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Abstract : New results on the development of adaptive six-legged walking robots and their control systems are pre-
sented. The major parts of the paper considers control of foot forces distribution and control of body motion based on
the information about the main force vector acting on the vehicle. We developed and experimentally tested algorithms
for the inserting and drilling operation based on the force control. Rectangular and hexagonal vehicles are
considered.
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1. Six-legged robots i , _
g9 %(I) +oxfd =y )

A rectangular vehicle ("Masha’) was developed at the Igpore 7 s the absolute angular velocity of the robot

stitute for Mechanics of the Moscow State University aqgody_ Under give andV this relation uniquely defines
the Instltl_,lte for Problems of_ Informafuon Transmission @f,q trajectories of legs in the support phase. If leg tips are
the Russian Academy of Sciences (fig.1) [1]. A hexagonghionless, their relative motion is exactly defined by the
vehicle ("Mag”) was developed at the Fraunhofer Institui,qy motion. Thus, a coordinated control of the legs in
for Factory Operation and Automation (fig.2) [2]. the support phase ensure the prescribed motion of the
Both vehicles have six legs with three powered degrees,8fyy in terms of its linear velocily ~ and angular velocity
freedom each. Three-component force sensor are mogy-

ted in the shanks. The legs are powered by electriggtial conditions for this system of differential equations
drives with gear reducer and are equipped with joint agre taken from outputs of an other unit. The output of the
gle potentiometer sensors (position servosystem). Thrgesnoeuvring unit is leg end trajectories defined in the
component force sensors are mounted into the leg sh%ﬁ] of Cartesian coordinates@f‘)xg)xg)xg)

together with the amplifiers. Each foot has three passiyfy hosition control system enables the computation of
degrees of freedom and a tactile sensor to measure G, manded motion of the leg tips and positional feed-
tact with supporting surfaces. The control systems of tgﬁck to track this commanded motion. Force feedback is
robots consists of lower and upper levels [1-3]. The bodyqaq 16 the positional control system. Beside the compu-
of the rectangular vehicle carries a gyroscopic attitugléi of commanded forces and leg position corrections,

sensor to measure the pitch and roll angles of the pOdyforce feedback implements a distribution of vertical and
The upper level of the control systems are S“per"'sorytrlénsversal forces, leg sinkage during soft soil
prescribes such motion parameters as gait pattern, trﬂ)%motion

width, clearance, and the locomotion cycle parameters.

The main coordinate systems of the vehicles are:

OXo,1X0,.2X0,3 earth-fixed axes describing the surface ovér Force control

that the vehicle movesPXiX2X3 - axes rigidly related

to the body with origin of the body cent@(,‘)xg)xg)xg) By using force information, it becomes possible to solve a
(i=1,2,...,8- axes connected wiihth attachment points large number of tasks. The force control is needed to raise
of the legs to the body (fig.3). the adaptability of the vehicle to irregular terrain, to dis-
Radius-vectoR denotes the position of the vehicle cdfibute the foot forces in locomotion over rigid and soft
tre, T describes the position of the end-tfi leg with soil. Control of these foot forces makes it possible to re-
respect to the vehicle centre ak!  defines the positi@#ce loads on the structure and energy consumption of
of the leg end with respect to the attachment point. the_leg drives. In locomotion over complex terrain, the
The position of the leg end is defined Y =R+ horizontal force components may be controlled so that

Differentiation of this relation yields contact forces are within the friction cones.
. . Another set of tasks - moving through a labyrinth or into
%(') :\7+%(') (1) a pipe without vision guidance, crawl under an obstacle,

> a mounting of parts by means of the body vehicle - can also
wheredR"/dt is the absolute velocity of the leg evid, [ solved by means of force feedback.
vehicle velocitydr/dt is the relative velocity of the end

of i-th leg. Body motion is, obviously, defined by that of _ .
. =) 2.1. Active compliance

the supporting legs only, for whigdR™/dt) =0 , hence

(dr/dt) =-V. This equation may be rewritten in terms o : .

projections on body ax@X:X>Xs _in the following form fn order to understand the behaviour of a system with foot

force feedback, suppose the servo systems tracks the
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accuracy.

Write the radius vector®)  of thieth leg in the body- For moving a vehicle over a structured terrain we need a
fixed coordinate system as the sum of several teradaption to a different ground clearence for each leg. The
70 =70 + AT0 + 510, wherer$) is the commanded posistep cycle must be modified in order to get a correct
tion calculated by the leg motion control algorithdg?)  ground contact. To get the ground contact information

is the elastic displacement of the leg-end, &ittel is tte foot force information is used.

commanded position correction. While touching the ground the foot force is rising in de-

Support reaction in thith legF” and elastic displace-pendence on the ground properties: for rigid ground the
ment of its end are related as follows: force is rising quickly, for soft ground slowly. The ground

EY = car®). HereC is the positively defined symmetridouching phase is ending, if the desired foot force distri-
matrix of mechanical leg stiffness. bution is reached. Together with active compliance we

Because of the force feedback, the positional servosyst@gh an adaptable step. By analyzing the foot force depend-

receives the leg position, which differs from the progratig on the foot position the soil softness can be measured.
@ This is needed to adapt the step cycle in the transfer

position Tp” by
. . phase for enough foot clearence.
or® =A(‘)(IE(')—IES)) (3) A similar algorithm is used for obstacle detection and

where A®) is the symmetric positive definite feedbac ossing. During the transfer phase the touch detection

) =) algorithm is activated in transfer direction. An obstacle is
gain matrix, Fp _(i')s the command force vector. If th§eiecteq if the foot force reaches a prescribed value. At
measured forceF differs from the commanded forggis moment the foot should be stopped.
IES), the leg end displacement is proportional to the diombining the obstacle detection with the active compli-
ference. Such a behaviour of the system is similar to tlaice the foot begins stopping while the acting force is ris-
of an elastic spring with a mechanical compliance ainly and before the force level for obstacle detection is
is called active compliance. Active compliance can bheached. In this case a hard hit onto the obstacle is
controlled by varying the elements of the matki® anglyoided.
the commanded forcé:é;) . An adapted step cycle is shown in figure 4. The step was
In this case the control law of drives can be written asadapted with ground detection and active compliance.
g® =Gx(>_((i)—XS))—Gf(FE(i)—FES)), whereT" - compo- During the transfer phase an obstacle was detected. A

nents of voltage vectoK(i) XS) - measured and progr%rﬁrszztétlzd transfer phase path was calculated to avoid the

values of position, respectivelgy, Gy - diagonal coeffi-

cient matrix of position and force feedback, respectively.

A multi-leg walking robot is a mechanical system stat2.3. Force distribution in statically undetermined

cally indeterminate with respect to forces acting on its mechanical systems

legs (foot forces).

In the presence of active compliance the distribution f®rce control should improve the vehicle performance at
determined by the matrik®  and the commanded forcssft soils. When moving along a nonrigid surface, leg

[?g)_ If the compliance is sufficiently high, small positionsubsidence into the soil must also be controlled by correc-

ing errors have no noticeable effect on the force distribiien of their commanded position.

tion. In this case the forceg" are equal to ﬂ%everal control algorithms of vehicle motion using a pri-

=@ - ) . ari knowledge of subsidence vs. load dependence for each
c_on_wmanded forcelég it the latter satisfy the static eqlt'é'g are possible. For example, leg motion can be cor-
librium eqL_latlons. Lo rected by subsidence computed from the commanded load
In locomotion over soft soil, it is necessary to correct trbq] the leg. In this case the commanded load is to be
position of eac_h leg with respgct to th_eir sinkage into s acked by means of force feedback. With another algo-
The computafuon of the leg smkgge is <_:Iosely related fhm each leg sinkage is computed from the desired
the computation of forces. The interaction of the aboygqq i, this leg if no force feedback is activated. Both de-
control processes is described by the equation scribed algorithms were experimentally tested during the
70 = +A(i)(lf(i) _,—:S)) +s0 (4) locomotion over a thick layer of porolon. Subsidence vs.
load dependence for the sample used can be treated as
For the locomotion of our robots there were deVG'Opgﬂnme, linear and equa| in different points_
and experimentally tested algorithms for load and singround clearance fluctuations of the vehicle were not
age control for walking over rigid and elastically deformmore than 1 cm, attitude fluctuations not more than 1 deg
able Surfaces, over a surface with irreversible deformatimh maximal |eg subsidence being 5cm.

and locomotion between planes forming a dihedral angigowever, the characteristics of the real soils are far from

Algorithms are based on the control principle of actii@e linear elastic model.

compliance [4-6]. We have investigated the mechanical load-sinkage prop-
erties of soil. Such curves for a number of soils and syn-
thetic materials were obtained experimentally with the
aid of the vehicle leg. All legs but one stayed on the rigid
support; the remaining leg was placed on the soil or a
synthetic material to be investigated. The load on this leg
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(about 100 N) and vice versa. The leg sinkage was deteaction force components due to contact of the tube to
mined by means of joint angle sensors, and the load vifas funnel-shaped surface and moving the body of robot
measured by means of a force sensor. Some of the exparisuch a way that the reaction forces will be minimal-
mental load-sinkage curves are shown in fig. 5. A maxeed. Two algorithms were analysed. The first algorithm
mum load on the leg was 120 N, with the foot area 8 based on the compensation of independent displace-
cn?, resulting in a pressure of 40 kPa. ments of robots body. The velocity components of the
As seen from fig. 5 and known from literature [7] irbody, \_/p = c0l(Vpx, Vpy: Vp2) ,are calculated as (5).

natural soil the sinkage is irreversible. Most natural soNge consider two basic phases of the insertion procedure:
have completely irreversible deformation characteristigotion along a mechanical link and maintainance of a
Such soil behaves as an absolutely rigid support if then contact force.

load on the foot becomes less than a maximum value Rltring operation the tube moves towards the hole and
ready achieved. Note that the properties of natural capuches the inner side of the funnel. During this motion
solidating soil may differ considerably, even within smathe force components are determined.

spatial variations. Due to the force feedback, the body of the vehicle is dis-
placed in the direction of the reduction of lateral force
components and force contact is maintained equal to the
programmed value. The accommodation ma@ijx is set

Control of moving body can be solved by means of COIEi_agonally. Its elements are adjusted so that they are big

trol based on the information about the main force ahd movements perpendlcula_r the hole and small for
ovements along the tube axis.

torque vectors acting on the vehicle body. If the com: )
manded vectors of linear and angular body velociti ur experiments have shown that there can occur a loss
icontact between the tube and the surface of funnel-

3. Force control by active accommodation

lineary depend on the force and torque, then the vehi@e

body will move in accordance with the "accommodatior? aped hole. In the force reaction measurements this phe-
nomena is observed as a momentum change of the force

or "generalised damping" concept [8]. The control law _ o
for the position of lea ends B = THG (V-V,)  wher components, particulary a change of th_e longitudinal
for the pos 9 x P Sorce component. The main reasons for this are bad coor-
V, Vp, are measured and commanded values of body Mgsation of velocity components and inaccuracy in com-
locities, TO is the transformation matrix from axes ter servosystems.
OX1X2X3 to axeDOXP XX V, s calculated as  The second elaborated algorithm of body motion control
Vp =Gi(F-Fp) (5) is ba'i‘sed_o"n the_ complex _mot@on as the supe_rpos_ition of
_ two "basic" motions - motion in the normal direction to
whereG; - matrix of accommodation. Force veétor  caRe surface of the object and motion along the tangent to
be determined as the sum of the appropriate force comge surface [9]:
nents acting on the legs or, alternatively, by means of a - - _
force sensor mounted into the operating tool or object, Vp =Va+ Vi =A(F-Fp)n+ ViT ©6)
connected with the body. Here, n andT are the vectors of the outer (outside) nor-
In this way can be solved, for example, the problem gfal and the tangent with respect to the surface,
bringing a tool mounted on the body of the vehicle i, = const> 0 is the programmed value of the tube velo-
contact with an object (part), whose position is unknowsity along the tangent to the surface of object (contour ve-
and to maintain this contact with a specified clampinigcity), F, =const>0 is the programmed value of the
force, or the problem of moving a tool along the surfag®mrmal component of the contact force to be maintained,
of object whose shape is not known in advance. Fn is normal force componert,>0 is a constant. If the
friction between the tube and surface is absent or kown
then the vector®i and can be determined from force
sensor. The previously mentioned relationship (5) de-

. . i linear control meth relationshi i non-
The above mentioned approach is demonstrated for Cerlbes a linear control method, relationship (6) is a no

insertion of a tube with the diametdg  into a hole of apcar control method. To use (6) in the contr_ol system
external object. The tube is rigidly connected to the bo&'f ha\_/e to. evaluate_ the forcg val_ﬂe and to find vectors
of the hexapod vehicle (fig. 6) by a force sensor. Its axréla”dT which describe the directions of the body and the
direction is parallel toOX; which is fixed to the bod ube. .

and with its origin in the body centre. The surface of tHg'® experimental results have shown that the second
external object is a funnel-shaped hole with a diameter@@ntrol method yields a more uniform tube movement
d>do(see fig. 6,7). along the funnel-shaped hole and the measured values of

In general, the task of inserting the tube into the hole ciRce components are very close to the programmed value
be solved by motion of walking robots' body using all sipx- _ o
degrees of freedom. In our example, we made a simplifi?® experimental results are plotted in fig. 8. Hege

cation and solved this task only by planning the linehy: Fz are forces obtained during the motion of the tube
motion of the robots' body. along the funnel-shaped holey,z  are the displacements

For the solution of this problem we used a method bas%fhothe blody a%d tzbeAanng a>@|$(, ?\: (gz | t_verlsuts titnr:e.

on the compensation of linear errors of the body position. € vaiues obx Ay,Az are calculated relatively 1o the
motionless legs standing on the surface. The diameter of
the tube isd=60mm, diameter of the hold,=65mm,

3.3. Inserting operation
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h=110mm.

On the plots one can see the characteristic stages (porfignDevjanin E.A., Gurfinkel V.S., Gurfinkel E.V.,
of curves): the motion of the tube to contact with funnel- Kartashev V.A., Lensky A.V., Shneider A.Yu.,
shaped surface, the motion of the tube along this surface Shtilman L.G.: The six-legged walking robot capable
to the centre of the hole and at once (immediately) the in- of terrain adaptation. Mechanism and Machine
sertion of the tube into the hole. Theory, 1983, V. 18, N4, pp. 257-260.

From the start of the motion till the moment of contaih Devjanin E.A., Kartashev V.A. Lensky AV

the body of vehicle is shifted along 20X with a velo Shneider A.Yu.: Force feedback in the control system

'ty proportional to the programmed forEg for a walking robot. In: Investigation of Robotics
After contact between tube and the surface there arises a s .
su IS8 85y stems, Nauka, Moscow, 1982, pp. 147-158 (in

force, and the program performs control in correspon- )
dence with (6). The contact of the tube to the funnel- russian).
shaped surface occurs with normal fofge , and the tB¢ Schmucker U., Schneider A., lhme T.: Sechsbeinige
is shifting along the cone-type surface. The contact Schreitroboter mit Kraftriickfilhrung - Konzeption
between tube and funnel is never lost. und erste Ergebnisse. Paper prasented at the 1th
From the start of motion of the tube into the hole the Brandenburger Workshop "Mechatronik", 3-4
value of longitudinal force componeftx  decreases to November 1994, Brandenburg, Germany (in press)

zero. This is the switching signal to accommodation con- _ . .
trol in accordance with (6). [4] Gorinevsky D.M., Shneider A.Yu.: Force control in

locomotion of legged vehicle over rigid and soft
surfaces. Int. J. of Robotics Research, 1990, V. 9, N
Conclusions 2, pp. 4-23.

Klein Ch.A. and Briggs R.L.. Use of active

* |Information about foot force interactions betwee[‘?’] . . ’
compliance in the control of legged vehicle. IEEE

robot legs and the surface used by the control system
improves adaptation to terrain roughness and provides 'ans. Sys. Man and Cybernet. SMC-10, 1980, pp.
uniform distribution of forces between supporting 393-400.

legs. [6] Mason M.T.: Compliance and force control of
computer controlled manipulator. IEEE Trans. on

* Force control of legs in locomotion and motion of
Syst. Man and Cybern. 1981, V. 11/6, pp. 416-432.

body for the technological operating have been

developed and experimentally tested. [7] Bekker M.C.: Introduction to Terrain-Vehicle
* Information about the main force and torque vectors %/g';ems. Ann. Arbor: University of Michigan Press,

acting on the body vehicle due to contact with an

external object are used to perform assembly a8 Whitney D.E.: Force feedback control of manipulator

drilling operations. fine motions. Trans. ASME J. of Dynam. Syst.,
Measur. and Control, 1977, V. 99/2, pp. 91-97.

[9] Lensky A.V., Lizunov A.B., Formalsky A.M.,
Shneider A.Yu.: Manipulator motion along a
constraint. Robotica, 1986, V. 4, part 4, pp. 247-253.

Fig 1: Six-legged robot "Masha" Fig. 2: Six-legged robot "Mag"
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Fig. 3: Coordinate system of the six-legged vehicle Fig.4: Adaptive step cycle with obstacle detection
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Fig. 5: Load-sinkage curves obtained by the vehicle leg Fig. 6: Photograph of the vehicle during inserting a tube
into a funnel-shaped hole
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Fig. 7: Inserting a tube into a hole Fig. 8: Experimental results of inserting a tube into a

funnel-shaped hole



