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The AMADEUS Dextrous Subsea Hand:
Design, Modeling, and Sensor Processing

David M. Lane, J. Bruce C. Davies, Graham Robinson, Desmond J. O'Brien,
Jim Sneddon, Euan Seaton, and Anders Elfstrom

Abstract—This paper describes the mechanical design, finger
modeling, and sensor signal processing for a dextrous subsea
robot hand incorporating force and slip contact sensing. The hand
uses a fluid-filled tentacle for each finger, which has inherent
passive compliance, and no moving parts. Force sensing uses
strain gauges mounted in the fingertip, potted within a silicon
elastomer. Slip sensing uses a piezoelectric strip to detect vibra-
tion, embedded 1 mm below the elastomer surface. Static models
of finger motion are presented and validated based on bending
moments and hydraulic pressure. The design of a stochastic
estimator is also described, for sensor fusion of contact force
magnitude and direction data, obtained using redundant strain
gauges in the fingertip. Finally, linear dynamic models of the
finger dynamics in contact with a rigid surface are obtained using
least squares and recursive least squares parameter estimation,
as a precursor to closed-loop force control during grasping.

Index Terms—Dextrous manipulator, flexible robot, force and
slip sensing, robot hand, static and dynamic modeling, subsea.

I. INTRODUCTION

URRENT generation subsea robots generally employ

claw-like manipulator end effectors (see Fig. 1), ca-
pable only of open/close and wrist-rotate movements, with
no sensing or control of contact forces. Attempts at object
grasping often result in damage through unwitting application
of excessive contact forces. T-bars and other attachments car
be used on man-made objects but are prone to snapping
when overloaded. Such damage introduces expensive delay:
or complete failure in task execution.

An analysis of requirements in benthic science and marine
geOIOg.y [1] has' mdlcat.ed the.lt several kinds O.f §amplln g. 1. Slingsby TA-9 hydraulic manipulators with typical claw end effec-
operation involving fragile objects would benefit if grasp,
forces and object deformation were controllable. Similarly,

insertion tasks in offshore oil and gas tasks would be made ] ]
easier if grasped object pose could be precisely tuned ovefldh€ ocean, construction must also be robust, reliable, and
small range without moving the complete manipulator and/§fmple. Adaptations of existing in-air dextrous grippers may
vehicle. In both cases, low-force high-precision manipuIatid‘-J‘ierefo're be oyerly complex for subsea use [2]. o
is needed, using dextrous movements of end effectors withFlexible continuum robotg3] offer attractive possibilities
feedback for control of contact forces and torques. For uf§ use in the ocean. These devices produce movements
by bending as an elastic continuum, without the need for
Manuscript received January 22, 1997, revised July 22, 1998. This paﬁé? ad_d't'onal skeletal Strlj'Cture' They Oﬁer ngtural pas§|ve
was presented at the International Advanced Robotics Programme (IARFYMpliance to correct for inevitable positioning inaccuracies,
W%fks'\;‘ori on SngJeao'?gl?Oﬁcj- TSOU'ZE’ Ffa”C(;*vAMgl‘f?ht 26-29, 19%?-0 with simplicity of design and a minimum of moving parts.
. M. Lane, D. J. ren, J. snedadon, an . strom are wi ce . IR .
Systems Laboratory, Department of Computing and Electrical Engineeriar‘:gl:]ey are therefqre well suited to building dex.trous gr'pp?rs
Heriot-Watt University, Edinburgh, EH14 4AS Scotland, U K. capable of reducing breakages and task execution delay/failure
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flexible actuators. Early work [5] focused only on wrist design
to avoid singularities. Latterly, [6]-[9] have all described
flexible robot constructions with tendons. In [10], the design
of a microactuator was described using differential pressure in
fluid-filled rubber chambers.

This paper describes the design, modeling, and sensor signal
processing for a hydraulically actuated subsea dextrous gripper
using flexible fingers as actuators, building on early original
work with pneumatic systems [11]-[15]. Finger bending is
produced via the action of differential hydraulic pressures
in three mechanically coupled flexible tubes. The gripper
then consists of three fingers, each mounted on a knuckle
mechanism to provide additional movement.

For subsea applications, contact sensing must be indepen-
dent of ambient pressure. Suitable force and slip sensing
techniques have therefore been designed and integrated within
each fingertip to enable closed-loop control of finger force
and hand grasp. Fingertip precision grasps [16] are used
throughout.

Section Il overviews the mechanical design of the gripper,
and Section Il presents static models of its motion based
on bending moments and applied pressure. Section IV then
presents the force and slip sensors and describes a stochastic
estimation approach used to exploit redundancy in strain gauge
data, thus obtaining improved estimates of force magnitude
and direction during contact. Finally, Section V presents re-
sults estimating the dynamics of a finger in contact with a
rigid surface, through application of off-line least squares and
on-line recursive least squares system identification with linear
second-order models.

Il. MECHANICAL DESIGN

The gripper consists of three modular sections: body, finger,
and finger tip (Fig. 2), with the hydraulic and control systems
as separate units. The modular approach allows a range of
components, materials, and geometries to be evaluated in the
laboratory without extensive reworking of the entire gripper
system, and follows sound underwater design principles [17].

A. Finger Design

The operation of the AMADEUS gripper fingers relies on
the elastic deformation of cylindrical metal bellows with thin
convoluted walls. The convolutions ensure that the assembly
is significantly stiffer radially than longitudinally and that
longitudinal extension is therefore much greater than radial
expansion when subjected to internal pressure. Initially, phos-
phor bronze bellows (14.3-mm outside diameter (OD) and
length 125 mm) with 52 active convolutions and 0.28-mm
wall thickness are used. Fig. 2. AMADEUS phase | prototype gripper. (a) Hardware. (b) Schematic.

Each finger is made up from three bellows placed in a
parallel arrangement forming the vertices of an equilateral
triangle (pitch center diameter (PCD) 30 mm). The proximgrovided by the end plate (Fig. 3). The larger the differential
end of the triad is attached to the knuckle joint of the grippgressure, the larger the resulting finger tip deflection. In
body, the other to an end-plate, which connects each belladdition to bending, the triangular arrangement enables the
to the other two members of a particular finger. Utilizing direction of finger tip movement to be controlled.
different pressure in each bellow creates a range of extensiomhe potential advantages of this type of construction stem
forces causing the finger to bend according to the constraifitsm the simplicity of the finger mechanism (there are no

(b)
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Overall height (including fingers): 365 mm [ Peak finger tip force (straight): 15.45 N
Mass (of gripper): 3.5 kg | Target object dimensions:

Knuckle movement +20° (minimum): @10 mm
Finger deflection (maximum): 20mm (maximum): @150mm
Maximum frequency response: 5.5 Hz

(©)
Fig. 2. (Continued) AMADEUS phase | prototype gripper. (c) Specification.

moving parts in the finger itself) and the level of passive
compliance. This lateral compliance enables the finger to
deflect according to external physical constraints.

There is a minimum radius of curvature which can be
produced by a finger. This radius is due to the wall thick- Pressure: P;
ness, convolution pitch, and the material used in the bellow
actuators. The larger the maximum deflection required at the
finger tip, the longer the normal length of the actuator must be.
A series of plastic belts covered by neoprene sleeving supports
the actuators along their length, reducing the risk of contact
damage or buckling.

B. Palm Body

Three fingers are mounted in the palm of the gripper as a
symmetrical triangle. Force closure in grasping is then more
achievable with limited finger movement (future designs with
more fingers may benefit from an offset opposable thumb). To
allow the gripper to grasp a wide range of object sizes, the
palm of the gripper incorporates knuckle joints. These joints ﬁl
are driven in concert from a small single central hydraulic
cylinder via a simple linkage and provides each finger with
40° of angular rotation. This knuckle movement is sufficient
to enable the finger tips to touch and grasp small objects

Fixed End

Bending Plane:

Resultant Bending:

(diameter ¢) 10 mm) or move apart so that larger objects P rlej;‘::s
(up to @ 150 mm) may be considered. g
A small hydraulic cylinder (O.D. 22 mm), with both ports
at the closed end, is used to drive the machined aluminum
knuckle mechanism. Concentric guide bearing cylinders lo- Eree End
ree

cated about the body of the hydraulic cylinder minimize any
side loads and reduce the risk of the mechanism jamming. axis:  direction;
This is achieved with no increase in the length of the piston * distal
assembly. Extension of the piston causes the gripper to flex radial (reference direction)

by movement of a sliding rotary joint on each of the knuckle ~ ° tangential

manifolds. Another rotational joint on each knuckle manifold (b)

is attached to the stationary outer bearing cylinder of thmy. 3. (a) Internal pressure causes mainly longitudinal extension. (b) Bend-
mechanism. Polyamide resin plain bearings and slide rin'@g of flexible actuator caused by internal pressure differential.

minimize the friction between all moving surfaces of the

mechanism. C. Gripper Sensors

The knuckle joint alters the gripper configuration prior , . . . ,
to object contact, whilst the individual finger motions are 1he modular finger tip (Fig. 4) contains a variety of sensors

reserved for grasping and fine manipulation. Using phosph@ﬁd interfaces with an attachment plate at the distal end of the
bronze bellows, a maximum of 20 mm of finger deflectioactive finger.

minimizes permanent elastic damage to the bellows. Larger small fifty-way push fit connector has been developed to

deflections would remove the need for a knuckle but requif@lit sensor feedback at the finger tip interface, allowing rapid

different bellows materials and is the subject of ongoing studsubstitution of the finger tip unit as required. A machined

Large changes in position or orientation of grasped objeciiminum housing protects this connector and provides the
are performed by the arm or wrist onto which the gripper isasic form for the remainder of the finger tip. Water ingress

mounted. into the housing is prevented by a nitrile O-ring seal. Sensor

<



LANE et al: THE AMADEUS DEXTROUS SUBSEA HAND: DESIGN, MODELING, AND SENSOR PROCESSING 99

60.0 -
%ﬁ Hydraulic
50.0

Waterproof Bellows - /x X
Sleeving Assembly 3{
40.0 /
/
Finger End Output Pressure (Bar) /
/ Plate 300 + / /}f/
N Connector //
g Assembly 20.0 -+ 3?
Y
10. - %
Compliant \ . . 0.0 T — P ; _
Finger Tip Pioger T . 0.00 1.0 2 60 3.00 4 OO 5.00
Covering Assembly . : ) . ! )

Input Signal (Volts)

Fig. 5. Hysteresis of the proportional hydraulic control valves.

Strain Gauge
Force Sensor control valve with spring return. The static response of the
proportional control valves is shown in Fig. 5.

The figure shows the response for a 50-bar supply pressure
but the shape remains similar for the 30-bar pressure used
with the initial gripper configuration. Due to valve leakage,
the minimum pressure which can be delivered is 7.5 bar, and
the fingers are usually operated above 12 bar to ensure that
Fig. 4. Detachable finger tip, with force and slip sensors. operation is within the central linear portion.

The control valve for the knuckle joint is a solenoid-
Rgerated three-position direction control valve with spring
center alignment. This enables the flow to the knuckle joint
t% be either extended, retracted, or switched off. Fig. 6 shows
gro}e overall hydraulic arrangement, with associated computing.

PVDF
Slip Sensor

cabling is sleeved and routed between bellows along t
central axis of each finger to the wrist.

The finger tip contact zone contains both a strain gau
arrangement for determining the magnitude and direction
contact forces and a PVDF piezoelectric film-based vibration
(slip) sensor. The robustness of the sensors has been maxHl. STATIC MOTION CHARACTERISTICS OF THEFINGERS
mized by encapsulating them with a compliant silicon rubber
compound, using a two-stage injection molding process. A. Modeling Finger-Bending Plane Orientation

The angle of the knuckle joint is measured by a rotamnysing Bending Moments
potentiometer driven from the knuckle mechanism via a rack
and pinion. The potentiometer and drive assembly is housg
in a robust oil-filled casing. Quad and O-ring seals prevep
water ingress or oil leakage from this housing.

direct approach to modeling the direction of motion of
inger can be obtained from the bending moment generated
§/ each element of the finger. Fig. 7 is the view of a single
._finger viewed from above, directly along the axial) (axis,
. . . AP, the finger base coordinate system. The three tubes in each
lation, the initial prototype employs force/slip sensors in t inger are represented by the circles centered at the vertices of

fingertips only. Course power grasps using finger sides amde equilateral triangled BC. The triangle has sides of length

palm are also possible, although limited by the small fingeg—nd heighth. The relevant vectod; identifies the magnitude

t|p|dt§fle<;t|or;l av_zg:lable. ;)A_\Ith;)ugh con5|_de(zjred, ndo Sf‘tf'SfaC}OI%d direction of the bending moment produced by the internal
solution for flexible, ambient pressure-independent force Sb’?essure in theth element.

sensors on finger walls has been achieved. With the » andy axes positive in the direction shown, the

In the first prototype, no Sensor is incorporated to MmeasY&ultant moment in the direction can be expressed as

fingertip position (although one has been identified). Initially,

therefore, a Caliprated model of'the finger motion is used for M, = M, — M cos60° — M3 cos 60° @
closed-loop position control, driven by pressures measured
from sensors within each tube [18]. and in thez direction

M. =—M5sin60° + M3sin60°. (2)

D. Hydraulic System _ _
The hydraulic system for the gripper uses a fixed displacgéﬁz::g r](;srﬁet:vﬂ(}c%r:r?%r;egzébr;:tgjaggﬁjde of the resultant
0

ment gear pump with pressure reducing pilot valve to maintain
a system pressure of 30 bar. The pressure in each bellow

— 2 2
actuator is controlled using a solenoid operated proportional Mo = \/(M.)? + (M,). (3)
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Fig. 6. Hydraulic and computer connectivity.

The orientation of the bending plane and the consequent
direction of motion is determined using the relationship

) = arctan <%" ) 4)

Y

B. Modeling Finger-Bending Plane Orientation
Using Applied Pressures

Equation (4) identifieg’ in terms of the bending moments in
the z andy directions, assuming that no out-of-plane forces are
present. However, the plane of bending and the direction of
motion of the finger are ultimately controlled by the pressures
in each tube.

The in-plane bending momemiM ,; and cross-plane bend-
ing moments> M ; developed by the finger are given by

3 3 oh
My; = FA;— sin; 5
and Fig. 7. Plan view of a single finger.
3 3
2h
ZMci = ZPiAi—COS?/h‘~ (6)
=1 i1 3 The resultant bending moment is thus

1External forces not in the plane of the applied bending moment would
produce a change in the direction of motion. Such force systems are not
considered in this initial formulation. M, =XM;; +XM.;. (7)
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Fig. 8. Measured and predicted finger motions with demanded and measured pressures.

Assuming the finger material is homogeneous and isotrofilree tubes was recorded for a series of pressure combinations
and that all tubes have the same area, the angie only a about the known working zone of the finger.
function of the relative magnitudes of the tube pressufgs  The data can be divided into two sets.
P,, and P;. In the case where all three pressures are equal]) The total pressure in the finger was the lowest required
regardless of the absolute magnitude of the forces, there willbe  to achieve the displacement (i.e., one of the actuators
no resultant bending momeM ,. applied to the finger. When was held at minimum pressure).

the pressure differential amongst all three tubes is nonzero, fop) The total pressure in the finger was the highest possible

the geometric layout in Fig. 7, the orientation of the finger-  to achieve the displacement (i.e., one of the actuators
bending plane is given in terms of the tube pressures by the was held at a maximum pressure).

equation First, the measured position of the finger tip was plotted

relative to the straight finger. Then the pressures demanded by
the operator were used to produce a theoretical direction in

1 okl + P which the finger was expected to move. Lastly, the pressures
2 3 3 recorded in the system at each of the user demands were used
i i o calculate a predicted direction of movement for the actua
2> B YR to calculat dicted direction of t for the actual
1 = arctan P ZZBO '2:610° . (8) hydraulic pressures obtained from the proportional valves.
1 S1n sin

- The results (Fig. 8) show a reasonable correlation between

ZP 3 the theoretical direction of movement for a given set of
[

=1

pressure demands and the direction of movement actually
obtained using the real gripper finger. At higher pressure
demands, there was little difference between the demand and
the actual pressure, but at lower pressures near the “elbow” in
C. Experimental Validation of Static Finger Model the proportional valve response the difference could be large.
Using the gripper prototype of Section Il, an open-loofther differences can be attributed to dissimilarities between

experimental verification of the model in (8) was carried outonisotropic bellows and torsional stresses introduced during
for the six principal directions of finger movement. DuringSsembly.
this procedure, the usual finger tip was replaced with a small-
diameter needle located along the centroidgl gxis of the

finger assembly. The location of the distal (i.e., free) end of

this needle could be accurately ascertained by the use of a
measuring block into a “world” measuring coordinate framé Force Measurements

This data was later transformed into the finger tip coordinate The force sensing elements of the finger tip are 12 strain
frame relative to the straight position of the finger tip. Thgauges attached to an inner skeletal structure [Fig. 9(a)] [19].
location of the finger end and the actual pressures in each of itee covered sensor [Fig. 9(b)] consists of two parallel prongs,

IV. CONTACT SENSOR PROCESSING
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(b)

] Ga

Side elevation Front elevation
(c)

Fig. 9. (a) Force sensor without covering. (b) Covered force sensor. (c) Distribution of strain gauges.

one of which is illustrated in Fig. 9(c). The forces obtained can be shown that the readings from the strain gauge bridge
from the set of readings at each prong are averaged amituits 2, --- Rg are

the result corrected by a factor dependent on the compliant R, =K\lf. )
covering, obtained by calibration. Throughout, we assume

point contact between fingertip and object, generally at the By = Kol(1 4 cos(és = ¢1)) f- (10)
distal (bottom) end of the sensor. From Fig. 9, it is possible Ra = K3l(1 + cos ¢ + cos d2)) f (11)
to derive thez, y, and> components of the distal end contact Ry = Kyl[cos ¢z fy — sin ¢a fo] (12)
force in the sensor coordinate frame using the following. Ry = K;l[(cos ¢ + cos ¢a) fy — sin ¢ fx] (13)

Assume that a force is acting in the region of the distal end R = Kgl(1 + cos ¢y + cos $2))f, (14)

of the finger tip. Gauges 1-3 are sensitive in thdirection

and gauge 6 solely in thg direction. Gauges 4 and 5 are 5 5 5 5

sensitive mainly in they direction but also partly in the: =L+l t (15)
direction, according to the angleés and¢.. For an arbitrary where K;—K§ are calibration constants accounting for ampli-
force F' = [f. f, f-] acting at the distal end of the finger tip fier gains, beam stiffnesses, adherance of strain gauges, and
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the conversion of force to an electrical signals the length 10

of each beam, and; and ¢, are the beam angles relative to Normalized Probability Distributions for fy

the sensor base coordinates. With six such equations, there is |

thus redundancy in solving for the three unknown forces. 81 EN123
As one might expect, the best measurements are those where |

the sensing element is furthest from the point of action of 8N3

the force. Here, the bending moment, and hence the absoluté |

value of the measured signal, is greatest. However, others + EN2

measurements still contain useful information, and we can, |
therefore exploit this redundancy to obtain force estimates
which are more accurate than any individual measurement.3 | £N1
A simple stochastic estimator based on a Kalman filtering » |
approach, as outlined below, will perform such a task.
Assume that there are two measurements; ) andex(ts)
of the same variable taken from different sensors a very shorto
interval of time apar{¢; = t,), such that the variable value 3
does not change between measurements. Furthermore, assume
that each measurement contains the variable corrupted FE%I 10_. Gaussia_m proba_bility density distributions of normalized initial and
. . . nofrmalized combined estimates.
additive, uncorrelated, zero mean, random noise with Gaussian
probability density distribution and associated variance
ando—fz, respectively. Under these conditions, following May-
beck [20], a better estimate,(¢;) of the variable can be

14

84
0.88
0.92 +
0.96
1.04 +

0 o ©
Qe - S
~ - -

TABLE |
ACTUAL AND THEORETICAL VARIANCES

obtained as Estimate Actual &y Theoretical oy
et 0.01309 -
2 2
T2 91 & 0.00459 -
e12(t2) = [02 T o2 }El(tl) + [02 T o2 }52@2) (16) gfz 0.00301 4
z1 £2 z1 £2 N3 :
) S _ e 0.00440 0.00340
or, in the update form used in filter implementation P 0.00265 0.00181
, 0.00241 0.00160
2 2 Eni23
e12(t2) =e1(t1) + [02) + 0] (e2(t2) —ex(tr))  (17)
and
o2 o2 applied forces, and the results are normalized using the known
0_2 — cl¥e2 (18) . . . .
el2 02 4+ 02, force value. The normalization is arranged to give a mean of

_ _ _ ~unity (representing the signal, under the assumption of zero
~ Equation (17) says that the best possible estimate at#timemean noise), and a normalized variandg, (due to the noise
(in a mean, mode, maximum likelihood, or any other sense)dfone).o%,; is assumed not to change during system operation

equal to the estimate at tintg, plus a weighting applied to the and is used on-line to calculate the actual noise variance for
difference between the original two estimates. The Varianceé)fparticmar measurement from thn combination of strain

the probability density distribution associated with the neyauges as

estimate is lower than the variances of either of the two

initi i implicati i i i o%e; = eX(t) - o (29)
initial estimates, the implication being that the new estimate is i i Ni

necessarily better than either of the previous two. If there af@is follows from the fact that a sample set, making up a
more than two initial estimates, this may be extended withogt, ,ssian distribution with a mean of unity an’d varianée

limit to provide ever more accurate estimates. multiplied by a constanf, leads to a Gaussian distribution
To implement such an estimator for the force sensor thi$, 3 mean ofk and variancei 2o2.

requires on-line calculation of the noise variangés; (where Fig. 10 shows an example of three normalized probability
e; refers to measurements from particular strain gauge compisnsity distributionse 1, ey, exs, With normalized noise
nations). For this purpose, we make two assumptions.  yarjancess2,,, 02,,, 02, obtained from calibration of three

1) The magnitude of the noise variance is linearly relateglfferent strain gauge combinations in thedirection. It also

to the magnitude of the measured signal—thus larg®ows the result of applying (17) and (18) to obtain a combined
signals have larger amounts of noise present (empiricalgrmalized estimate y;23 with associated normalized noise
confirmed). variances?,,,. It can be readily seen that the most accurate

2) The noise characteristics do not change over time, agétimates 123 is an improvement on any of the three initial

the noise processes are zero mean with a Gauss@fimates, with smaller variance and greater probability of the
probability density distribution. measurement being closer to the true value.

With these conditions, a normalized value of noise Table | shows the normalized variances from the initial
varianceg3,; can be calculated from additional off-linemeasurements, the calculated variances obtained from various
calibration of particular strain gauge combinations. Duringtrain gauge combinations in (17), and the variances which
calibration, repeated measurements are taken at each of sevatralld theoretically have been found by (18).
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Fig. 11. (a) Plots of measurements(¢;) and e2(t2) of a static applied 5000 5 10 15 20 25 30 35
force. (b) Plot of improved estimate 3 (t2). time/ms

(b)
For illustration, Fig. 11(a) shows a sample set of the varfg- 12. (a) PVDF slip sensor prior to potting. (b) Plot of slip signal for
. . different slip speeds using sensor testbed.
ations of two measurements (¢;) and ex(t2) of a static
appl_|ed force on.the working gripper, and Fig. .11(b) showt% a deformation of any kind. This is a dynamic property in
the improved estimate; »3(¢2) obtained from the filter. . X s
. . . . t}aat once it stops deforming the charge built up on the surface
It is seen from Table | that the filter described does indeed. . .
uickly decays to zero. It is thus ideal for the measurement of

provide an improvement in the quality of force data availab ) . : .
X . r8n3|ent phenomena but, on its own, unsuitable for measuring
from the sensor. However, the actual variances of the improve

estimates are in all three cases higher than the theoretl‘?:telady'State properties. Since film develops a (transient) charge

variances calculated from (18). This is assumed to be due"’&?'ts surface when deformed, with suitable signal processing

. . L . it%as the ability to act as a vibration pickup.
violation of the two initial assumptions. . . .
. . When used as a slip sensor, the relative motion between two
It should also be noted that the analysis here incorporates . oo oo
) . - . surfaces causes mechanical vibration in a direction normal to
only the static estimation problem, and future work W|If .
) . . he plane of motion. The PVDF produces a voltage related to
include attempts to improve the quality of the force data wh(?H . . N .
L . . S ese vibrations and hence can indicate when a grasped object
it is part of a control loop by incorporating dynamics into the "~ ". .
. is slipping. Furthermore, the nature of the signal detected
filter. ! :
depends on the properties of the grasped object, the grasp
force, the speed at which slip is taking place, and whether
the motion is rotational or translational. Analysis of both
Embedded 1 mm below the surface of the compliant cothe time- and frequency-domain signals should thus provide
ering of the sensor is a thin (52m) layer of piezoelectric further information about the state of a grasp and any slippage,
film (PVDF) [Fig. 12(a)]. Piezoelectric film has the propertywith a possible goal being the direct control of slippage during

that a charge is developed at its surface when it is subjetxtrous manipulation of an object.

B. Slip Measurement
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2000 ; : : . . . V. SYSTEM IDENTIFICATION OF FINGER DYNAMICS
Graph of slip signal V time As a precursor to the design of closed loop finger force
Samples taken at 1 kHz - e - - .

1500 | 1 control, identification experiments were carried out to make

linear estimates of the system dynamics between pressure de-
mand and force sensor readings. For this initial investigation,

_. 1000} ) ! . .

z a single finger in contact with a steel plate was employed,
- pushing in one axis at one point in the workspace. Following
g 00 [21], experiments used both off-line least squares (LS), and
=3 on-line recursive least squares (RLS) methods.

[6)]

A. Model Structure

-500 Both autoregressive (ARX) and autoregressive moving av-
erage (ARMAX) models, with exogenous input, were consid-
1000 ) . . . s : ered. For the former, the linear difference equation is
0 10 20 30 40 50 60 70
| : vs ' o y(t) + ary(t — 1) + -+ an, y(t — ng)
X nt applied | N i
: ::rr;seta appl : abject slipping . : ::;zled — blu(t _ 1) + . + bnbu(t _ nb) + G(t) (20)
) slip onset | object removed |
! ! from grasp !

whereu(t) is the input signaly(¢) the output,e(t) is white
noise, andn, andn; determine the model order. The vector

10° of unknown parameters to be estimated is thus
10 T T T
5 no applied force O = [al as e an, bl e bnb]T. (21)
£ 5L 7
Q Shortening the notation gives
O k. { 1 _ n
0, 50 100 150 200 A(z) =1+arz t + oo tap,z "
1pX10 | firiz | B(z)=biz 7 4 by 2™ (22)
g o object slipping | and hence
g
o Mk bl AE)(D) = BE)ut) + <(0). @3
0 5 5 . .
K10 0 f]‘Ei(zJ 1°0 200 The ARMAX model is an extension to the ARX model. The
10 T . T difference is a moving average term applied to the noise, and
5 constant applied force models white noise which has been affected by some process
5 5 . dynamics. The model becomes
o
0 1 - 1 1 T 2 yt +a t—1 +~~~+ana t—ng
0 50 100 150 200 ) 1wl ) ut )
Hz =biu(t — 1) + -+ bn,u(t — ) + e(t)
®) +eoet—1D)+ -+, et —ne) (24)

Fig. 13. Slip signals from prototype grippér situ. (a) Time domain. (b) .
Frequency domain. and with

Tests of the sensor mounted on a sensor test rig have been Clz)=1+crz™ '+ +ep 2™ (25)
carried out in the laboratory, and examples of time-domain o
plots for different slip speeds are shown in Fig. 12(b). Clearl§}é model is given by
useful information concerning slip speed can be obtained from .
this data. Fig. 13 shows time- and frequency-domain plots Al2)y(t) = B(z)u(t) + Clz)e(t) (26)
of the sensor signal under different sfli.pping conditions wh%d the parameter vecté becomes
mounted on the real robot. The additional energy present in
the signal during slipping is clearly shown. O=la; - an
The performance of the slip sensors (in conjunction with
the force data available from the force sensors) on each of théARX models are hence ARMAX models wit&f(») = 1.
three finger tips is currently being evaluated in real graspi®RX models are appropriate when the system is deterministic,
conditions. Initially, the slip sensors are being used simply tw when the noise is uncorrelated and white. ARMAX models
detect the onset of slippage and thus initiate a reflex reactiare appropriate when white noise is passing through and hence
through the finger force control loops. colored by the process polef(z) and the zeros iC(x).

by oo bp, o o et (27)

3
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'20(1]00 ’ 161 ‘ ) Fig. 15. Step response for one of the valves in the hydraulic system. Input
radls (dashed line) is pressure demand and output (solid line) is pressure from
transducer within the finger.

(b)

Fig. 14. Bode plot showing (a) measured force and (b) pressure demand 0
frequency response for finger in contact with a rigid steel plate.

10

B. Model Selection and Validation @ %20

To determine the estimation accuracy of models, we define -30}
the mean square of the prediction error as a loss function. This 4
provides a metric to compare estimated and real outputs and
hence choose the model with the best performance.

The prediction error is given by

c(t,0) = y(t) — 4(t|®) (28)

where (¢|©) is the prediction ofy(t) given parameter®.
The loss function is thus

-20 -10 0 10 20
freqinHz

1 1, P9 FE S S S S SR A
i _ - 20 15 10 5 0 5 10 15 20
Vn(©) N 5¢ (t,0) (29) o
t=1
where NV is the number of points. Fig. 16. (a) Spectrum and (b) autocorrelation of the noise in unfiltered force
measurements.

C. Choice of Model Order . . .
tions, with a two-sample interval transport delay, makes an

To determine model order, frequency response measWeiopriate starting point for system identification.
ments were manually obtained using input sinusoids in the

range 0.5-10.6 Hz (Fig. 14). Measured outputs were approg- Noise Considerations

mately sinusoidal, allowing estimates of gain and phase change
from the waveforms. Fig. 16 shows the spectrum and the autocorrelation function

While the amplitude curve is similar to a first-order systen®f signals obtained from a single strain gauge in the force
with cut off somewhere between 1 and 10 Hz, the phase Iagnsor when the estimator of Section IV is not employed,
increases with frequency more rapidly than expected. This is3Ad there is no pressure demand to the valves. This demon-
part due to a transport delay through the hydraulic proportiorférates the process and measurement noise in combination, and
valves, illustrated by the step response in Fig. 15, obtaindigstrates two points.
using the finger pressure transducers. 1) There is significant noise energy outside the bandwidth

The delay is thus around 0.01 s. To avoid the need for an  of the finger, which could be removed in the frequency
analog anti-alias filter, a sample interval of approximately 20  domain prior to estimation. Given the absence of an
times the estimated system bandwidth (10 Hz) was chosen, analog anti-alias filter and the high sampling rate, this
giving 200 Hz. The delay in Fig. 15 then corresponds to two  is to be expected.
time steps with the chosen sample interval of 0.005 s. 2) The noise is not correlated with itself, except for very

From the above, we conclude that a first- or second-order small values ofr, and can therefore be considered
model using one or two discrete time pole/zero combina- random.
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ESTIMATED MODELS USING LEAST SQUATRAI\EBFLOI?? gIFFERENT DATA AND MODEL STRUCTURE
Input Data Model A B Loss Function
BRI I A@=1+az "+ +a, 2" B@=bz " +..4b, "
delay]
S; f112] 1,-0.9884 0, 0, -0.0667 653
Sz [222] 1,-1.9258, 0.9432 0,0,0.2382, -0.2687 56.4
S; [222] I,-1.8732, 0.8996 0,0, 0.1950, -0.2276 27.62
S [322] 1.-2.4705, 2.0620,-0.5804 0,0,0.1011,-0.1200 16.75
Sy [442] [, -2.8040, 3.3595, -2.1409, 0.6073 0,0, -0.3256, 0.5611, -0.0449, -0.2394 8.047
Sy [2210] 1,-1.7687, 0.8070 0,0,0,0,0,0,0.,0.0,0, -0.1526, 0.07 24.69

o f\ | nor
1000]\ l\ 1050 / \
s ol " prsrs 950 / \W //\\ /P\
proportiona - U \ AV \/ \ AVA proporion 900
valve /ma 890 VAV \/\ V\//\/\ valve / mA o \ \/\ [ \ / \
i:z V\ " A W
\ \ 800 V. \

950

700

I 750 \/
650 | | 200 \/ , N V

v
600
¢

50 100 150 200 250 300 350 400
Time / samples (200Hz sample rate) 6500 50 100 150 200

. . . . . Time / samples (200Hz sample rate)
Fig. 17. Excitation signab;: sum of frequencies in the range 1-10 Hz.

Fig. 18. One second of excitation sigrf&: bandpass random white noise,

Initial attempts at estimation using an ARX and ARMAX0-3-10 Hz.
models with raw force data produced very poor models, with
very large values of prediction error. To address this a%q]
reduce the noise, for the experiments in this section only,
second-order low-pass Butterworth filter with cut gff = 9
Hz was used, adding two poles at= 0.8021 + ;0.1648 and
two zeros at> = —1 with the 200 Hz sampling frequency. ]
This substantially reduced the magnitude of the noise prese?p(r?t.J
allowing estimation to proceed.

Finally, since the noise is apparently random, we chose
ARX model for estimation purposes (i.e., $8tz) = 1).

Model structures using 1-4 nonzero coefficients Af)

d B() and time delays of 2 and 10 sample intervals were
eﬁwployed. In theg222] notation of Table Il, the entries give
the [0, coefficients,n, — 1 coefficients,n; delay] values

in the ARX model. The loss function was calculated as
(29). In this section and Section V-F below, a second-
er Butterworth filter cut off 9 Hz was employed with the
measured force data. This adds two poles at 0.8021 +
5’(5‘.1648 and two zeros at = —1 and removes high-frequency
sensor noise out with the finger bandwidth. The filter is not
incorporated in the estimator structure.

E. Off-Line System Identification Using Least Squares Models estimating more coefficients clearly give better

Initially we measured the performance of various ARX I_@en‘ormance, but at the compu.tational cost of estimating the;e
estimators, with two different input signalg¢) to excite the extra p_arameters. Based on this test, _a_reasonable compromise
process. would involve tw_o denominator coefﬂme_nts, one numerator,

SignalS; is 400 samples at 200 Hz (i.e., 2 s) of data contaifi"d wo delays (i.e[2, 2,2]) for the best fit at least cost.
ing a sum of frequencies from 1 to 10 Hz, inclusive, at 1-Hz
intervals (Fig. 17). Input values to the proportional valve are o
the range 600-1100 mA, centered on a mean operating valtRe
of 850 mA. The other two valves are held constant at 1100With fixed process dynamics, off-line estimation can pro-
mA. The finger was pushing in contact with a rigid steel plateluce model parameters adequate for fixed gain control system

Excitation signalS, is 4000 samples at 200 Hz (i.e., 20design. However, process dynamics can change on-line, in
s) of data containing a bandpass-filtered random signal, usingich case parameters will change. Recursive estimation pro-
cutoff frequencies of 0.3 and 10 Hz (Fig. 18). vides the means to monitor this.

On-Line System ldentification Using
ursive Least Squares
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Fig. 19. Modeled (dashed line) and measured (solid line) force versus time (@)
for a one-coefficient moddlL12] using ARX RLS withSy input at 200 Hz.
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2 ARX RLS with S input at 200 Hz. (b)z-plane pole-zero diagram for the
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Fig. 22. Modeled (dashed line) and measured (solid line) force versus time

a laboratory test rig. Further experiments will be requiredf

.  for a four-coefficent moded33] using ARX RLS with.S; input at 200 Hz.
Initially we study only the convergence and modeling

errors of recursive estimation for a single finger position on

as in contact with a rigid steel plate. Experiments were tried

measurements from the sensor in contact with the rigid steel

Figs. 19-22 show modeled and measured signals fromplate with fixed pressure demand 1100,1100850 were also
force sensor plotted against time. As above, the force sentaten and averaged. This average value has been subtracted

of any changes.
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TABLE I
SuMMARY OF ARX RLS ESTIMATOR PARAMETERS AND ERRORS FORVARIOUS FINGER MODELS
Model Filter A B Loss Funct.
Param Value O Param Value Oy
[1,1,1] no ag 1 0 by 0 0 1.974¢+004
a -0.713 0.0345 b, -0.279 0.0956
[1,1,2] no ag 1 0 by 0 0 1.918e+004
a -0.6939 | 0.0343 b, 0 0
b, -0.3753 | 0.0952
[1,1,3] no A 1 0 by 0 0 1.875¢+004
ay -0.667 0.0348 by 0 0
b, 0 0
by -0.4869 | 0.0962
[2,2,1] no ay 0 0 by 1 0 1.671e+004
a; 29475 | 0.5260 by -0.4469 | 0.0479
a -3.3422 | 0.5306 b, -0.2186 | 0.0458
[2,2,2] no A 1 0 by 0 0 1.62¢+004
En -0.4151 | 0.0480 b, 0 0
a, -0.1994 | 0.0454 b, 3.1914 | 0.5451
by -3.7282 | 0.5565
[2,2,3] no ag 1 0 b 0 0 1.577e+004
a, -0.3817 | 0.0484 by 0 0
ay -0.1754 | 0.0453 b, 0 0
bs 3.1750 | 0.5650
by -3.8776 | 0.5862
[2,2,2] 9Hz A 1 0 by 0 0 27.62
a -1.8732 | 0.0117 by 0 0
a, 0.8996 | 0.0117 b, 0.1950 | 0.0221
by -0.2276 | 0.0225
[2,2,3] 9Hz ap I 0 by 0 0 26.63
a -1.8534 | 0.0124 by 0 0
ay 0.8814 | 0.0122 b 0 0
b3 0.1856 | 0.0231
by -0.2272 | 0.0238
[3,2,3] 9Hz ay 1 0 by 0 0 16.35
a -2.4448 | 0.0387 b, 0 0
a, 2.0240 | 0.0731 b, 0 0
ay -0.5668 | 0.0359 bs 0.0993 | 0.0189
b, -0.1234 | 0.0198
[3,3,3] 9Hz a 1 0 by 0 0 15.39
a -2.3841 | 0.0395 b, 0 0
ay 1.9541 0.0723 b, 0 0
a3 -0.5522 | 0.0723 b -0.4609 | 0.1123
by 1.0338 0.2294
bs -0.6237 | 0.1231
[4,3,3] 9Hz A 1 0 by 0 0 8.222
a; -2.8094 | 0.0368 b, 0 0
ay 3.3652 | 0.0926 b, 0 0
a3 -2.1399 | 0.0893 b -0.3287 | 0.0824
ay 0.6059 | 0.0327 by 0.7788 | 0.1683
bs -0.4961 | 0.0903

from the force data, effectively ac coupling the measuremenf®, 2, 2] is again a good compromise, identifying the same

Throughout, the signa$; is used as input. parameters as with the LS estimator. However, the system is
For estimation, models with up to four nonzero numerataonminimum phase, with a zero outside the unit circle. Using

or denominator coefficients with two- or ten-interval transpogole placement, or other pole/zero cancellation design methods

delays were tried. Table Ill summarizes the resultikig) and for control, will therefore be a risky endeavor, in the event of

B() parameter values, their standard deviationand the loss inexact cancellation. Interestingly, introducing the ten-sample

function for prediction error in each case. delay into the two-coefficient model produces a pole-zero plot
The Butterworth filter reduces the variability of paramatenghich is minimum phase.

by a factor of 4, and the loss function by a factor of 1000,

and hence performs a useful role. As with the LS results,

models estimating more coefficients generally have lower loSs Further Work

functions. The modelL, 1, 1] with only one numerator and de- The results have shown that adequate dynamic modeling

nominator coefficient has the worstfor parameter variation. performance for the finger can be obtained when estimating

The two-coefficient model with a two-sample intervals delagnly two coefficients in numerator and denominator, and that
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parameters converge to sensible values using ARX RLS.divelopment) at IAN. Developments in Grasp Planning are
remains to estimate similar models across a range of positidieng pursued by M. Pickett in the Ocean Systems Laboratory
and directions of push in the workspace to ascertain the extantHeriot-Watt. Details on this and related projects are at
to which the finger dynamics change. These models will Wetp://www.cee.hw.ac.uk/oceans.

helpful in further consideration of force control system design.

VI. CONCLUSIONS [1]

We have described our first attempt at developing a proto-
type dextrous underwater gripper using continuum actuatofg,
for fingers with integrated force and slip sensors. Approaches
to sensor signal processing, static modeling of finger positiorb]
and on-line estimation of finger force dynamics have been
presented. This work forms part of a portfolio of activity from
phase | of the AMADEUS project [22]-[24]. Related work [4
included active control of finger vibration [25], coordinateds]
finger control for grasping and manipulation [26], tele-assistant
blind grasping for operation in reduced or zero visibility [27], [6]
and man-machine interface design [28].

The prototype produced in phase | successfully carried odf]
precision fingertip grasping and manipulation of rigid and
compliant objects in the laboratory test tank and involved th¢s]
complex integration of a range of mechanical, electrical, angb
computing subsystems. Several critical factors were identified,
including the material properties of the bellows, the detail
of the finger design to prevent buckling, improved design ?{0]
the fingertip shape, corrosion engineering of dissimilar metals
in the gripper, and system integration issues, including welll-ll
defined interfaces and software compatibility.

Phase Il of the project is currently underway, with an
extended consortium involving benthic scientists and marift?]
geologist users [29]. An improved gripper and finger desighg)
is being mounted on a conventional hydraulic underwater ma-
nipulator for in-water trials deployed from an ROV toolskid,, ,
The new design incorporates video and acoustic sensors in
the gripper palm. A future publication will report on the
complete system performance, including a marine scienﬁg]
user’s perspective on effectiveness and usability.

Continuum actuators have much to offer for subsea use, dAél
these early activities have shown promise. The basic fingef
design is scaleable, limited only by the need to support its
own (in water) weight, and the choice and availability of, .
appropriate bellows materials. Other subsea applications as
an inspection and as a propulsion device are currently under
investigation [30]. [19]
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