; on the
other hand, the simulator computational work is easier.

Fig. 3. Three links planar manipulator

As done for the previous approach, the centre of gravity
and the ZMP are deduced in a similar way, whereas in this
case the centres of mass coordinates have to be derived as
shown by the relations:

x1 =l1c1

P1 = { Pg = {
y1=1lis1

P3 = {

Moreover, implementing at the same time the dynamics
of an equivalent inverse pendulum, it is possible to deduce
the position of COP under the sole [5]; In particular, a typ-
ical posture control action is shown in the Fig.4, where the
inverse pendulum is indicated by the vertical line connect-
ing the ankle joint with the robot centre of gravity.
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Fig. 4. Prototype planar simulation

In this case, the ground reaction force acting on the toe
and heel of the foot are shown, indicated respectively by the
F; and F}, symbols. They can be obtain from the relations
(9), depending on the torque t acting on the basis of the
pendulum [5],

F, = _Lt'il‘—LhT +myg + fracLpLy + Ly fy

Fy, = _LtJlr—LhT +mpg + fracLyLy + Ly fy
where:
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in which L; and L; represent respectively the heel and
the toe distance from the ankle articulation. Moreover the
angular position, velocity, and acceleration, are obtained
inverting the relations describing the robot centre of grav-
ity, shown by the relations (11), , that coincides with the
superior extremity of the pendulum.
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Fig. 5. Centre of mass coordinates

{ Bx = Lcos?
By = Lsin?d

Bx = —L(cos?99? + sindd)

BX = — Lsindd

By = Lcosdd

By = L(sin?92 + cosdd)

Finally, the base torque 7 is obtained from the classical
pendulum dynamics relation:

IY = MLsind + 7 I=ML? (12)

Once F; and Fj, values during the simulation are known,

a proportional relation can be used to derive COP position:

(Ft - Fh) cr = (Fmaz - Fmin) : LHQ_Lh

(13)
(Fe—Fp)
(Fmaz —Fmin)

_ (Li+Ln)
r = t 5 h
Just by definition, COP cannot be outside the foot con-

tact surface, so the value derived has to be opportunely
saturated.



IV. CONTROL STRATEGIES

In order to test different control strategies, a typical
destabilizing situation is created. Indeed a two degrees of
freedom sloping platform is made, so the robot, that stands
on it, see the ground surface to tilt into roll and pitch di-
rection with respect to the horizontal plane. In the Fig.6
the overall structure is shown.
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Fig. 6. 3D Prototype simulation

It is important to note that the kinematical model pa-
rameters, derived in the previous section, have to be recal-
culated considering the effect of the sloping ground surface
described by the matrix:

1 0 0 0 cosr 0 —sinr 0

_ 0 cosp —sinp O 0 1 0 0
M= 0 sinp cosp O sinr 0 cosr 0 (14)

0 0 0 1 0 0 0 1

In order to maintain a right stability margin, it is very
useful to measure the ground slope, in both degrees of free-
dom. To do this a biaxial inclinometer has to be used;
supposing to place it on the thighbone superior extremity,
some useful relations can be derived from the Fig.7.
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Fig. 7. Inclinometer angular position scheme

In this case the ground slope can be obtained depending
on the other joint angular positions; In particular:
For the sagittal plane:

Vs = —(0 = Vinat,) where 9= -9, +9, (15)

For the frontal plane:

9t =~ —Vina,) where 9J=—1, (16)

Only using these information it is possible to control the
robot stability acting on the ankle joint, in order to com-
pensate the ground slopes. Moreover it is possible to im-
prove the control performance introducing a proportional
action based on the robot centre of gravity position, that
provides a further contribution that is added to the incli-
nometer measures. Maximum angular variation range is
shown in the Fig.8.

Fig. 8. Ankle proportional action

Formulating a proportional relation between control an-
gular action and the controlled variable error:

(6Mam - 6mzn) 10 = (19Mam - ﬁmzn) : (.’I} - 190)

(17)
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If the x-coordinate centre of gravity error is considered,
the relations (18) have to be adopted, otherwise, if the
ground reaction force difference is considered the relations

(19) have to be adopted (directly related to COP):

5Maz = Lt
(18)
6min =—Ly
5Maz = (FtMaz - Fh'mzn)
(19)

6min = (thin - FhMam)

Providing a sinusoidal trajectory movement to the
ground surface, both control strategies are actuated, and
the results are shown in the Fig.9.

In this case a sinusoidal wave with twenty degrees am-
plitude was applied in both pitch and roll directions.

In the control strategy discussed up to now, only the ankle
joint has been used to ensure the adapted stability margin,
maintaining fixed the knee joint; but there are some cases
in which the knee movement is necessary. Suppose that
the centre of gravity height has to be lowered, fixing the
ground plane to the horizontal position; in this case, if a
forward ankle joint movement acts, a corresponding back-
ward knee joint movement has to be developed, in order
to maintain the x-coordinate centre of gravity within the
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Fig. 9. Simulations results

foot-ground contact surface. To do this, it is possible to
reformulate the (5) and (6) relations as follow:

(m1ly + moay 4+ mgay)cosdy + (maly + mgag)cos(91 + 92) + - - -

... +mglgcos(¥91 +¥993) = Bgp(mq + mg + m3)
(20)
(m1ly + mgaq + mgay)sindy + (malg + mzag)sin(¥1 + 92) + . ..

...+ mglgsin(9q + 9993) = By(mq + mo + mg)

where B, and By represents the desired x and y cen-
tre of gravity coordinates; resolving the first equation with
respect of q3 angle:

By (mi4motmg)—(myly+moaj+mgay) 4
mals

93 = arccos — 99 — 93
+ —(maolotmgag)cos(¥1+9s)
. mglg

1)
that represents the knee angular position that assure the
desired B, value depending on the ground pitch slope po-
sition, and the ankle position.
Supposing to unbalance the robot acting the ankle joint by
a sinusoidal wave, the knee joint restores the right stability
using the (21) relation control strategies as shown in the
Fig.10.

V. MECHANICAL STRUCTURE

The design of the shape and the dimensions of the parts
that compose the robotic prototype are human inspired, so
that the dimensions of the links as well as the articulation
movements, are similar to the corresponding biological ones
[6]. The mechanical structure of the robotic inferior limb
is made up of three links corresponding to femur, tibia and
foot, jointed by three degrees of freedom actuated by three
pneumatic pistons; In particular the knee joint has one
rotational degree of freedom, while the ankle joint has two
rotational degrees of freedom. In the Fig.11 a photograph
of the prototype is shown:
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Fig. 10. Simulations results

Fig. 11.

The prototype realized

As it is possible to see, the whole structure is very com-
pact and reflects the typical anthropometric mass distribu-
tion that increases motions stability, as shown by human
gait stability theory [7].

VI. CONTROL ARCHITECTURE

In order to control the overall robot structure stabil-
ity, and to provide the right joint trajectories, a well-
constructed control architecture is needed. A complete set
of sensors and actuators are placed onboard the robot, and
connected to the global control system by a powerful com-
munication system.

The global control algorithm runs inside a PC that repre-
sents the system supervisor. The other architecture blocks
are shown in the Fig.12.

As discussed in the previous section, a biaxial inclinome-
ter is placed upon the superior extremity of the thighbone
bar, and is necessary to implement the right control al-
gorithm. Indeed, this device provides the prototype with
the global sense of inclination with respect to the horizon-
tal plane, in both the roll and pitch degrees of freedom.
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Fig. 12. Control architecture scheme

To pilot the three pneumatic pistons there are three dis-
tinct electronic boards, each one realizing a single joint con-
trol; indeed each of them pilots only one pneumatic piston,
and implements a position control loop inside the card.The
control strategy implemented inside the microcontroller is
based on the fuzzy theory. Indeed many fuzzy rules are
implemented in order to realize a PID controller. The core
of each card is a microcontroller unit (MCU) that, appro-
priately programmed, implements many different control
strategies [8].

Finally The prototype is equipped with a foot pressure
sensor that measures and localizes the force interacting
between sole and ground. Using these informations it is
possible to estimate the position of the centre of pressure
inside the foot.

VII. PRELIMINARY RESULTS AND
CONCLUSIONS

In order to guarantee the whole prototype structure sta-
bility, a global control algorithm is implemented inside the
PC. Following the control strategies discussed in the pre-
vious sections a complete effective control strategy is been
implementing and testing. Up to now some useful function-
alities are implemented, supported by graphical interfaces,
like COP monitoring and articulation trajectory genera-
tion. An example of articulation trajectory generation is
shown in the Fig.13, where a single walking cycle is repro-
duced. The knee and ankle trajectories are shown in the
Fig.14 in which the sequence numbers 1-2-3 indicate the
Swing Phase, and the sequence numbers 4-5-6 indicate the
Single Support Phase. In particular the stage 4, in which
it is supposed that the Double Support Phase occurs, con-
nects the two phases.
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