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RESUMEN

o El costo del transporte es uno de los parametros mas importantes para estudiar
|a eficiencia y autonomia de operacion de un robot caminante. Este analisis
tiene en cuenta factores como el peso, consumo de los actuadores, velocidades,
aceleraciones, superficies de trabajo, modelo de ciclo de pasos, etc. que deben
estudiarse en detalle para producir una locomocion estable y energéticamente
eficiente. Este articulo presenta los resultados obtenidos para el costo de trans-
porte de un robot hibrido de dos patas delanteras mas dos ruedas traseras con
un peso total de 50 kg en diferentes escenarios. El costo de transporte del robot
hibrido propuesto se obtiene realizando un andlisis detallado de la cinematica,
dindmica, estabilidad y consumo de energia. Se ha obtenido un valor satisfacto-
rio de eficiencia, en términos de costo de transporte, debido a un disefio gravita-
cionalmente desacoplado de las patas. El costo de transporte del robot obtenido
se mueve entre 0,11 y 0,24, dependiendo del entorno de trabajo en el que actue,
con un valor de 0,18 para las condiciones nominales, esto es, caminando en
un plano horizontal liso sin carga adicional. Este trabajo presenta un nuevo
disefio de una pata robotica desacoplada gravitacionalmente mediante un nuevo
esquema en el que dicha pata se compone de tres mecanismos de cuatro barras
que se pueden sintetizar de forma independiente. Dichos mecanismos implican
movimiento frontal y vertical dentro del mismo plano detrabajo. Un mecanismo
genera una trayectoria horizontal para remolcar el robot, mientras que otro
genera una trayectoria vertical, y un tercero tiene la mision especifica de hacer
que la velocidad de remolque sea constante cuando el motor correspondiente
opera, también, a una velocidad constante,

o Palabras Clave: tecnologias de asistencia, localizacion GPS, movilidad de perso-
nas invidentes, estimulacion podotactil, interfaz vibrotactil, sistema vestible.

ABSTRACT

Purpose - The cost of transport is one of the most important val-
ues to the efficiency and operation autonomy of a walking robot.
This analysis involves factors as the weight, consumption of the ac-
tuators, speeds, accelerations, work surfaces, step cycle model or
distance travelled, which must be studied in detail to produce stable
and energy-efficient locomotion. This paper presents the results ob-
tained for the cost of transport of a hybrid robot with two front legs
and two rear wheels, with a total weight of 50 kg in different sce-
narios. Methodology/approach - The transportation cost of the pro-
posed hybrid robot is obtained by carrying out a detailed analysis of
the kinematics, dynamics, stability and energy consumption. Find-
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ings - A satisfactory value of efficiency has been obtained, in terms
of cost of transport, owing to a gravitationally decoupled design
of the legs. The cost of transport of the robot proposed is between
0.11 and 0.24, depending on the work environment in which it op-
erates, that is, walking on a smooth horizontal plane without addi-
tional load. Originality/value - This work presents a new design of
a gravitationally decoupled robotic leg by means of a new scheme
in which the leg is composed of three four-bar mechanisms that
can be synthesized independently. These three mechanisms involve
frontal and vertical movement within the same plane of movement.
One mechanism generates a horizontal path for tow, while another
generates a vertical path and a third has the specific mission of
making the tow velocity constant when the corresponding motor is
operated at a constant velocity. The overall goal of the mechanisms
is to improve robot's efficiency.

Key words: Cost of transport, gravitationally uncoupled mo-
tion, energy efficiency, experimental validation, hybrid robot.

1. INTRODUCTION

Although the most widespread type of locomotion for mobile
robots is wheel driven [1], the development of legged robots has
increased significantly in the last few years owing to the improve-
ments made in actuator control and efficiency algorithms, among
others. It is currently necessary to consider the advantages, in terms
of efficiency, of wheeled robots, for flat surfaces, compared to those
with legs [2]. One example of this is the planetary exploration robots
such as the Sojourner, Spirit, Opportunity and Curiosity. or the nu-
clear accident that occurred in Fukushima in 2011, in which human
access was restricted and it was necessary to use the PackBot and
Warrior robots for rescue operations [3] supervision.

However, robots with paws are more suitable for applications run-
ning on uneven terrain [4], harmful to humans or when robots of
relative small size are needed [5] such as those needed for home
applications [6] and to help older people [7].

Another factor that has contributed to the proliferation of such
robots is that of being able to give them an animal appearance [8] or
humanoid [9]. This appearance helps its development, as it allows us
to imitate its namesakes of the animal kingdom to investigate and
better understand its locomotive behavior.

In the case of robots with paws, the combined structure of mus-
cles, joints and tendons is still far from being successfully imitated.
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This is noted because, although electric motors are more efficient
than muscles, the cost of global transport is still considerably higher
in the case of robots.

Most actuators are not capable of transforming kinetic energy into
electric or potential of any kind, signifying that, the negative power
resulting from stop actions within each step cycle cannot be recov-
ered [10]. On the contrary, the corresponding actuator must expend
energy to cancel the kinetic energy of the paw in order to be able
to slow it down.

Another difficulty for paws robots, relative to wheel drive robots,
is the increased complexity of the control algorithm required [11]
and the lower accuracy of odometric position indicators. In addition,
the existence of numerous degrees of freedom, variables involved,
different dynamic and inertial situations, which require a greater
number of calculations [12] carries a much higher computational
cost [13].

The first successful designs of robots with paws that achieved high
locomotion efficiency rates correspond to Dynamic Passive Robots
(PDW) [14], able to move without any external energy input [15].
With the right joint-link structure, a slight downward slope, a sim-
ple push and the force of gravity, these mechanisms can walk for
theoretically infinite time [16]. Since then many improvements have
been achieved in terms of control, mechanics, physical and mathe-
matical models, materials, etc. These advances have led to the latest
prototypes of bipedal robots, quadrupeds, etc., which are able to
walk autonomously, not only maintaining balance, but also moving
on all kinds of surfaces containing a multitude of obstacles [17].

2. GRAVITATIONALLY DECOUPLED LEG DESIGN. START-UP

This paper presents optimal results, in terms of transport cost,
thanks to a method that optimizes the horizontal and vertical
movements of the DOGO Il robot's leg [18], which has been used
as the base for the hybrid robot front train of this job. Side move-
ment is essential to maintain stability [19] and being able to rotate,
but gravitationally decoupling this mechanism will generate weight
gain without necessarily achieving an improvement in efficiency.
The lateral movement is, therefore, performed with a simple hinge
joint whose axis of rotation is shown in Figure 1, located at point H.

Three four-bar mechanisms are used to efficiently decouple verti-
cal and horizontal movements. The final configuration is shown on
the left-hand side of Figure 1. On the right-hand side of this figure
are the three segregated mechanisms in which such a configuration
can be broken down.

Mechanism A in Figure 1 is a four-bar mechanism that has been
synthesized in order to generate a rectilinear path for point P (foot
tip that rests on the ground) following the procedures indicated in
[20].

A natural and efficient walking cycle requires that the speed of the
leg be constant during the drag movement. To facilitate control and
minimize losses from accelerations and decelerations of the motors,
there must be a proportionality between the speed of the motor
that causes the horizontal movement of the leg and the final speed
of the end of the leg. In this way, to achieve the desired horizon-
tality of the drag movement and a movement at constant speed,
the authors propose to use two mechanisms of four independent
bars. This is the reason for adding the mechanism labeled B in the
Figure 1.

In order to establish the objective function of mechanism B, the
leg end of mechanism A has been placed in a series of equidistant
positions P1Q2Q3,..., Pn. In these positions, bar A2 adopts the an-
gular positions A21, A22, A23,.., A2m, which are not separated by
equal angles. Bar A2 is the input bar for the four-bar mechanism
A, but it is also attached to bar B4, which is the output bar of the
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four-bar mechanism B. This angular rotation function of bar B4 (or
A2) will be the function synthesized by the four-bar mechanism
labeled B. The motor that provides horizontal movement to the leg
drives the B2 bar.

With this configuration, when the motor in B2 rotates at a con-
stant speed, mechanism B transforms it into the function that
makes the movement of the point P of the coupler A3 move with
approximately constant speed.

Finally, the four-bar mechanism C is added to the coupler of mech-

Fig. 1: Gravitationally Decoupled Leg Configuration

anism A (labeled A3) in order to provide the vertical leg movement
at point P of the coupler, labeled C3. This mechanism has been syn-
thesized to generate a vertical trajectory using the same optimiza-
tion method used in mechanism A, although logically mechanisms
A and C are geometrically different because they have different ge-
ometric restrictions. The motor that drives the vertical movement of
point P moves the C2 bar of the mechanism.

This design, together with an open loop control scheme, signif-
icantly simplifies the control when walking. It also makes it more
robust in situations other than design.

From the mechanical point of view, the present proposed design
has the following advantages [2]:

® Reduced inertia, and the wiring of the actuators is located

on the hip or close to it, away from the point of contact with
the ground.The reliability of the joints has improved, since
the actuators are not in the trajectories where impacts and
support reactions occur.

® The cost of the robot presented is drastically reduced thanks

to the use of a gear reducer and a rach-and-pinion mecha-
nism in the actuators. It is possible to include hydraulic actu-
ators for scaling.

® Like mammals, the connection between the paw and the hip

is vertical, rather than lateral as in reptiles or insects [21]. This
improves the load capacity and reduces the width.

®  Rubber supports have been added at the ends of the paws,

wich are in contact with the surface, in order to prevent slips,
thus relieving impacts.

The assembled set of two front drive legs plus two rear free wheels
is shown in the Figure 2.

2.1. DESIGN AND HARDWARE

The front powertrain consisting of two legs, shown in Figure 2, is
taken from the dogo Il quadrupedal robot [18]. In addition, on this
robot, the hind legs were replaced by two free wheels involving a
considerable reduction in weight, from 84 to 50 kg. The Figure 2B
shows the final appearance of the prototype, where each leg has
three degrees of freedom.
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This hybrid system is controlled so that, in its walking action, it is
always supported on a minimum of three points (two wheels plus
one leg), thus forming a triangle of stability. To do this, the wheels
have separated from each other a distance of 850 mm. and dis-
tanced from the front legs so that the CG of the assembly is always
within that triangle, not being compromised its support and sta-
bility. The most unfavourable situation, in terms of equilibriu, can
be seen in the Figure 3, being able to observe how the CG remains
within the aforementioned stability triangle.

Fig. 2: Hybrid robot. a) Right side view; b) Final appearance

Figure 3 shows the corresponding location of the engines, on their
right side M1, M2 and M3, being their namesakes on the side M4,
M5 and M6.

2.2 CONTROL STRUCTURE

The control scheme has two levels: a higher level that, formed by a
microcontroller, executes the program that commands the trajecto-
ries to be followed by the different actuators by launching them in
a coordinated manner; and a lower level consisting of EPOS control
cards responsible for operating the engines according to the trajec-
tories generated at the top level.

Each step cycle can be seen as a discrete event process with easi-
ly identifiable transitions, which are achieving the definition of the
target position and its corresponding motion action in open buble.

3. EXPERIMENTAL VALIDATION AND RESULTS
This section details the experimental results as regards the energy
efficiency of DOGO Il robot [18], in its hybrid form.

3.1. SETTING UP EXPERIMENTS

The results obtained have been achieved at a speed of 1 m [ 6260
ms by experimental tests of the following nature and condition:
e Smooth horizontal surface (printed concrete).
Climbing a ramp (with a slope of 9%)
Down a ramp (with a slope of -9%)
Carrying a horizontal load of 42 kg.
Irregular horizontal surface (ground).

A research assistant was responsible for operating the remote
computer and for sending the instructions to the user interface.
This first experiment did not require the use of the smartphone,
cloud server, and remote computer.
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Fig. 3: Hybrid robot plant (dimensions in mm.). Stability

3.1.1. Nature of each cycle

It is important to clarify the cycle dynamics of each of the two
legs, being identical to each other, but outdated in half cycle time.
Each complete cycle consists of two steps. In the first semicycle the
left leg moves backwards, causing the robot to advance, performing
the same action on the right leg in the second semicycle. These two
steps allow to cover a distance of one meter, which means that each
leg advances half a meter. The actuator dynamics of each degree of
freedom are parameterized as follows:

e Hip: This motor is responsible for the side movements of the
robot, taking care of the opening or closing of the legs. For
transport cost tests it has been maintained at a constant
opening angle while the robot walks, implying that it does
not influence such action as the various tests tested follow
straight trajectories.

e Knee: This engine takes care of the robot's feed movement (50
cm. on each leg).

e Foot: This motor is responsible for coupling/uncoupling the
foot with the contact surface. It rises | poses a distance of
3cm.

3.2. INTERPRETATION OF RESULTS

The second experiment aimed at evaluating the performance of
the AT system as a whole and at determining whether it can actually
assist the mobility of blind pedestrians.

3.2.1. Electricity testing

In this section, the power consumption results of the M2, M3, M5
and M6 motors are shown in four Intensity (A) / Time(s) graphs dur-
ing a full cycle. In each of them, the results of the same engine have
been overlapned for each of the five tests carried out corresponding
to different working environments, making their differences better
visible. As mentioned above, the results of the M1 and M4 engines
are not taken into account by not influencing the robot's walking
action.

In the Figure 4 the instantaneous intensity value of the M3, M6,
M2 and M5 engines is displayed for each of the tests performed.
Those corresponding to the M3 and M6 engines represent the con-
sumption of both feet. In these graphs it can be observed that a
consistency is maintained in the results shown, showing how the
shape of the curves corresponding to the different tests follows a
certain pattern. Note how in the first half of the cycle the consump-
tion of the M6 engine is higher than that of the M3 engine. This is
because, in this first semicycle, it is the left foot that is in contact
with the ground and therefore supporting the weight and inertial
stresses of the robot due to its movement, while in the second part
of the cycle the consumption of the M6 engine is reduced practi-
cally to zero since the foot it commands is in the flight phase. It can
be seen how both graphs are symmetrical to a center point of the
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graphs. This is because while one foot is in the flight phase (without
any load) the other foot is in the support phase and vice versa.

The M2 and M5 engines are responsible for the knee movements
that execute the robot's feed. In the first half of the cycle, the M5
engine is responsible for moving the robot forward 50 cm. with the
left leg in contact with the ground, while the M2 engine keeps the
right leg in the flight phase moving forward to position itself in the
next step. In the second half of the cycle, the same thing happens,
but with the M2 and M5 engines changed. In these graphs, the dif-
ferences in consumption between the different tests are best appre-
ciated because their actions require a different effort. In the ramp
climb test you can see an increase in consumption because, logically,
the robot now has against gravity in its advance.

3.2.2. Power consumption

During the different tests, in real time, readings of intensity, time
and speed (linked to the voltage) have been made that have allowed
us to develop the graphs and above all to be able to Calculate real
energy consumption in each work environment, by expression (1):

E:ZP(t)-At

where t is the elapsed time between the readings and P(t) is the
power consumed in that time period, which is calculated according
to the expression (2):

P)=V(t)-I(t)

(1)

(2)
Finally, total consumption is obtained by ex-
pression (3):
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Fig. 4: Current consumed / time on M3, M6, M2 and M5 engines.
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Where N, It is the number of movement phases per cycle, N,, The
number of engines involved and £,, energy consumed, calculated at
(1) for the Qand the engine K.

Stage Energy consumed
Smooth horizontal surface 887.39J
Climbing a ramp (slope s 9%) 1201.75 )
Lowering a ramp (slope -9%) 824.01)
Carrying an additional load of 42 kg. 995.99 J
Irregular horizontal surface 972.18J

Table 1: Energy consumed in each work scenario

The Table 2 shows the percentages of consumption of the actua-
tors who are in the flight phase and those who are in the support
phase in each scenario. It can highlight the following:

® |n the tests carried out in horizontal surfaces, regardless of
their nature, it is observed how the consumption of the flight
and ground phases are very similar. This is because, although
more effort is required in the ground phase by the single en-
gine that performs the advance (engine 2 or 5, depending
on which semicycle we are in), the flight phase involves a
greater number of engines with a greater number of starts
and stops that mean that consumption tends to rise and
match the ground phase. There is a somewhat greater differ-
ence between flight and ground consumption in the irregular
horizontal surface because while the leg that is in contact
with the terrain performs the forward manoeuvre there are
situations of sliding between that leg and the surface which
means that it actually advances slightly less than intended
and therefore its consumption in the ground phase is some-
what less proportionally than in the rest of the tests on hori-
zontal planes.

® In the test of Rise, however, it is seen how the percentage of
consumption in the support phase is higher than the other
tests, since the force of gravity is negatively involved.

® In the test of Down, happens just the opposite of the rise as
the force of gravity plays in favor of the downward trajectory.

® |n the test with a additional load of 42 kg., as expected, con-
sumptions, in absolute terms, are higher than those of the
smooth horizontal surface test without load, as more effort
must be made. However, in terms of percentage it is seen how
in the soil phase consumption is somewhat lower. This is due
to small slippages between the tip of the foot and the surface
which results in a little less real route terrain and therefore
lower consumption.

3.2.3. Cost of transportation

Gabrielli and von Karman [22] introduce for the first time the con-
cept of energy efficiency during locomotion, based on the same
idea as the cost of transportation defined by Collins [23], where, for
walking robots, the formula is followed (4) Adimensional:

E

E= Mg d

Dyna | |



[ research article [ articulo de investigacion Transport cost of a high energy efficiency hybrid robot
Francisco-Javier Lopez-Lombrafia, Angel-Gaspar Gonzalez-Rodriguez, Antonio Gonzalez-Rodriguez,

David Rodriguez-Rosa, Guillermo Rubio-Gomez, Sergio Juarez-Pérez, Fernando-José Castillo-Garcia

5 | ISSN-L:0012-7361]

Smooth horizontal surface 441,36 (49,73%)

446,03 (50,27%) 887,39 (1000%)

Climbing a ramp (slope s 9%) 468,36 (38,97%)

733,39 (61,03%) 1201,75 (100%)

Lowering a ramp (slope -9%) 476,88 (57,87%)

347,13 (42,13%) 824,01 (100%)

Carrying an additional load of 42 kg. 510,95 (51,30%)

485,04 (48,700%) 995,99 (100%)

Irregular horizontal surface 517,03 (53,18%)

455,15 (46,82%) 972,18 (100%)

Table 2 : Table of percentages of consumption in the flight and support phases

Where E is total energy consumption for a distance traveled D (10
m in all tests), M is the mass of the robot and G is the acceleration
of gravity.

The terms E And D they have a directly proportional relationship,
that is, if the distance travelled increases proportionately the ener-
gy consumed used to travel that distance, so the distance travelled
alone does not imply a variation in the cost of transport. The same
goes for the term M. Increasing mass also means consumption E,
causing the cost of transportation [24], do not vary significantly.

Within the energy efficiency, we can distinguish two types: one for
the mechanical cost of transportation,M, if only the positive work
of the actuators is considered, and another for the electrical cost of
transport,E, if the total electrical energy consumed by the system is
used. This article uses the latter type.

Using the results shown in the previous section, the electric cost
of transportation obtained for each scenario is shown in the Table 3.

Smooth horizontal surface 0,1809
Climbing a ramp (slope s 9%) 0,2425
Lowering a ramp (slope -9%) 0,1678

Carrying an additional load of 42 kg. 0,1100

Irregular horizontal surface 0,1982

Table 3: Electric cost of transportation for each scenario

3.3. COMPARISON WITH OTHER ROBOTS OR SYSTEMS

Collins also provides data on transport costs of oth-
er robots, which are very useful in this document in terms
of comparison. Some of them are shown in the Table 4. It
is worth noting the scarcity of data in this regard, being
very difficult to find them in other articles or publications.

Our robot (DOGO II hybrid) 0,18
Lebrel Hybrid Robot 0,18
Bipedal Cornet 0,20
Human 0.20

MIT's Spring Flamingo 2,80
Asimo bipedo 3,20

T.U. Delft's Denise 530

Table 4: Cost of transporting other robots or systems
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For this reason, the results shown do not belong to robots of similar
characteristics, but they serve to give us an idea of the range in
which we are moving.

4. CONCLUSIONS

The attempt to improve efficiency is a constant in any area, being
directly related to savings. This efficiency and, therefore, the cost of
transport achieved for the hybrid robot used in this work has been
achieved thanks to the mechanical and dynamic design of its leg.

This article introduces experimental validation, in terms of trans-
portation cost, of a new mechanical design gravitationally decou-
pled.

Using, as a basis for experimentation, the front leg train of the
DOGO Il robot [18], and after developing a control architecture that
executes an effective movement of the robot, electrical consump-
tion readings of each actuator are recorded in different working
scenarios, reaching the following conclusions:

e The use of this particular type of gravitationally decoupled
leg leads to efficient movements and trajectories with as
few actuators as possible. This has a positive impact on con-
sumption. In addition, thanks to this structure, it is easier to
establish corrections between changes made to the running
conditions and the demand of the engines.

e Although the cost of transport is the best indicator to rep-
resent the energy efficiency of walking robots, this is a value
rarely found in any type of literature, and, of the small num-
ber of existing references, none deals with a sufficiently pro-
found impact on variations in this coefficient depending on
different working environments. For this reason, the results
shown in this work contribute to providing more information
in this field.

® |tis worth noting the efficiency values and transport costs
obtained, thanks to a gravitationally decoupled design of the
legs. The cost of transporting the hybrid robot presented var-
ies between 0.11 and 0.24 depending on the working environ-
ment, being able to take a value of 0.18 for nominal condi-
tions, that is, walking on a smooth horizontal plane without
additional load.

® |tis always positive to be able to compare your own experi-
mental results with existing ones. To this end, it is desirable
that such comparisons be made between more or less simi-
lar systems that allow for minimally precise conclusions. In
this sense, only absolute values of robots or systems could be
found without specifying under what conditions they were
obtained. However, these values serve as guidance and we can
see that the results achieved are competitive.

e Therefore, comparative data from the Table 4, while real, they
cannot be interpreted beyond a reference to be taken into ac-
count, as they belong to systems and/or robots of typologies
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not similar to our own. The most important objective was to
experimentally validate the efficiency and cost of transport
that can provide the leg mechanism presented in this work.
Once tested in different environments, for a straight trajecto-
ry, that the results are optimal, these can be used for future
research where you can change the current configuration of
the robot, two front legs plus two free rear wheels (hybrid), to
four legs (quadruped) making more complex trajectories with
obstacles in which the balancing component will demand the
use of more actuators.

® The experimental tests presented in this document show that
the peculiarity of the mechanical and dynamic design of our
hybrid robot is, compared to others, quite effective and, con-
sequently, really efficient to act in different scenarios, thus
being able to provide a service in those areas in which hu-
mans have restricted or prohibited access with an irregular
orography where wheeled robots see their capabilities greatly
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