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ABSTRACT
The locomotion system is determined by the terrain
conditions. The aim of this paper is to introduce the

characteristics and simulation of a hexapod legged robot that
can be easily used for exploration of abrupt and harsh
terrains, }ike the Rio Tinto environment.

A walking robot seems like the best option for this kind of
terrain. Some of the advantages are that they do nof need a
continuous terrain, they have less problems with sliding and
they also have greater capacity to overcome obstacles as they
produce less hamm to the environment that the scientist wants
to explore on the contrary when faced with mechanical
design they present a design challenge, also in the static and
dynamic analysis problem of a legged robot, therc is a high
complexity that has to be taken into account.

This paper shows how 1o easily cope with the analysis of a
hexapod robot movement based on a design developed by the
Center of Astrobiotogy INTA-CSIC for operation in Rio
Tinto {(Huelva - Spain).

WALKING MACHINES
Walking robots (fig. 1} are well suited for unstructured

environments and abrupt terrains having some drawbacks
like movement coordination, speed and power consumption,

Figure 1. a). Katharina (Fraunhoffer [nst.), b). Scout 1 (MIT).

In order to choose the best configuration the state of the art in
walking machines has to be reviewed. Walking machines are
usually found classified by their number of legs ranging from
eight to one. Walking robots with six legs and four legs are
the more frequently built, there exists multiple designs based
on the choice of actuators, dimensions and design

28

implementations like articulated bodies giving high m
of active degrees of freedom (Song and Waldron 1989)

With new technologies advancing an increasing mark
begun with microrobots, alone or in communities th
work cooperating between each other are appearing, thi
of robots have the disadvantage that they perform |
tasks that do not deal with high payload capacity. Last t
least bipeds and onc legged machines are reachin
markets specially bipeds which simulatc and perform t
actions as shown in the following figures.

a) by

Figure 2. a). Honda human robot, b). Olie Vrije Univers

As it has mentioned before walking machines look li
good option when it deals with harsh terrains, they can¢
better to abrupt lerrains and be less harmful to
eavirontment they are in, rover wheels usually damage
terrain we want to analyze or explore. Some of the wal
machines summarized before are feasible for ra
exploration of harsh terrains. But the design had to a
“mechanical complexity” which means low reliability,.
power consumption and large control problems (Song
Waldron 1989).

When dealing with a robot design of this complexity,
design will be based on the design requirements, These
depend on the type of scientific missions goals and these
have to be clearly specified by the scientific group for
design engineers to begin. When a design of this type stat
will vary depending on the scientific payload that needs ¢
carried, the type of environment that wants to be expla
and the range of arca that nceds to be covered. Thesel
affect the design materials, type of actuators, mmhamcsﬁ
power consumption thal needs to be used. These will oive
estimate dimensions of our robot that will also help us
the decision of the robet configuration, |
|
The Center of dStl’(}blO]Og}’ having in mind all the des
specifications and mission requirements involved and lak]
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jaccount the number of different instruments that will like
placed in the robot has designed a six legged robot
¢ in mind the abrupt terrain that it will work in ‘Rio
{Huelva, SouthWest of Spain) (Bruhn 1992). The

al characteristics from a biological and geological point
ew. The study of such environment is characterized by

port a scientific payload and it should be able to achieve
much location as possible in order to collect information of
ent river zone. One of the clements more sensible 10 the

P lermain conditions is the locomotion system because since it
d make feasible any displacement along the river. The

notion system is determined by the terrain conditions.
|m of this article is to introduce a six legged robotwith

p wer consumphon and maxtmum payload capacity. The

HEXAPOD DESIGN

;13;. on a design requirement of 40 kilograms of paytoad,
qé',ordcr to minimize mechanical complexity the final
n chosen after analyzing sevcral configurations,
uded in a hexapod shaped rover powered by linear DC
etuators (Torres and Pomares 2002, Barrientos and Pediin
?7-{ These type of acluators were chosen for its high farce
nufs as we are dealing with an approximate 80 kilograms
of: The robot has a design configuration like the onc
ho n n figure 3 (Waldron et al. 1984). The main function
i rabot hexapod box is to carry the payload. It has 1o be
¢ enough to fit all of the payload and robust to withstand
“forces and moments due to  the walking motion and
ssible collisions with objects. The hexagonal design is to
¥ more space between the legs when they perform the
wing motion (Bruhn 1992). The number of legs were
fiasen as a compromise between complexity and stability
} and Walgron [989), and six seecmed like a good
fompromise.

Bith these six leg configuration the waltking motion could be
periormed as follows: the robot can stand in three legs in a
mangular configuration meanwhile the other three legs are in
b ar. The three legs on the floor can perform a rowing
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motion forward and when they reached the maximum
motion, the legs in the air can come down and the same
procedure will follow, with these movements we can avoid
having the 18 actuators acting at the same time (Torres and
Pomarcs 2002).
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Figure 4. Dimensions of the prototype design.
LEG DESIGN

When dealing with any design the desired result from a
mechznical point of view is its simplicity in manufacturing,
also simplicity during mouniing and with repair, this design
was thought primary to be highly robust (Gere and
Timoshenko 1990), The lincar DC motors chosen will allow
large movements of the legs but will act as part of structural
members of the mechanical design (McGuee and Orin 1976).

Each of the legs has three independent degrees of freedom,
the linear actuators controls two degrees of freedom The third
degree of freedom ts controlled by a DC gear motor. Below is
a detailed sketch of the leg and the minimum and maximum
positions of all the actuators involved. The maximum angles
and positions that it can move on will depend on collisions,
targe force or moments acting and unstable positions.
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Figure 5. Attachment and function of the actuators.

The materials will be aluminum hollow bars, which are light
but have high mechanical strength and to assure smooth
movements they will pivot in bearings.

REACTIONS
After analyzing the robot mechanical design, the first trade

off calculations that will improve and change the design have
to be made. The first step to start the calculations is to find



out what are the reactions ‘R’ in each of the individual legs
taking into consideration all of the weights the structure and
actuators are going to withstand at all of the possible leg
configurations. The procedure is to find the moments and
forces about a point in the hexapod Icaving a system of three
equations and three unknowns, thesc equations will be listed
here, and salved using Matiab". The rcactions are found in
the worst case assuming that the hexapod is standing in three
legs, which are performing the rowing motion. The other
three legs do not have a ground load reaction but contribute
with their weight and displacement configuration. The
following figure explains graphicaily the loads nvolved.
Weight [oads are shown only at one leg labeled ‘6. Each leg
is suffering the same represented weights as leg ‘6. but
different R>, R, and R, will be obtained depending on the
configurations.

For the verification of ground reactions a static Nastron®
force analysis will be performed to validate the resuits
obtained from Matlab”™.

Also from these Nastran™ analysis, materials and different
design configurations will also be analyzed, but this will not
be dealt 1 this article and from the program the reactions will
be taken lo compare our theorctical results, these is later
shown below in results.
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Figure 6. Ground reactions.

The resulting equations are reduced to three due to the
addition of forces and moments at point ‘0. Due to the
direction of the vertical forces acting, ‘z” distances do not
appear in the equations. This three resulting cquations are a
function of the next shown variables which are calculated
under a loop so all possible configurations are taken into
consideration. Legs /', 3" and 5’ are kept at fixed positions
so the program has enough memory to iterate the different
configurations of the threc legs which have ground reactions.

A, 06=-5%:30° (n
B, . =85 120° (2)

As the three legs are rowing at the same time it can be
assumed that:

hel el = 200 20 (3)
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unknowns to three unknowns and three equations, with t
we can begin to calculate the first reaction forces.

The three equations involved are the summation of forcess
‘x" and 2’ directions and taking moments abow point '§
which is located where *R,” and *R." are acting.

The resulting equations can be summarized to the folk
system of equations:

L1 1R [
}{2 Y-‘I }/;) 1 'Rd = M,r (4}

Ly Ay Xyl | R M
Equations 1. Reaction equations.
, wherc

Wi = Addivion of all weights, box + legs +acluatars (£ cquation}

M, = All the independent terms in the moment *i* equation for al
fegs acring : All vertical weight forces times their * ¥ distance to p

M’_l = Al the irdependent term in the moment %" cquation for a[t
legs acting : All vertical weiglit forces times their *.X7 distance (o pon

X, = X distance from rhe reaction foree *R,” 1o point '},

Y, = ¥ distance from the load reaction *R, 10 point ‘0"

LEG FORCE ANALYSIS

Due to the number of unknowns the analysis of each dff
robot legs has to be broken into separate sections in ordd
be able to calculate thesc unknowns.

The calculations will be performed for leg ‘2" which &
llustrated in figure 6 withstands the greatest pnd
reactions, varying ‘a.’, ' and ‘»".

The following figure will illustrate the first cut section §
will be caleulated. ’
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Figure 7. First section analysis.

In figure 6, we have reduced the number of equations 2

Z} =R +R, —m g+ Fm? -cos(gbm?)fmm: -8 (3}
S F.=R +F,, -sin(g,,) (6

woity



Z M= RZ E Xr.fg\ —m, g de - F:’k.h ’ CUS{?&I{T: ) b "\/d + F;(r Sin(ﬂw, J i Zd, - ‘,num & Xa’,,, n (7}

o sin(g,,.) MR 0
10 1 cos(4,..) 1R, |= m,_-g=Ry+m,, -g | (8)
tG 0 sin(g,, )—cos(d,, ) s m g X, -R-X, +m_-g-X, J

J 2 L = gy ¢ = L o) == Yo ing ¢

Equations I1. IForce cquations in first sectien analysis.

¢ can continue with the second section cut, with the value The cqualium involved are the summation of forces in “x’
“of the reactions in the hinge we start solving for the next and ‘" directions and taking moments about point *f)° which
owns shown which can also be reduced to three is Iucatui where Ry and R, are acting (eqs. TN,

tguations and threc unknowns that can easily be solved.
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l Equations 111.a. Force equations in second section analysis.

Figure 8. Second section analysis.
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Equations [1J.b. Matrix force's equations in second scction analysis.

lhe last section cut, shown in figure 9, the vertical bar is Each of the acting forces can be reduced to a force and a
tachied with bearings so it can be assumed that is simply moment acting at the ends of the vertical bar. The moment
“"puned withstanding the forces shown, due to the resultant fOI'CL appears because the attachments have an offset in the
of unknowns and equations it has to be reduced to an x" and *z” direction.

Leamhsolved case.
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Ko,

Figure 9 . Third section analysis.

In thts section, we have more unknowns than equations so we
have to apply a simple meihod in which we can reduce it to
three unknowns, for these we can assume that every force
that acts in the bar is equal to the sum of a force plus a
moment, from the Roark’s book of formulas for stress and
strain (Young and Budynas 2001) we find the following:

In figure 10 we have the four unknows (Rz, Ry, R and R;)
and four known forces acting (Fuct; . F"rfu R, and R, ), that

we can apply to them the above reduction case. The distance
at which the force is acting is important. We have forces
acting in two points at which a from figure 10, will be equal
to ' and ‘L.
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Figure 10. Reduction to known cases.

©

For ‘a=0" , the force acting is from actuator ‘7", the force

"Fuer; 10 the x"and 'y’ direction is equal to:

(13)
(14)

}':‘rr._ = F:m, : ‘["fn(‘ﬁ.u-a, )

Fr = Fuy 0504,

Applying the equations of figure 10 at ‘a=0"and "L=L;", we
obtain the following values for point '/ "

(t5}

(16)
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Applying the equations for the reaction forces 'R, and!
obtained in earbier calculations we obtain: |

R, = f—L-(L,LJ: 0 2l

4 L-r
L (22

R =Pt =p=R
< % L,: L=

B R, 24, @
dyr L_g

e R, X, (24]
Z

R, =-R,

R.=-R

forces in the vertical bar:

R =R +R_

R =R +R,

R =R, + R"-m + R"u,. FR 4 Rﬁu!. + Ra.,_._
R =R, +R, +R,

Equations 1V. Vertical reaction forces.

RESULTS

The equations here presented were programmed in Mad
and validated with Nasrran™, a finite element progi
Nastran™ took the design a step further by taking into acg
real dimensions and materials that were going to bel
(Song et al. 1985).

In this way it can be verified that the previous calculal
were the reaction force in the legs from the weight of
payload and the different geometrical configurations thal
robot will have to ercounter matched our calculations.

Also it is a way to check that the materials and compos
selected are able to resist these reaction loads that will a7
during the walking motion and irregular configurations,

The steps followed are clear through the article.

I.- The fist step was to analyze the ground reactions; this
a first approach in order to know the magnitude of the§
that cach leg will be carrying. By breaking in sections we
easily find the reactions and forces acting in all
Knowing the forces that are going to act in our robot fegs
can now choose the right actuator that suits our applics
and the materials that will resist these toads.



closér look at the forces and moment of each leg for a encounter and a second review of the actuators and material
aive in each section, the equations are programmed in has to be performed.
farlab” for the different configurations that the robot will
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Figure 11, Reactions Marlab™ results.
Maximum Force
(N}
Facs 1200
Fuu, 1200
R. 1300
R. 600
R), 1300
Ry, 1400
R, 400
R_s__ 2000
r'?.:J 600
R 2000

~ Table I. Maximum force values for each reaction.

g . © e .
Figure 12. Reaction Nasiran™ analysis tor one configuration.

wing the ground reactions we can proceed to the scetion
. were we obtain the rest of the desired forces, they are

in the above plots and are summarized in the table.
forces will depend on the elongation of the actuators,

Here a static subcase 15 shown of our robot it shows a
configuration that we had found previously as of high acting
forces, we can see that the point were the leg has the weight
on its own shows the maximum value of 478 &. If we take a
laok at figure |1, ground reactions versus X’ distunce , we
find a maximum value for the leg standing in its own with a
maximum value of 500 N, this value is when the leg is in a
position nearest to the center body.

This iz consistent with the results found theoretically also this
involves materials and real geomeiry which gives a more
closer value to the one we are going to encounter in reality.

s

atcording to the new weight and dimensions.

b,

E_Valgiatlon of the results a stru_ctura[ program  like This model was also simulated for all of the theoretical cases
grlrm:i and conclusion of the design and components analysed, here only one static case is shown.
BVOLYEQ.
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CONCLUSIONS

The analysis of a complex design such as this, has to be taken
with a lot of care and having very clear in the design what
your goals are. Start off information as what your design is
meant for, what load do you want to carry and what
environment has the design to face will limit the development
and analysis of the robot.

This paper was mweani 1o explain the equations around a
hexapod roboi configuration but also to clarify and teach a
person facing with a similar design problem how to cope with
the analysis by approaching the problem by section and steps.
These calculations wil!l probably have to be done cyclical
every time new actuators or new payload is selected in order
to achieve a trade off between weight, characteristics and

budget.

Figure 13. Hexapod robot design developed by the Center of
Astrobiology INTA-CSIC,

An important issue in this design will be validation with the
real model, right now the first prototype is in the Robotics lab
of the Center of Astrobiologia (fig. 13) and before starting
any field work the fist tests of mobility based in this paper
have to be performed. Also dynamic movement and pre
programmed trajectories will be a task to be performed in the
following months and will be dealt in future articles.
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