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Intrinsic Tactile Sensing for the Optimization of Force
Distribution in a Pipe Crawling Robot

José A. Galvez, Pablo Gonzéalez de Santos, and Friedrich Pf&faior Member, IEEE

Abstract—This paper describes a tactile sensing system based
on a force/torque sensor for the feet of a pipe crawling robot. Such
a sensing system is needed for better optimization of force and joint
load distribution and a safer avoidance of the risk of foot slippage.
While conventional tactile sensing devices typically provide infor-
mation concerning the spatial distribution of normal pressures, the
intrinsic contact sensing system presented in this text only mea-
sures the three components of the contact force and two compo-
nents of the resultant torque. These five parameters are shown to be
sufficient to estimate the location of the contact point and hence the
orientation of the local contact surface. Such information can then
be used by the crawler’s control system for the real-time compu-
tation of an optimized foot force distribution. The intrinsic tactile
sensing method has been experimentally tested on a single leg test
setup, while the optimization of force distribution is already func-  Fig. 1. The TUM pipe crawling robot.
tioning in the TUM Pipe Crawling Robot (only with a different,

more unripe, sensing system for the contact orientations). This optimization strategy implements the friction cone in-
Index Terms—Force control, legged locomotion, robot sensing €quality constraints that are characteristic of the force distribu-
systems, service robots, tactile sensors. tion problem [5], [15], [18], [21]. The friction cone constraints

(actually linearized into friction pyramids) ensure that the ad-
herence conditions are met. The exact placement of the friction
cones requires that the normal vectors at the local contact sur-
ORCE CONTROL is essential for a correct performancces are known for every foothold. Fig. 2 visualizes the fact that
of the eight-legged TUM Pipe Crawling Robot, shown inhe crawler’s feet contact the tube walls at arbitrary orientations.
Fig. 1. Tasks of force control in legged robots are the avoidanagensory system is therefore desirable to detect the normal vec-
of the risk of foot slippage, the optimization of the joint load distors at the robot footholds.
tribution, and, in general, the attainment of the robot’s stability, Most of the work dealing with force distribution in legged
traction, and adaptability. The force control of a walking ofobots [14]-[16], [18], [19] does not descend to sense and ana-
crawling machine involves the computation of an optimal foragze the actual contact under each foot. In other words, though
distribution at its footholds. The TUM Pipe Crawling Robothey may formulate the force equilibrium equations together
supports itself with at least four legs contacting the tube wallgith the friction cone constraints, they do not actually do it in
Each leg has two actuated joints; hence the robot is controlig@ local support coordinate systems oriented according to the
using at least eight actuators. The force distribution problemdstual surface normals at the points of contact betweseh
therefore statically indeterminate: for any kinematic stance fifot and the ground. That is the case of walking machines like,
the robot, there exists an infinite number of foot force distre.g., the well-knowradaptive suspension vehidgl] or the
butions (or, correspondingly, actuator torque combinations) th/aECANT[19]. These machines walk on rough terrain, but their
satisfy the equations of equilibrium. Among them, the crawleriontrol system implicitly assumes that all local surfaces under
control system may choose an appropriate one according togaith foot are horizontal or parallel to a global support plane. It
on-line optimization scheme. can be said that they pursuglabal approximate minimization
of the risk of slippage. While that may be sufficient for a walking
machine, it is certainly not for a pipe crawling robot that must
Manuscript received August 15, 1999; revised June 5, 2000. Recommengetpport itself in vertical as well as horizontal pipe segments and
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contact point
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Fig. 2. Lateral and top drawings of a pipe crawling robot getting into a curve

the authors report the design of a quadruped walking robot wi
passive articulated feet that adapt to the ground, thus being a
to detect the orientation of the local ground surface by means of
two angle sensors integrated at each robot’s ankle. Fig. 3. Problem statement and reference system.

Most tactile sensors, whether based on conductive silicone
rubber, pressure-sensitive semiconductors, or piezoelecifigere
elements, detect contact position using surface-mounted arrays
of force-sensitive elements [24]. In this paper, a simpler system ro = F x M' (5)
for the estimation of the normal vectors using a five-axis ||IF||2
force/torque sensor is presented. This use of force sensors wi
first pointed out by Salisbury [30] in the context of manipula-
tion systems. It is usually calleiaitrinsic contact sensing for To ) . .
the use of internal force and torque measurements [1], [2], [ e _foot surface in two locations: one correspoang to a force
Force-based contact sensors have been actually implement l ng O.Ut of the surface and one corre;pondmg to a force
robotic hands [4], [21], [35] and object shape detection syster%s ing into the surface. Because adhesive forces are not al-

[33]. To the authors’ best knowledge, no existing legged robdg’ved’ the contact point is determined as the intersection point
implement this technique ' for which the contact force points inwardly at the foot surface,

that is

a1she line of action of the force or wrench axis is a line through
and parallel toF parameterized bw. This line intersects

Il. INTRINSIC TACTILE SENSING METHOD F'n <0 (6)

For the purpose of formulating the problem, a six-axis
force/torque sensor will be assumed. Later, the limitation thaheren is the normal vector at the contact surface (see Fig. 3).
the sensor developed for the TUM Pipe Crawler is in fadt hard contact is assumed, the foot surface geometry can be
a five-axis forceftorque sensor will be introduced. It can bapproximated by a sphere, that is
accepted that the force originated through the contact between
the crawler’s foot and the tube wall is a pure force, i.e., no [rc||? = R? (7
appreciable torques may be exerted. Ogt,. be the reference ) ) .
frame attached to the sensor aRdandM the measured force Where R is the radius of the foot sphere and the origin of the
and moment in that frame, respectively. The sensor outﬁjutsreference system has been placed at the center of the sphere.
andM are related to the actual contact fofcand the position 1N€ normal vector is then related to by
vectorr, of the contact point by the force and balance equations
n=r./R. (8)
F=f (1) :
As was mentioned above, only two torque components are mea-
M =r; xf. @) sured by the crawler’s force sensor. Theeomponent of the
rque (i.e., along the sensor’s longitudinal axis; see Figs. 3 and
) is not supplied. Therefore, (3) provides a set of only two equa-
tions, which together with the equation of the foot surface (7)
constitute a system of three equations for the three unknowns
M=r, x F. @) Te = (zc,9e, 2c). This system of equations is determinate as
long as the force possesses a honzeoomponent. That is no
By solving forr,, the line of action of the contact force isreal limitation since the force will rarely have zefq-values
given as follows: and the control system can always set highvalues for the task
of the contact orientation measurement. The higher the values
r. =ro+ AF (4) of F,, the lessll conditionedthe system of equations.

The intrinsic contact sensing problem is depicted in Fig.
By eliminatingf from (1) and (2), the following expression is
obtained:
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Fig. 4. The 0.15-m-long force/torque sensor showing eight of the 12 strain gauges; the other four would be seen at the same place of the inner tadeind oute
after a rotation of 90[29].

Equations (9)—(14) give the explicit solution of the intrinsiof force and torque equilibrium can be written in the body-fixed

contact sensing problem reference frame as follows:
—b+ b2 — dac [ Fret
LTp= ————— (9) Frref bfl
2a Y b
o . . . W — Fref | Iz Iz - Iy f> 15
where theplussign is taken whet¥,, is negative and theninus =|\m<|=|R, R, -~ R, : (15)
sign otherwise (in fulfilment of condition (6)); and b, andc¢ M?ef bf:
are given as follows: M‘ﬁef m
FZ+F?+F?
o= Fi? (10) where
. F,M.—-F.M, [1 0 0 0 -z v
b=2 " (11) L=|0 10| Ri=|2= 0 —x|. (6
M2 + Mz2 0 0 1 —Y; Z; 0
c= yT - R%. (12)

For a pipe crawling robot, (15) is read as follows: to support
fand drive the machine as prespecified, a certain global force and
moment must be achieved by the set of forces that the tube walls
exert on the feetr2°", F7°f and FZ*! are the components of the

For the computation af. andz., the already available value o
z. can be used

Fyz. — M, global force reference, i.e., weight and inertial forces (and pos-
Ye =" (13)  sibly other external forces/z!, M} and M are the com-
F.ox,+ M, ponents of the global torque referentg;are the 3x 1 vectors
Fe = B, (14)  of foot contact forces (the unknowns of the force distribution

problem);z;,y; andz; are the coordinates of théh foot con-
The normal vector at the contact surface can now be foundtagt, andn is the number of feet supporting the machine (e.g.,

substituting into (8). four for the particular gait used by the TUM Pipe Crawler).
Equation (15) can be transformed in a way that each foot con-
1. OPTIMIZATION OF FORCE DISTRIBUTION tactforce is expressed in alocal coordinate frame with:th&is

along the normal to the contact surface. For this purpose, the

normals’n;, which are known from Section I, must be used,
The force distribution problem is the inverse dynamicgssuming for brevity that they were already transformed to be

problem for actively coordinated mechanisms involving mukxpressed in components parallel to the body-fixed axes [left su-

tiple frictional contacts with the environment: an appropriatgerscripth, which will be omitted for simplicity in (18)]

set of joint torques must be determined in order to accomplish

a given task or achieve a specified motion in a stable manner b, = ;7 (17)

(e.g., without slipping). Fig. 2 can be seen as a depiction of the

walking and crawling problem for-legs in three-dimensional \here

space. For statically stable systems, the force distribution

problem is typically considered separately from the dynamic T -

problem [18]. If the foot contact forces are expressed by means Ci=|n, De luils (18)

5

of the components parallel to the body-fixed axes, the equations N 6 s

A. Formulation

Ny NNz
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with problem is not so “clean” as shown above for our robot, because
the variables of the optimization problem cannot be the con-
tact forces resolved into the contact surface coordinate system.
Anyhow, it must be noted that in practice, the contact normals
In this manner, (15) may be rewritten with the foot contadgrely (or never) diverge more than’3om the planes of the ac-
forces expressed in the surface-normal frames (left supeycripuiated forces (the leg planes), as can be viewed in Fig. 2(b). This

- 2 2
§= /Ny TNy,

of /1) is important, because high values of the uncontrollable compo-
nent of the contact force can only be counteracted by setting
fy high values for the normal contact force (or, strictly, for the pro-
C; C, - C Ity jection in the leg plane of the normal contact force), so that the
W= [Rlcl R,Cy --- Rmcm} (19)  contact force vector lies within the allowed pyramidal region.

f,
" B. Implementation [27]
Whenever the number of feet in contaatis three or higher,
the problem of computing the contact forces that satisfy t
equilibrium equations [(15) or (19)] is underspecified. Typic
walking robots have three actuated joints per leg, which are tl] Sfavor of runtime-saving approximations to the optimal so-

capable of exerting forces in a!l three spa}tial directiong. Henﬁﬁions. Some years have passed, computers have experienced
(19) can b? used as. the eﬂ“a"‘}’ confstramts 0; an Oft'm'za“gﬂormous progress, and the truth is that no great problems were
prob}!em with 3n variables; fo1,7 fy1,7 fa1,- -7 fom, f’y_""’ encountered for implementing optimization routines capable of
and_ Fam- It was a(_jvantageo_us o tran_sform the equality COPsal-time operation in the TUM Pipe Crawler [27] (an approxi-
stram_ts or eq“"'b”“”_‘ equations in th|§ way because th? 'Hhation is indeed used: friction pyramids instead of cones for the
equality cone constraints that prevent slippage are more sim )équality constraints). A dual Pentium Il PC running a Linux

written as functions of the samer3variables operating system whose kernel was modified for real-time func-

tionality was employed for the task. The optimization routines

Ff2 4 ff2 . . . .

i zi . (see below) were either in-house programmed or slightly modi-
TSN, t=1,...,m (20)

fied from theNumerical Recipes Softwaf26]. The relevant in-

formation about computing times is that they were always less
or linearized into friction pyramids that lie entirely within thethan 40 ms, which is sufficient for the refreshing of force set-
friction cones (conservative estimate), i.e., defining an effectiygints with real-time operability for a machine that changes its

Various papers in the 1980s and early 1990s dealt with com-
Ntational efficiency of algorithms for force distribution [5],
1], [17], sometimes forsaking exact and/or general optimality

coefficient of friction g = 11/v2 kinematic stance with a maximum speed of 0.1 m/s. The cycle
time for the force feedback control loop is 2 ms. It can be said
—pest? foi = f4i 2 0 that real-time efficiency is, with present computers, no longer a
—ptent? fui +7 fyi >0 great concern for the optimization of force distribution with lin-
. fr . _Ffr. earized constraints by problems with the complexity of the one
Heff frm, fzz = 0 .
i i T >0 21) described here.
peit” fri + 7 fai 2 For describing the force distribution problem of our particular

robot, it is convenient to come back to (15), in which the foot
forces were expressed in the body-fixed coordinate system. In
Wis reference system, the controllable foot contact fortgs (

b f,:) and the uncontrollable foot contact forcgy.;) are

withi = 1, ..., m. Note tha¥ f,, is always negative when there
is contact and that the nonpositivity constraints are already
cludedin (21). The cones could be more accurately represen

at greater computational cost, by pyramids with more than fonrectly given, because the robot’s gait consists of alternating

Sldles' : defi biective f L ¢ . bthe two leg planes (of four legs each) and the bodyaxis
tremains to define an objective function, I.e., afunction to €an be alternately changed to be perpendicular to the supporting
plane. Let us define a vectfyrcontaining all 2» control-

forces(® fo1,  futy -« s  fom, * fum) @nd a vectof,, con-

minimized or maximized while respecting the equality and Nags’
equality constraints. Several methods have been proposed %@tﬁe
studied to optimize the force distribution problem [11], [15]taining them uncontrollable force€’ f...,...." f...). The 4n
[18], [19], though none has ever been implemented in a rotmgqu DS

deali ith arbitrarily oriented frict raint . ality constraints given by (21) are easily transformed to
€aling with arbitrarily oriented friction constraints, as 1S Comc')btain, finally, the linear inequality constraints that ensure that
pulsory for our robot. Besides, most of the referred methods

Brce vectors lie within the allowed pyramidal regions
praise too highly the minimization of interaction forces, which i g

can obviously not be the case for a pipe crawling robot that re-

lies on interaction forces to sustain itself within a tube. G.f.+G,f,>0 (22)
Still, our robot has not three actuated joints per leg but two, so

that not all three components of the contact forces can be caviiere the 4: x 2m matrix G, and the the 4 x m matrix

trolled, only two. In the general case, the axes of these two cofd-, are obtained from the system of (21) after a linear transfor-

ponents do not exactly match with those of normal and frictionalation into the body-fixed reference system. The value.¢$

contact forces. Therefore, the formulation of the optimizatidiour for the gaits used by the TUM Pipe Crawling Robot.
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For the same reason, only rows 1, 2, and 6 from (15) haveThe setpoints for the torques stem from the optifnal ko
to be considered by our optimization problem. Therefore, tlobtained by the optimization
equality constraints are as follows:

1
Fxref T = 2 T, (33)
re opt
W.= | £} ff = Af, (23) :
M* Optimal contact forces can be obtained from the optimal contact
with torques by sub_stituting in (26). _
A good quality of this approach is that (25) does not apply
r 0 - 1 0 as an inequality constraint, because in fact the torques are the
A= 0 L0 L. (24)  variables being minimized, so that an overload of actuators is
—H o F o TUm I allowed if strictly necessargfope < 1).

Another source of inequality constraints is the limits on the The simplex algorlthm.—s.pemflcally, the .routlnes from
torques that can be exerted by the actuators [26]—was used to solve this linear programming problem. As
already shown in [15] within the same context (optimization of

~Tjmax <Tj < Tjmas, J=1,...,2m. (25) force distribution) and verified by simulations and experiments
within the TUM Pipe Crawler’s project [27], [29], linear pro-
Since the effect of the legs’ masses can be neglected, fframming solutions experience a slight nonsmooth behavior
torques are directly related to the contact force componeiiger time, even if the constraints vary smoothly and slowly.
within the leg plane by the & 2 Jacobians of the: subchains This is the well-known phenomenon of “alternate optima” in

(i.e., them legs), Ju, ..., J,,, which for simplicity will be linear programming: the simplex algorithm returns a vertex of
collected in matrixJ a polyhedron as its answer and, as constraints change over time
T T ... 0 (even if they change smoothly), discontinuities occur when

answers jump from one vertex to another. These discontinuities
. . are not critical in other fields, but have undesirable effects in
Tom 0 - J5 the stability of feedback controllers if they have to be fed with

Given that adherence conditions need only be safely fuh‘iIIeSéJCh a nonsmoqth sequence of §er0|nts. .
The problem is completely eliminated by attaching an ad-

(there is not a better performance if a certain related index js. | drati he obiective f ion th i
minimized) and a faultless performance is anyhow the most tional quadratic term to the objective function that penalizes

terminant question for this application (more than, e.g., ener&@naﬂons of the joint torques between two successive instants

T = . = fc IJch. (26)

consumption), the followingnin-maxapproach was chosen forl ime
the objective function: T .
—k+ (AT* CAT*) — min! (34)
|T1| |T2| |T27n| -
A { Tl,lim ’ T2,lim Y Tan,lim B (27) with
whereZ7; iy is the nominal maximum torque for thih joint AT = T* - T, (35)

(a positive number).This criterion is most of all justified in con-

sideration of the thermic properties of electrical motors: withignd with the same constraints (29)—(32) as for the linear pro-
the overload region, motors can work for a reasonable amoungpfmming problemT™,, is the result of the previous opti-

time as long as the overload is “reasonable” too. The constraifi§ ation andC is a 2n x 2m positive-definite weighting
have to be stated in function of the torques by substituting (28)atrix.

into (22) and (23). This quadratic optimization problem is transformed into a

_ Min-maxproblems with linear constraints can be transformeg,ear complementarity problem and then solved with Lemke's
into_linear programming problems [12]. For the m'n'mmélgorithm [20] (see, e.qg., [7] if preferred). The purpose is
lproblem dbelﬂne_d by $Zﬁ)’ (23)’_ gG),danhd (27), the equwz}\leﬂ; obtain the same results as with linear programming, but
Inear problem IS as; oflows, witk and the an. L vector of - ithout the abrupt slight changes over time. This is achieved by
scaled jointtorque®™ being the optimization variables: choosing values as small as possible for the elemen bt

k — max! (28) not so small as to not repress potential chgnges inthe calcula.ted
torques caused by noise in the sensors’ signals. The constraints

AJ’*I‘ —kW.=0 (29) of the optimization problem vary with changes in the signals
G JIT* + kG,f, >0 (30)  supplied by the force sensors (specifically with which is an
T < Tiim (31) input to the optimization routine) and the joint angle sensors;
T > Ty, (32) hence the calculated optimal torques are affected by noise. For

further details and experimental results on the optimization of
where Ty, is the vector containing all; i (positive num- force distribution in the TUM Pipe Crawling Robot, see [27]
bers). and [29].
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IV. TUM PiPE CRAWLING ROBOT IN BRIEF rectly reflected in the bending of the inner rod and outer tube.
Different robots have been developed worldwide for irﬁince elastic deformations caused by transverse forces are much
: - o igher than the ones caused by longitudinal ones, much care was
specting or repairing tubes from inside [8], [9], [22], [23], [32]1 Een at the design stage to ur)1/cougle the measurement of trans-
The TUM Pipe Crawling Robot (see Fig. 1) has eight qu{g 9 9 P
b

driven by two dc motors each. It weighs about 20 kg and is a grse a?cin(lon_?;]tu?mal forr(]:_es, Ideth to I'mththe ner?atl_ve Iedffec_:t
to walk and crawl! within pipes with diameters of about po—70 crosstaiks. thatwas achievedihrough the mechanical design

cm. The leg design [27] is based on that of the hexapod Tuﬁ&iwe%” the “eXt parafg(;a?h. i ingin the st
Walking Machine [25]. ithin the small range of deformations occurring in the struc-

The robot is controlled by five on-board 16-bit microcont""®: the 0._1-m.m.-th.|ck membrane acts as an sp_hencal and pris-
trollers that communicate over a Controller Area Networ[g1at|C passive joint: the inner rod can move axially and rotate

(CAN)—an ISO standard for rea-time serial data communiclith respect to the outer tube, but cannot shift along radial di-

tion. Gravity, velocity, and gear friction observers, gait patterr[Iections. Longitudinal forces are thus straight directed into the

task distribution, and, in general, the realization of the Centrr;\easuring plate (see Fig. 4). By using a full bridge of four strain
' ’ ' uges appropriately arranged at the measuring plate (again, see

and decentralized control levels (each one of them simultar%a- . . o o
( .4) and laboriously tuning the individual sensitivities of each

ously concerned with coordination and operating levels) are”". ith the help of additional resist tedi
described in [27]-[29]. In the decentralized operating level, iy &in gauge wi € help of additional resistances connected in
eries and in parallel to each strain gauge [27] (see also [3] for

actual force feedback control is realized, namely, based on ; .
nonlinear control method of feedback linearization [27]. fﬂetheory of Wheatstone bridges), we achieve the result that pos-

sIJPt_)Ie torques and transverse forces introduced in the measuring

The computation of the force setpoints takes place in the cg te have a negligible effect on the measurement of longitudinal
tral operating level. The forces are distributed among the le & neglg 9
rces. In this manner, the effect of crosstalks on the measure-

under consideration of the friction limits and minimizing th . .
9 ment of forces could be limited to less than 0.5% in all cases.

maximal joint torquel’; referred to the maximal possible torque X .
T max OF the respective joint, as described in Section III-B, The designer also took much care that the mechanical con-

Since the 16-bit microcontrollers have no good floating-poiﬁttrucuon was not a source of hysteresis in the sensor. For this

performance, this is the only task that must be done by anothgf>on: axial bgaring; and bushingg were rejegted in favor_ OT the
type of microprocessor. At present, this is done by an exter aFmbrane.AmaI bearings and bushings would introduce friction

PC that is also connected to the five on-board microcontrolle%rces. n the_structure and, thergfore, hystgress. The membra_ne
as dimensioned to absorb radial loads with no trouble, but si-

over a AN, 'gitgeirt;al‘:; g:}gf%f;g;‘;;%fms should be done usitfl o ol having very high flexibilty in axial irection. This
' %rmits small axial displacements of the inner rod with respect to

To date, the contact normals are estimated by touching he outer tube at the expense of small linear elastic deformations
surroundings of the contact point at different positions and th b

calculating the least squares approximation for the contact pla??é[he membrane, which is the best way to avoid the hysteresis

[27]. This not only is a slow sensing system but also is inaccﬁgused by mechanical factors. This way, hysteresis-related errors

rate. Note that not just the joint angle sensors of the touchi'ﬂrzbforce measurements are limited to lessthan 1 N, i.e., less than
leg are involved in this measuring process, but also those of % ifarange of 100 Nis taken [27], [34].

€
four legs supporting the robot. Itis apparent that a better sens'hn

aqu the inner rod, four strain gauges are located as two
system is needed for this task, and this was in fact the motiv. -bridges, which are able to determine the two components of
tion for the work presented in this paper.

tﬁ-e bending torque. The outer tube has as well two pairs of strain
gauges (seeFig. 4; inclusive explanationin caption). The bending
torquesr” (indexot for outer tube and indeix for inner rod) and

V. FORCHTORQUE SENSOR the corresponding output of the two half-briddésn planezy

For the range of:300 N, commercial force sensors were eiPaper planein Fig. 4) are given by the following equations:
ther too expensive or too unwieldy or unsuitable for static mea- i Iy
surements due to high drift. Therefore, a special strain-gaugert = kotTor,  with Top = E[fwy = fylz —zo)] = fyla

based force sensor was developed for the TUM Pipe Crawling (36)
Robot [29]. Strain gauge transducers are the most widely used ) L
sensors for force measurement. They have high sensitivity and”/i = i T, With Ti = E[fa:y — fy(z — z0)]. (37)

measurement accuracy and require relatively simple amplifiers . . . . .
Their main drawback is sensitivity to temperature, which can beBy building a full bridge with the four strain gauges in pIane_
counteracted by the appropriate use of full Wheatstone bridg%f (two on the inner r(.)(.j an_d two onthe outer tupe) ar_1d appropri-
asis done by our force sensor. Good books for understanding %Iy tuning the a_mphf!catlon factdr, the force iny-direction .
different aspects to consider in the design of this type of sens6ft! be directly given, independently of the actual contact point

are, e.g., [3] and [13]. on'the foolt U U
. The Sensor is |.ntegrateq in Fhe Ieg’s'outer segment, as shown f. — “4p fy= 2 =k (Uy—Uy).  (38)
in Fig. 4, which is a longitudinal section of the three-dimen- I Kotls
sional Fig. 3. The real difficulty by the design of the force sensdihe “tuning” of k;; is done with the help of additional resis-

is the measurement of longitudinal forces, i.£., Transverse tances in series with the inner rod strain gauges, as described

forcesf, andf., are more easily measured because they are i-[27].
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With the same method, the lateral forcezutlirection is de-
termined (using the strain gauges on iheplane). In this way,

a three-axes force sensor is obtained. Total errors in force mea
surements are smaller than 2% in all cases, which is sufficient
for the force control of legged robots.

In order to implement the intrinsic tactile sensing method pre-
sented in this paper, two additional half-bridges were built with
the strain gauges on the inner rod, so that the torqugsaind
z-axes caused by the contact forces can be separately measure!
Therefore, the sensor supplies five signals: two given by (37) i 4
and (38), two by the equivalent equations for theplane, and
a fifth signal proportional to the longitudinal forge measured
by means of the four strain gauges on the measuring plate.

Since the mechanical structure is rigid enough and the
force/torque sensor is mounted very close to the leg’s foot, a i
quasi-static relation between the force applied and the strain [
measurements is achieved. The signals given by the force senso
are reset to zero each time the leg is in transfer phase (i.e., the
foot on the air), and contact is detected when the measured
force is higher than 5 N. Drift-related errors are negligible
for the range of time periods between resets. The dynamic
response of the sensor can be considered to be instantaneou
and therefore detection of contact can be done flawlessly.

VI. EXPERIMENTAL DESIGN

i,
b

U

For the purpose of testing the feasibility of an implementation
of the intrinsic tactile sensing method in the pipe crawling robot,
a single-leg test setup was used. A picture of this setup is shoyfl 5 single-leg test setup.
in Fig. 5. The single leg can contact the surface below at different
points and hence at different angles within the leg plane. To
allow the contact surface to be other than the horizontal (tha
is, to let the normal vector have a third component orthogonal
to the leg plane), an additional montage was built that permits
an aluminum plate to be adjusted at a desired angle above tr
horizontal [see also Fig. 6(b)].

The leg’s microcontroller communicates with an external PC
through a CAN interface, which allows the user to get informa-
tions about the system and give control commands. The exper. g
ments were carried out by sending from the PC incremental posi
tion setpoints. Thisway the leg can be led to contact the surface ¢
different positions. Once the contact is established, the intrinsic
tactile sensing problem is solved in real time by the microcon-
troller as described in Section I, employing the force and torque
signals given by the sensor. This way, contact orientation is com
puted on-line, and the required data are simultaneously sentto tt (@ ®
PC. During the time when the leg is in contact with the surface, ) ) ) ,
the positon setpoints can be slightly changed (st maintainiff &, 14 viws o he sngle-eg test seup shouing angema . The
contact) from the PC in order to make the contact force changetits paper plane are meant.
direction and test if the results are thereby affected.

Two angles were employed to assess the accuracy of {8 These two angles were chosen because they are the two pa-
sensing system: _ rameters that permit direct comparison of the test results with
1) angley formed by the leg’s outer segment and the verticghe external arrangement. The angleof the adjustable alu-

[see Fig. 6(a)]; _ o minum plate was varied from30° to +30° in steps of 10. For
2) angley at which the aluminum plate is adjusted over theach value off, the leg was commanded to contact the surface
horizontal plane [see Fig. 6(b)]. at different angles, which can be measured not only by means

The microcontroller software was programmed to estimaté the force/torque sensor but also making use of the leg’s joint
the values ofy and+ and send the estimations to the externangle sensorsy[= « + 3, as seen in Fig. 6(a)]. The measure-
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— 40 , ; 4 during normal operation of the crawler (not overlooking that
.§’ 3xx S there must always be a longitudinal component for our five-axis
'_.'5 20t S sensor to be able to unequivocally solve the system of equations,
(o : ~ : which can be watched over by the control system, as explained
0 X in Section I1).
............. X

During the feasibility tests reported here, the same calibra-
tion factor was taken for both negative and positive torques, fol-

estimated angle y

=20}, ~~~~~~ lowing the calibration model taken for the forces beforehand.
XQ : : However, it was later noticed that the factors are slightly dif-
-40 : 1 ' ferent for negative and positive torques. Consequently, the ac-

40 -20 0 20 40 curacy improves if a calibration line is taken for positive torques
angle given by the pots v, [deg] and another one for negative ones. Thereby, the cloud of points
in Fig. 7 would be more equally distributed among both sides of
the identity line (our sensor has a noteworthy drawback of the
mechatronic kind: it is laborious to calibrate).
o x ¥ The observable maximal errors df @rrespond to maximal
: : E errors of 2.7 mm on the foot surface. Frictional and normal
x forces are calculated using the transpose of m&tpgiven by
"""""""""""""" (18), with maximal errors of 15%. This might seem like really
big errors, butitis actually good enough for what this estimate is
used for: the formulation of the constraints for the optimization
problem described in Section Ill. To realize this, note that the
approximation of formulating friction pyramids instead of fric-
40 tion cones introduces a maximal error of an even greater mag-
nitude: 29% if the pyramids are four-sided. This approximation
is adopted by all previous works dealing with force distribution
Fig. 7. Experimental results—estimated contact angles using the force—bag(lﬁt forr_nUIate friction Cons.tramts [5], [:.1'5]’ [18]. The friction
sensing system. actor, is also not known with total confidence. With these ap-
proximations a conservative estimate is taken, which must also
et range s 1501 o te frceand 2.5 i o e oy 10 250L01 e possie maxima) accuraces of 157
The relation between anglesand+ and vector quantitiea .~ ~ L :
andr, (calculated as described in Section 1) is given by the fo‘l_aratlon errors, other sources of error are precision errors in the

H
o

N
o

o 9601
>3

(=]

1
N
o

X

estimated angle

0 “X— ‘
-40 -20 0
true angle

20
| Tdeg]

rea

: S run-time measurements of forces and torques, errors in the ge-
lowing equations: ometrical model of the foot surface, and deformations of the
foot during contact. Finally, and most significantly, all these er-
v = —arcsin L —arcsin <L> rors are magnified by the inherent ill condition of the system of
\/n3+ng Va2 +y2 equations thatis to be resolved by the force-based tactile sensing

(39) algorithm.

1) = —arcsin(n,) = —arcsin (%) . (40)
VIII. CONCLUSION

In this paper, a method for the estimation of the normal vec-
tors at the footholds of a pipe crawling robot using force/torque

In Fig. 7, the results of the series of experiments describedormation is presented. The work was motivated by the need
in Section VI are shown, providing an overall impression aff a sensory system for the correct statement of the friction
the accuracy and feasibility of the sensing system. In the upfeequality constraints that are used for the robot’s control.
graphic, the computed values-pfare plotted versus the valuesFirst, the mathematical and mechanical principlesntfinsic
of v given by the leg’s joint angle sensors, each point of thactile sensingare formulated. Next, the force distribution
graphic corresponding indistinctly to valuesipbetween-30 problem is depicted and the implementation of a successful
and 30. These values ofy can be seen in the lower graphicpptimization algorithm to solve it is described. On this subject,
which shows the estimated values versus the true angles fitthd friction constraints are stated in the local support coordinate
with the adjustable aluminum plate (the points of this graphgystems oriented according to the surface normals at the
correspond likewise to the different valuesyathat can be seen robot footholds. Then, the TUM Pipe Crawling Robot and its
in the upper one). All values of anglesandy were determined special force/torque sensor are described. Finally, experiments
by solving the intrinsic tactile sensing problem formulated iapplying the presented theory of intrinsic tactile sensing on
Section I, with the contact forces being those resulting from tlee single-leg test setup are reported. Estimated values of the
interaction. These forces have, as described in Section VI, betintact orientation can be obtained with maximal errors of
tangential and normal components, indistinctly, like they ha@ not depending on either the contact point or the direction

VII. EXPERIMENTAL RESULTS
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of the contact force. A natural future extension of this work[23] W. Neubauer, “A spider-like robot that climbs vertically in ducts or
is the introduction of a model for the elastic deformations of

the rubber foot subjected to a certain contact interaction. Thig,

model will then be used for the more accurate formulation
of the foot surface geometry that is employed in the intrinsid25]

contact sensing algorithm.

(26]
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