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SUMMARY

By using the impedance perception algorithm, which we
previously proposed, the stiffness matrix that constrains the
motion-force relation of a robot’s end-effector is calculated
in real-time. In this paper, we describe methods of extracting
information concerning certain local properties of object
surfaces from the stiffness matrix when the end-effector is
slid on the surfaces. We develop two algorithms to deal with
two classes of surfaces: flat and convex cylindrical surfaces.
Since the proposed methods are designed separately from
control strategies, they can be used for both autonomous
and remote controlled robots. The results of preliminary
experiments are presented.

KEYWORDS: Impedance perception; Stiffness matrix;
Friction coefficient; Surface normal; Curvature.

1. INTRODUCTION

Humans can perform a wide variety of manipulation tasks
in uncertain and unstructured environments. These motor
skills are very important, both in everyday circumstances
and in manufacturing. However, at the present time, there
still remain many difficulties in implementing such motor
skills in a robot. One of the requirements of a robot is
that it have various perception capabilities. In particular,
haptic perception is important to recognize local and dynamic
properties of the environment and the physical constraints
imposed on the end-effector. This capability can be realized
by capabilities of receiving data of position and force,
of recognizing the constraint among these signals, and
of inferring the physical mechanism that generates this
constraint.

Active probing operations using an integrated perception-
motor function (Figure 1(a)) allow efficient and accurate
haptic perception! =3, However, this scheme contains various
problems ranging from low level control problems to
high level planning problems. Moreover, when a probing
operation is performed, the primarily aimed operation has to
be suspended. An easier solution is to design a perceptive
function as an encapsulated function (Figure 1(b)) which is
independent from motor function*~". This is less efficient
but has a broader range of applications, for both autonomous
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and remote-controlled robots. Moreover, it can be used for
monitoring human manipulation (Figure 1(c)) in order to
analyze human skills®*~'° and to recognize an environment’s
properties!!. Research on this kind of scheme has been
limited to non-deformable environments by using geometric
constraint among objects.

In a previous paper!?, the authors proposed the technique
of the impedance perception algorithm (IPA), which is
of the type shown in Figure 1(b) and Figure 1(c). This
technique recognizes constraint imposed on the end-effector
based on impedance information that is obtained from the
position of the end-effector and the force applied to the end-
effector. Experiments have shown that this technique has a
potential to be fundamental for real-time and human-like
haptic perception.

This paper describes applications of the IPA. When
the end-effector is slid on a surface, the stiffness matrix
calculated by the IPA contains information on various
properties of the surface. This paper describes methods of
extracting information regarding certain local properties of
surfaces. We develop two algorithms to deal with two classes
of surfaces: flat and convex cylindrical surfaces. By the
algorithm for flat surfaces, the normal direction, the stiffness
coefficient, and the friction coefficient are estimated. By one
for cylindrical surfaces, the normal direction, the primary
directions, the curvature, the stiffness coefficient, and the
friction coefficient are estimated. This kind of information
is indispensable for adaptive robots. Flat surface properties
are important especially in tasks that require force control
on the surface, in such contexts as polishing and drawing.
Cylindrical surface properties are also useful because there
are many cylindrical objects, such as pipes, bottles, and
cans, in our everyday circumstances. Tactile sensors may
also be useful for the same purposes'>~'%, but there are
still difficulties especially regarding durability and wiring
complexity, and such sensors are not suitable when the robot
interacts with the environment through a tool.

Humans can roughly imagine various properties of
objects from even a brief touch. Our main purpose is to
implement this capability in a robot, i.e. extracting qualitative
information including uncertainty from a small amount of
sensor data.

In the rest of this paper, section 2 describes a brief
review on the method to calculate the stiffness matrix by
using the IPA. The new methods for estimating flat and
cylindrical surface properties are explained in sections 3
and 4, respectively. Experiments to test these methods are
presented in sections 5 and 6, respectively. Section 7 provides
a conclusion.
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Fig. 1. Perception and motor functions: (a) Integrated perception-
motor function. (b) Encapsulated perception function. (c¢) Encap-
sulated perception function for monitoring actions of a human
operator.

2. STIFFNESS MATRIX PROVIDED BY THE IPA

In the IPA'2, the position of the robot’s end-effector, p(t) €
R3, and the force applied to the end-effector from the
environment, f(¢) € R, are fitted to a linear equation. The
recursive least squares method with a forgetting factor is
employed for estimating the coefficients. The uncertainties
of the estimates are determined based on the residual fitting
error and excitation of the position data.

The fitting equation is given as follows:

f(@)=c+ Kp(t)+ Bp(t)+ Mp), )]

where K, B, and M € R¥*3 are the matrices of stiffness,
viscosity, and inertia, respectively, that the robot perceives.
These matrices are dependent on the dynamic properties of
the end-effector and the environment, and on the contact
configuration between them. ¢ € R® is a constant vector
which corresponds to the equilibrium point of the stiffness, a
force bias resulting from the gravitation, and etc. By using the
Laplace transform and the bilinear transform, (1)’s discrete-
time approximation is written as follows:

¢, =0"y, )
A

¢k=fk+2fk—]+fk—2€R3 3)
A

ve=[1 pn" P’ Pksz]T e R “4)

4cT

® 2 KT +2BT)T +4M7)T? RO (5)

- 2KT —8M7 /T2 © ’

K" —2BT)T +4M")T?

where T is the sampling period and the subscript k denotes
the value of the variable at time k7.

At time kT, the weighted sum-of-products matrix of the
residual fitting errors is written as

k
Ji(©) = > wi i@, — OTY)(@, — Oy

i=io

=0"RO-0,"0-07Q,+F;, (6)
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where {wy ;}i,<i<k denotes the weighting sequence at time
kT, io denotes the time index ft which the calculation starti,
R, = Z;{=i0 wk,i'/’i'ﬁiT’ 0= Zf:io wk,i'/’id’iT’ and Fy =
Zf:io wy.i$;¢;". The weighting is designed depending on
the speed of the motion of the end-effector, so that the
estimated values are updated rapidly during high-speed
motion.
When R; ! exists, (6) is transformed as follows:

Ji(©) = (® — O R(O — ;) + S )
O, = R, 7' Q, e RIS ®)
St 2 Fi— 0, R, Q, e R¥. )

Since R is positive definite, J;(®) > J(©p) =S, is
satisfied for any ® (X > Y means that X — Y is positive
semi-definite). Therefore, @)k is defined as the estimate of @
at time k7.

Since Ji(®) > Sy, Sk is the minimum of J;(®) in the
partial order relation “<”. By normalizing J;(®) with
respect to its minimum Sy, a generalized distance measure
from O to a given O can be defined as

Do x(®) = e[S, (Ju(®) — 505, "]

_1 N A _1
=[5, (@ - O Ri(® - 65 * |

A

= vec [@ — @k]T (Sk_1 ® Rk) vec [@ — @)k] .
(10)

Here, X ® Y denotes the Kronecker product of X (€ R™*")
and Y (€ RP*7), which is defined as

X“Y xlnY

X®Y = € R"PM,

Xm1 Y xmnY
and vec[ X ] denotes the vectorization of X (€ R"*"), which
is defined as

vee[X] =[x -+ an]T e R™,
where x; (i = 1, ..., n) are the i-th column vector of X. In
(10) we used the following relations:

tr[X7Y] = vec[X]T vec[Y]
vec[XYZ] = (ZT ® X)vec[Y],

where X, Y, and Z are matrices of appropriate size. We
refer to the set of @s which satisfy Dg (©) <1 as the
uncertainty ellipsoid of @;. This ellipsoid is a subset of the
30-dimensional space {® € R'0*3}.

If p(¢) in (1) is substituted by the true position measured
by the sensors, the estimated impedance can become very
unstable in nearly rigid contact situations. This problem
is avoided by implementing a computer-simulated virtual
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Fig. 2. The virtual soft finger (VSF), the real environment, and the
apparent impedance estimated through the VSF.

soft cover around the real end-effector. The displacement
of the virtual soft finger (VSF), Ap,(¢), is simulated by
solving f(t) = KyAp,(t) + ByAp,(¢), where K, and B,
are design parameters which are scalars representing the
stiffness and viscosity coefficients of the VSF, and f(¢) is
the force observed by the sensor. The position of the VSF is
determined by p(¢t) = p,(t) + A p,(¢), where p,(¢) denotes
the real position observed by the sensors. By substituting p(t)
in (1) with the virtual position, the estimates are stabilized
even in rigid contact states.

Figure 2 shows the relation among the VSF, the real
environment, and the impedance model (1). In this figure,
G (s) denotes the transfer function of the real environment
from force to position, p, .. denotes the integral constant,
and I; denotes the 3 x 3 identity matrix. As is seen in
this figure, the relation between the dynamics of the real
environment and the apparent impedance {c, K, B, M} is
described by

I
K, + B,s

K'c= ~ Prconst (12)

(K +Bs+Ms*>)™' =G(s)+ (11)

The impedance estimated through the VSF is different from
that of the real environment. Instead, it corresponds to that
of the serial-coupled system of the real environment and
the VSFE. The main purpose of the IPA is not an accurate
measurement but a qualitative recognition of the constraint
distribution over directions. Therefore, estimation through
the VSF can be seen as a natural solution, which is analogous
to the human’s perception of constraint through soft fingers
or soft tools. In a passive environment, the theoretical upper
bound of stiffness coefficients obtained through the VSF is
K,.

According to relation (5), the estimate of the stiffness
matrix K is obtained by K 2 é)kTT where

A 1 1 17"
T = I, -1, -I;| R4, 13
[03 IR LR 3:| (13)

Here, 03 denotes the 3-dimensional zero vector. The pro-
jection of the ellipsoid Dg (®) < 1 (in the 30-dimensional
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space {® € R!9%?}) onto the 9-dimensional subspace {K €
R¥*3} can be given by

Du(K) £ vec[K — K" TI 'veclK — K] <1, (14)
or equivalently,

vec[K — K;]vec[K — K;]7 < I, (15)

where I; = P, ® S and Py 2 TTR,”'T. This represents
the uncertainty ellipsoid of K, and is denoted by £. Di(K)
is a generalized distance from K to K.

3. RECOGNIZING FLAT SURFACE PROPERTIES
When the end-effector is in a kinetic friction state on a single
flat surface, the stiffness matrix provided by the IPA contains
information not only on the stiffness coefficient and on the
normal direction, but also on the friction coefficient. This
section explains a method to extract information on these
properties.

An analytical derivation shows conditions which are
supposed to be satisfied by the stiffness matrix in a situation
in which the end-effector is slid on a flat surface. However,
the stiffness matrix K , provided by the IPA, does not
generally satisfy this condition. Therefore, a calculation is
needed to find a new stiffness matrix which is theoretically
consistent with the situation and is sufficiently close to K.
Moreover, an ellipsoidal uncertainty bound accompanied by
the new estimate has to be defined. The surface properties
are obtained based on the new stiffness matrix and its
accompanying uncertainty ellipsoid.

Hereafter, the position of the end-effector is substituted by
the virtual position p(¢) not by the real position p.(¢). The
subscripts to denote the time index (e.g., k and i) are dropped
unless required for clarity.

3.1. Stiffness matrix and flat surface properties

Let n denote the normal direction and ¢ denote one of the
tangential directions in which the friction force acts. n and
t are orthogonal to each other. Let U = [n, t,n X t] be
defined, then U is a 3 x 3 rotation matrix. Let p (€ R?)
be the position of the end-effector, and f (€ R?) be the
force applied from the end-effector to the environment.
Between the position and force, there are two relations. The
stiffness in the surface normal direction causes the relation
n’8f =k(n’§p), and the Coulomb friction causes the
relation ¢78 f = u(n”§ f). Here, § denotes a small change
in the associated variable and « and u are the stiffness
and friction coefficients, respectively, of the surface. These
relations are rewritten as § f = K § p by using

K
K=U]|«kp
0

U’. (16)

S OO
(el e]

The above shows that the force-position relation in a
kinetic friction state on a flat surface is determined by matrix
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Fig. 3. Inclusive relationship among subsets of {K € R>*?}.

K in (16). Since K in (16) is non-symmetric, it is not a
stiffness matrix in a generally accepted sense of the term.
However, it has been known that the stiffness matrix of
a system involving friction, such as bearings, can become
non-symmetric, and even in these cases the matrix has been
referred to as the stiffness matrix'3~1%, We therefore refer
to K as a stiffness matrix despite its being non-symmetric
throughout this paper.

Let N(U) be a set of Ks which can be expressed by (16)
using a given U, and H be the union of all N'(U)s. N (U)
constitutes a 2-dimensional subspace of {K € R**3}, and
‘H constitutes a S-dimensional manifold in {K € R**?}, as
illustrated in Figure 3.

3.2. New estimate éN(U) with respect to a given U
Generally K, which is provided by the IPA, is not an element
of H. Therefore, it is necessary to find an element of H which
is close to K, and to define its accompanying uncertainty
ellipsoid.

We derive the element of A/(U) that minimizes D(K),
hereafter K y(U), with a given U. By letting N = n
[n, t] € R?*2, K € N can be written as vecK = NE& & =
[k, k). Under the condition K € N, D(K) can be rewritten
as

DK)=(—E\)TVy (6 —Ey) + Dy (17)
g, 2 VyNTII 'vec[K] (18)

PN

Dy vec[I?]Tl'[”vec[IA(] — éIT\,VNNTH”vec[IA(],

(19)

where Vy S (NTIT'N)L. éN corresponds to Ky in the
sense that vec[Ky]= N é ~» and Dy is the generalized
distance between K Ny and K. Note that ﬁN, Vy and é N
are functions of U.

The uncertainty ellipsoid accompanied by K y(U) can be
defined by moving € from K to Ky, and magnifying it
according to Dy . This new ellipsoidal bound, to be denoted
by Ex), is represented by an inequality

vec[K — Ky]" 'vec[K — Ky] <1+ Dy. (20)

Considering (17), the cross-section of the ellipsoid & )
with the plane N (U) is an ellipsoid represented by

E-EW'VNT'(E—-Ey) <1+ Dy. 1)
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Note that (20) and (21) are equivalent to the followings
respectively:

vec[K — Kylvec[K — Ky1T < (14+ Dyl (22)
E—ENE—E)' <0 +DyVy. (23)

Hereafter, "¢ and & denote the 1st and 2nd elements of &,
respectively, and """V and """ Vyy denote the (1, 1)-th and
(2, 2)-th elements of Vy, respectively.

3.3. Consistency evaluation of é )

When a given U is close to the true value, the ellipsoid & NU)
must be consistent with a kinetic friction state on a flat surface
whose normal direction is n. Equation (16) is a necessary
condition, but moreover, k must be reliably positive. As well,
the IPA usually provides estimates with small uncertainties
in directions in which the position variance is large. This
direction is usually close to the direction of motion, which
is close to ¢, and thus Kt = (tT ® I;)vec[K] = 03 has
to be reliably satisfied. Based on this consideration, a
maximization criterion for evaluating the consistency of
& ~(U) can be given as follows:

Py(U) = Pya(U)Pn(U) (24)

max(0, "éy(U))?
(1 + Dy(U)ymmnVy(U)

A T IHO (T ® 13)})1
q) t U == t ~ . 26
i) (r[ (1+ Dy(0)) (20

Dy, (U) 2 (25)

The function ®y,(U) is a reliability measure for condition
k =""& > 0. Under condition 23, "¢ satisfies

(g —"ENU))? < (1+ DyO))™™VyU). (27

This shows that « > 0 is reliably satisfied when ®y,(U) is
large. On the other hand, ®, (U) is a reliability measure for
condition (¢7 ® I3)vec[K] = o0;3.

By finding U which maximizes ®y(U), the estimate of
U, to be denoted by U, is obtained. The steepest gradient
method is employed to obtain .

3.4. Estimating k and p
Once U is obtained, the final estimates of x and p are given
by

@ ="En (D) (28)

mEND)/ME N (). (29)

A

o

[l

The uncertainty regions of & and / are given by

(kK — R)* < (14 Dy @)™ vy(D)) (30)
(1 — ) < (L4 Dy@)(™" vy @)/, (31)

respectively.


https://doi.org/10.1017/S0263574704000918

Impedance perception

4. RECOGNIZING CYLINDRICAL

SURFACE PROPERTIES

This section describes a method to estimate several properties
of acylindrical surface in a situation in which the end-effector
is in a kinetic friction on the surface. This method can be
realized in a way similar to that described in the previous
section.

An analytical derivation shows conditions which are
supposed to be satisfied by the stiffness matrix in a situation
in which the end-effector is slid on a cylindrical surface.
However, the stiffness matrix K , provided by the IPA, does
not generally satisfy this condition. Therefore, a calculation
is needed to determine a new stiffness matrix which is
theoretically consistent with the situation and is sufficiently
close to K. Moreover, an uncertainty ellipsoid accompanied
by this new estimate must be defined. The surface properties
are obtained based on the new stiffness matrix and its
accompanying uncertainty ellipsoid.

4.1. Stiffness matrix and cylindrical surface properties
Let p denote the center of gravity of positions that the IPA
has used to calculate K. This is written as

k .
Zi:ig Wk,i Pi

. (32)
Zf:io Wi

p=

K can be viewed as the stiffness matrix at position p. When
the end-effector is slid on an object, p is usually located
below the surface of the object. As shown in Figure 4, let us
define p;; as the closest point of p on the surface, and let n,
t, and v be orthonormal vectors which represent the normal
direction, the primary direction with the minimum curvature,
and the primary direction with the maximum curvature, at
P, respectively. Let Xy be the coordinate system with axes
{n, t, v} and origin p;,. The attitude of Xy is expressed by a
3 x 3 rotation matrix U = [n, ¢, v].

We formulate the force-position relation in the
neighborhood of p. Let p denote the position of the end-
effector and f denote the force applied to the surface from
the end-effector. Let Yp = ["p,'p,"p1" and Uf = ["f.,' f,°f17
denote position p and force f, respectively, expressed
relative to Xy. Vectors Up and Uf are related to p and f by
p= U(UP) + Py and f = U(Uf) + fweight’ where fweight is
the gravitational force on the end-effector. When the position
pisexpressedrelative to Xy, itis written as Vp = ["p, 0, 0]” .
As shown in Figure 4, let 6 be the angle between the surface
normal at p and that at p;;, N be the normal force applied
to the surface at p, R be the curvature radius, and « be the
stiffness of the surface. Then, since p is at a depth of N/«
from the surface, "p and "p are written as

[np]=[R(1—cos€)+N//ccos€]‘ (33)

'p Rsinf — N /k sinf

Let o be the angle between the friction direction and ¢-
direction at position p, as shown in Figure 4, and let i be the
friction coefficient of the surface. Then, since the magnitude
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of the friction force is N, Uf can be written as
nf N (cos 6 + psino sin9)
"l = N cosa . (34)
vf N (—sinf + u sina cos 0)
Eliminating 6 and N from (33) and (34) yields
"f =«'(R—="p)+ (p)usina) (35)
'f =k’ weosar/ (R —"p)? + (Yp)? (36)
'f =« (R="pusina — ("p)), (37)

where «' = k(R/\/(R—"p)*+ (*p)> — 1). The stiffness
matrix at position p,; is derived as

K = U@ /3"p)lop=vp)U"

K 0 wkwpsina("p)/(R—"p)
=U| kucosa O 0 v’
kpsina 0 —«("p)/(R—"D)

(38)

Let the elements of UT K U be denoted by ™A (é n’ Kn),

A .

) (= nT Kt), and so on. Then, (38) shows that a stiffness
matrix obtained in this situation is supposed to satisfy the
following conditions:

nt)\:tf)\’zvt}\:tv)\’zo (39)
"M 4 AL = 0. (40)

With a given rotation matrix U, let L(U) denote the set
of Ks which satisfy (39), and M(U) denote the set of Ks
which satisfy (39) and (40). Moreover, let F be the union of
all L(U)s, and G be the union of all M (U )s. These relations
are illustrated in Figure 5.

G (7-D manifold)
[‘F‘N'” manifold) r/’ =

MU

Ko

' [U)
(4-D manifold)

L)
{5-D subspace)

(a) (b)

ani'.uiU]
K (U)

Fig. 5. Inclusive relationship among subsets of {K € R>*3}.
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4.2. New estimate € yy(U) with respect to a given U
Since K is generally not included in G, we have to obtain
an element of G which is close to K. For this purpose, this
subsection provides a method to obtain an element of M(U)
which is close to K . Hereafter, (U) is omitted unless required
for clarity.
We derive the element of L that minimizes D(K),
hereafter K. Let L2 [n® Ulv® [n,v]] (€ R7*°) and
[””A ML AL AT (e RY). Then, when K s
1ncluded in £, it is correspondent to A in the sense that

vec[K] = LA. By using A, D(K) can be written as
DK)=OM—-i)'V, ' =)+ Dy (41)
A, 2V, LTI "vec[K] (42)

A, LTI 'vec[R],
(43)

D; 2 vec[R)TTT 'vec[R] —

where V £ (LTI~ lL)‘ XL corresponds to kL in the
sense that vec[I% L] L) L, and DL is the generalized
distance between K ; and K. The generalized distance from
AL to A is defined by Di(A) = 2 A=A)TV, i =4y,
based on the crosssection ellipsoid of & with £. Note that
Dy, V., and A, are functions of U.

Next, we derive an element of M which is close to K,
(i.e., at which Dy (L) takes a small value), hereafter K ;.
Let the left-hand side of 40 be denoted by a(}), i.e., a(X) £
M"A)EA) + (A XL). Then, a(A) can be written in the form
of a(A) = AT AA, where A is a symmetric 5 x 5 matrix. In
the neighborhood of 4, a(X) can be approximated by

a) ~a) = QAL A =)+, T4k, 44)
One can find that under the condition d@(A) = 0, A which
minimizes Dy (L) can be expressed by A = XL + xVLAXL
where x is a certain real number. Hence, A u 1s defined as
a A which can be expressed in this form and that satisfies
a(A) = 0. This is found by solving the second order equation
a(kL + xVL AXL) = 0 with respect to x. By this means, we
can obtain XM and KM (given by Vec[KM] LXM)

The generalized distance between K and K, is
Dy = D(KM) DL + DL(XM) The uncertainty ellipsoid
accompanied by K 4, denoted by €y, can be given by
moving € from K to Ky, and magnifying it by (1 + D)
times, in the same way as the determination of é )
described in subsection 3.2. The elements of A, and V.
are denoted by, for example, nnj o and MY

4.3. Consistency evaluation of En)

When agiven U is close to the true value, the ellipsoid En)
is supposed to be consistent with the kinetic friction state on
a cylindrical surface whose primary directions are ¢ and v.
Equations (39) and (40) are conditions for the consistency
of € »(U), but more conditions are required. For example,
(38) implies that m 3 u(U) and YU A, (U) should be positive
and negative, respectively. As well, we have to note that
the IPA usually provides estimates with small uncertainties
in directions in which the variance of position is large. This
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direction is usually close to the direction of motion, and must
be consistent with the value of «. Moreover, we have to note
that the estimates are consistent with the analytically derived
(38) only under limited conditions. This is because (38)
is based on the derivatives of the non-linear force-position
relations, (35), (36), and (37), despite that the estimation is
performed based on sensor observations distributed in a finite
volume of space.

Based on the above consideration, we define a scholar
function ®(U) as follows:

D) = >0, Dy D3 + Dy Dy Do

D (U) = ™A (U /("o (UY + "o (UY)
max(0, (" Ay (U)))?
(1 4+ Dy (U))(rmmn vy (U))
® 1)/(1 + DyU)) (45)
”’%(UW("’XM(U)2 + " (U)?)
min(0, (**Ay (U)))?
(1 + Dy (U Vi (U))

D,5(U) = (v ® 0)/(1 + Dy (U)).

D (U) =

D) = (@) M
®,(U) =

D,(U) £

D' 'v®

The above criterions can be explained as follows:

e The ratio between ®,; and ®,,; corresponds to the value of
o, which represents the direction of motion. It is expected
that ®,; ~ cos? « and ®,; ~ sin®«. ®,; has a large value
when the motion is along the true ¢ direction. Contrary to
this, ®,; has a large value when the motion is along the
true v direction.

e &, is a reliability measure of the condition mj o> 0.
When the motion is along the true #¢-direction, the
absolute value of "p in (35) is small. In this case, (35) is
almost linear with respect to "p, and thus nnj u becomes
significantly positive. When the motion is along the true
v-direction, on the other hand, due to the non-linearity of
(35), "™y (U) ~k >0 may or may not hold. This is the
reason why the criterion ®,, is weighted by ®,;.

e &, is a reliability measure of the condition iy < 0.
When the motion is along the true v-direction, ""Ay,
becomes reliably negative. On the other hand, when
the motion is along the true ¢-direction, w3, becomes
uncertain and unstable due to the small position variance
in the v direction. Especially, when the surface is soft,
the end-effector may be constrained in the v direction
by the hollowed surface, and thus it is even possible that
v}y may have a large positive value. For this reason the
criterion @, is weighted by ®,;.

e &3 and ® 3 are inverses of the uncertainties accompanied
by “Ay = (t @ t)"vecK and Ay = (v ® t) vecK, res-
pectively. "2, and "4, are equal to zero by definition
(see (38)), but their accompanying uncertainties are
influenced by the direction of motion. When the motion is
along the true ¢ direction, *’ A 5 has a small uncertainty due
to the large position variance in the ¢ direction, and thus
®,3 becomes large. On the other hand, when the motion
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is along the true v direction, "4, accompanies a small
uncertainty, and as a result ®,3 becomes large.

e [ is a small positive number for maintaining balance
between ®,, and ®,;. This is necessary because ®;;’s
value during motion in the true ¢ direction is much
larger than ®,,’s value during motion in the true v
direction. Since (38), the ratio between the analytical
values of ""A and ""A is ("p)/(R —"p), and B should be
set roughly correspondent with this. However, since the
precise value of ("p)/(R —"p) is unknown in advance,
the determination of § is a somewhat difficult problem.
B should be small because usually the depth ("p) is
much smaller than the curvature radius R. A too large
B causes insensitivity to the curvature in the direction of
motion, and a too small B results in oversensitivity to small
oscillations of the force derived from stick-slip or small
irregularities of the surface. In the experiments described
in section 6, we set 8 = 0.1 through trial and error.

When the motion is along the true # direction, the first term
of (45) becomes dominant. When the motion is along the
true v direction, on the other hand, the second term of (45)
becomes dominant.

By finding U which maximizes ®(U), we can obtain the
estimate of U, to be denoted by U. The steepest gradient
method is employed to calculate U.

4.4. Estimating «, i, and R
The stiffness coefficient, the friction coefficient, and the
cAurvaAturAe can be estimated by using U, vy = VL(I7 ) and
Ks; = Ky, (U). A
The stiffness coefficient, «, can be estimated as € = """ A,
since (38). This is valid only when the motion is almost
along v direction, because otherwise (35) becomes highly
non-linear with respect to "p.
Next, (38) implies that the friction coefficient, u, is esti-
mated as

A=\ i6) + (3002l (46)

Its uncertainty bound of /i is given by

< (22 v, (2R @)
R =) "T\aigr )

Finally, by using (38) again, the curvature, p 2 1/R, can
be estimated as

p=("p)—Kkp)/(""re) . (48)

Here, "p is unknown. However, by using the normal force
applied to the environment, to be denoted by N, and using
"5 = N /k, we can estimate p as p = (N /k — N/("Ag)) L.
Due to the non-linearity of (37), this is valid only when the
variance of Up is small. Moreover, one must note that N is the
normal force applied to the surface, and cannot be derived
from the sensor observation at that instant. Therefore, in
order to estimate the curvature, the stiffness of the surface
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_— force sensor
- —— acrylic ball =
T~ ;
[ 0.038[m] I
K y

Fig. 6. Experiment I.

must also be known. The uncertainty of p can be defined in
the same way as (47).

5. EXPERIMENT I (FLAT SURFACE)

5.1. Setup and method

This section describes preliminary experiments to test the
method for recognizing flat surfaces, explained in section 3.
The overview of the setup is shown in Figure 6. It consists
of a three-joint robot arm, a 6-axis force-torque sensor, and
an acrylic ball (diameter 38[mm], a table tennis ball), which
is used as an end-effector. The position of the end-effector is
measured by the optical encoders on the joints.

Three types of surfaces are used: a sponge (S), an acrylic
board (A), and a metal file (F). The surfaces are located in
two different postures: a 30-degree-inclined (posture-i) and
a horizontal (posture-h). Thus, in total six cases exist: iA, iF,
iS, hA, hF, and hS. As shown in Figure 7, the end-effector is
moved along a semicircular target trajectory, using ordinary
PD control in Cartesian space. When the target position is
below the surface, the end-effector is slid on the surface and
a compliant force is applied to the surface.

The sampling period of the IPA is 2[msec], and that of the
surface property estimation is 10[msec]. The stiffness and
viscosity of the VSF, K, and B,, are set to be 700[N/m] and
10[Ns/m], respectively. The weightings of the measurements
(wg,; in (6)) are reduced to half after the 1.0 x 10~3[m] of
distance or 0.1[sec] of time is moved or elapsed. These
parameters are designed by trial and error.

The friction coefficients of the surfaces A, F, and S
are approximately 0.15, 0.45, and 0.41, respectively. The
surfaces A and F are almost rigid, thus the apparent stiffness
estimated through the VSF is expected to be equal to
K, = 700[N/m]. The stiffness coefficient of the surface S
is approximately 260[N/m], thus its apparent stiffness is
expected to be 260K, /(260 4+ K,) ~ 189[N/m].

| | . < o 3
f’.-/ [ — —
" = o o
Y : - ]
~ surface < | 7 °
e ' o
(a) posture- i (inclined) (b) posture- h (horizontal}

Fig. 7. Surface postures and target trajectories (Experiment I).
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Fig. 8. Estimated normal direction # (Experiment I).

5.2. Results

Figure 8 shows the estimated normal direction, 72, and
the trajectory of the end-effector, p.(¢). The transparent
planes represent the position of the object surfaces by
actual measurement. On the other hand, Figure 9 shows
the estimated stiffness and friction coefficients, £ and fi.
Estimated values are represented by black solid curves and

& [N/m]
il
# [Mim]
Al
case iF t[sec] case hF #[sec]
e [Nim]
o ="

[sec] 1[sec]

case iS case hSs

Fig. 9. Estimated stiffness and friction coefficients (Experiment I).
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the uncertainties of the estimates by gray bands. The time
spans in which the end-effector is in touch with the surfaces
are bounded by the vertical lines (representing the discon-
tinuities detected by the IPA!?). The proposed algorithm of
the estimation of surface properties (describedT in section 3)
is performed only when £ ¥ 0343, ie., ok
Thus, it is performed only when the end-effector is in touch
with the surface. The position of the surface is adjusted so
that the maximum force is around 1.8[N]. Thus, the lengths
of the contact times vary by the surfaces.

5.3. Discussion

Figure 8 shows that the normal directions are properly
estimated, though the surface S, which is significantly
deformed, slightly disturbs the estimations. Some mis-
estimations follow the collisions, but these are limited to the
short periods between when a discontinuity occurs and when
that is detected.

Figure 9 shows that, since the surfaces A and F are
almost rigid, the stiffness coefficients, &, of iA, hA, iF,
and hF are estimated to be large, around the VSF’s limit
K, = 700[N/m]. On the other hand, since the surface S is
soft, £ in iS and hS have small values and they are close to
189[N/m] as expected. The friction coefficient, [, of each
surface is properly estimated. Those of surfaces A and F are
distinctly different from each other. Same surfaces having
different postures result in almost the same values of £ and
f. This indicates the validity of the proposed method.

6. EXPERIMENT II (CYLINDRICAL SURFACE)

6.1. Setup and method
This section describes preliminary experiments to test the
method for recognizing cylindrical surfaces, which was
explained in section 4. The experimental setup is the same
as that is used in the previous section, but the robot is moved
by the experimenter’s hand without using the joint actuators.
We used two objects: H and S. Object H is a wooden
cylinder (diameter 42[mm]), while object S is a soft
cylindrical object (diameter 43[mm]) which consists of a
wooden cylinder (diameter 24[mm]) covered with a soft
sponge sheet (thickness 9[mm]). On each object, three
surface-following actions, a, b, and ¢, were performed (see
Figure 10b). Thus, in total six cases exist: Ha, Hb, He, Sa,
Sb, and Sec.

(a) experimental setup

(b) surface-following actions

Fig. 10. Experiment II.
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Fig. 11. Estimated directions #, £, and 9 (Experiment II).

The sampling period of the IPA is 1.5[msec], and that of
the surface property estimation is 15[msec]. The parameters
of the VSF and the weighting rule of the measurements (wy ;
in (6)) are set to be the same as those in Experiment I.

The friction coefficients of H and S are approximately
0.27 and 0.85, respectively, and the stiffness coefficient
of S is approximately 320[N/m]. Object H can be re-
garded as rigid. The apparent stiffness coefficients of H and
S estimated through the VSF are expected to be approxim-
ately K, = 700[N/m] and 320K, /(K, + 320) &~ 220[N/m],
respectively. Considering the radius of the end-effector,
the estimates of the curvatures are expected to be 2/(42 +
38[mm])~25[m~'] and 2/(43 +38[mm])~25[m~!], re-
spectively.

395

6.2. Results

Figure 11 shows the estimated #, t, and 9 and the actual
positions of the objects (represented by the transparent
surfaces). Figure 12 shows the estimated stiffness coefficient,
"")A\(;, friction coefficient, fi, and curvature, p. In Figure 12,
the estimated values are represented by black solid curves
and the uncertainties of the estimated values are represented
by gray bands. The time spans in which the end-effector
is in touch with the surfaces are bounded by vertical lines
(representing the discontinuities detected by the IPA!%. The
estimation is performed only when the observed force is
larger than a threshold. When the recursive computation is not
completed within the sampling period (15[msec]), estimates
are not obtained and blanks appear in the graphs.

6.3. Discussion

Figure 11 shows that n, £, and v are properly estimated
in most cases. The estimates are stable and correct,
especially, those regarding the non-deformable object H.
Some misestimations follow the collisions, but most of them
are limited to the short periods between the occurrence
and the detection of the discontinuities. However, on the
deformable object S, ¢ and v are confused when the motion
is not along primary directions, i.e., in action c¢. This indicates
that the criterion ®(U) may need reconsideration.

"), correspondent to «, is estimated to be close to the
correct value under action b, along the primary direction ¢.
The cause of the incorrect estimations in actions a and ¢
is as explained in 4.4. Nonetheless, the incorrect estimate
with small uncertainty is an inappropriate output. This is an
important problem to be solved.

The friction coefficient, u, is correctly estimated espec-
ially under action b. It is appropriate that incorrect
estimates accompany large uncertainties, but sometimes
large uncertainties are obtained even when the estimate is
near the true value. The definition of the uncertainty may
have to be improved.

The estimation of p is performed only when "As < 0. As
shown in (48), the stiffness ¥ and the normal force N are
required to estimate p. k = 700[N/m] is used for object H,
and k = 220[N/m] for object S. Due to the negligible weight
of the end-effector, the observed force is directly used as N.
Figure 12 indicates that p is properly estimated in actions a
and c, but the estimate is indeterminate in action b.

trial Ha irial Hb trial He irial Sa trial Sh trial Sc
= : ; : ' L :
= 300 _J il | - _Irn:—_-:z—-'_\ -{ k- _'J".-._.. 4.
g JIE ) 1 ) Pk '
NS v T et VIO

1l
R
§ |
E‘?

£ [Vim]

B [

ifsec] tisec]

t[sec]

tlsec]

Fig. 12. Estimated stiffness coefficient 3 ., curvature P, and friction coefficient /i (Experiment II).

https://doi.org/10.1017/50263574704000918 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574704000918

396

On the whole, although the proposed method still has some
aspects that need to be improved, it has been shown to have
the potential for providing information regarding various
surface properties.

7. CONCLUSION

This paper proposed methods for recognizing -certain
properties of flat and convex cylindrical surfaces, based on
the stiffness matrix provided by the impedance perception
algorithm (IPA)'?. The methods were tested experimentally.
The method intended for flat surfaces gave fair results, while
the results for the method intended for cylindrical surfaces
indicated that this method needed improvement. On the
whole, the stiffness matrix obtained by the IPA was shown to
be a potential source of information regarding various surface
properties. Further enhancement will be required for general,
both convex and concave, surfaces, and, moreover, for two
or more constraint hypersurfaces.

In this paper we focused on information extraction from
very short time period. As a future direction of research,
data aggregation in time and space dimensions should
be considered. Temporal aggregation will improve the
estimation’s reliability by trading off responsiveness. Spatial
aggregation of the data will be necessary to construct a global
model of the environment.

Though the main purpose of this method is to
obtain qualitative information including uncertainty, the
precision and accuracy of the estimation must be evaluated
quantitatively. The influences of the design parameters on
the estimation accuracy must be clarified, especially for an
optimal design of the forgetting factors and the VSF. This
will also be a future topic of study.
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