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Abstract— Robotic grasping is traditionally approached as a In the case of Coelho and Grupen [4], and in subsequent
pure planning problem that assumesa priori knowledge of the  work by Plattet al. [15], [14], the gradients of the cost func-
target object's geometry. However, we would like our robot s \were estimated by making simple assumptions about
to be able to robustly grasp objects with which it has no . . . ;
prior experience. Our approach is to use haptic information to the object’s surface properties, including local QGPmGtW
drive a search process for appropriate finger contact locations ~First of all, the contacts were assumed to be frictionless.
Given a cost function that is based on the total force and In the case of the force cost function, the surface was also
moment applied to the object by the set of contacts, and assumed to be locally convex, and in particular, that it was
simple assumptions about the local surface geometry, this search a unit sphere. In the case of the moment cost function, the

process can be formulated as one of gradient descent on the

cost function. Prior work in this area has assumed that the surface was assumed to b,e planar. Téree controller and
surface of the object local to the contact is either flat or convex moment controller were defined such that each contact was
However, when the surface is concave, the search process, indisplaced so that it followed the negative gradient of the
fact, ascends the cost function. Here, we propose switching  corresponding cost function. Plattal. combined the actions
controller approach that estimates the local curvature of the of the two controllers through a nullspace operation that

object over multiple contacts. This information is then used to f d th fi f the f troll th of the
switch between one of two methods of estimating the gradient of avore € aclions or the force controller over those

the cost function. While this new approach shows comparable moment controller.
performance to the original when faced with objects containing This work has showed promise in enabling a grasping sys-

only flat or convex surfaces, the new algorithm performs tem to interact with objects of unmodeled geometries [14],
substantially better when objects contain concave surfaces. [17]. However, the current approach suffers when the ob-
ject’s surface differs substantially from assumption afdb
convexity. Specifically, when the surface is concave, thesfo
Robotic grasping approaches have traditionally relie@on controller will drive the contact in a direction that senies
priori knowledge of the geometry of the object being graspeghcrease the net force rather than decrease it. This behavio
or on estimates of the geometry based on visual or ranggpstantially limits the class of objects that can be adees
inpUtS (e.g., BEKe}et aj[l], and Borstet 31[3], Miller et by this grasp search approach_
al.[12]). In either case, the modeled geometry is used t0 The challenge, therefore, is how to appropriately address
assess the quality of many potential grasps before one djects that contain concavities. Park and Starr [13] descr
selected for execution. In an alternative approach, ondélcouy grasp synthesis method for polygons of known shape
make minimala priori assumptions about the geometry ofthat considers as potential contact locations convex and
the object being grasped, and instead rely on haptic feédbagoncave vertices. Funahasgtial. [6] analyzed the stability
to direct the tactile exploration of an object until a suleab of grasps involving fingers with controllable stiffness and
grasp is found. Teichmann and Mishra [20], and subsequenifther concave object surfaces or fingers. However, they do
Coelho and Grupen [4], introduced methods in which th@ot address the grasp synthesis step. In this paper, wesaddre
local surface normal for each of several contacts was firghe concavity issue by introducing a second force controlle
estimated. Based on this information, contact displacésnennat makes the assumption of local concavity. A meta-level
were computed that followed the negative gradient of a cogpntroller then switches, on a per-contact basis, between
function. The cost functions were such that their minimanhe convex and concave control actions as a function of
corresponded to a quality grasp of the object. In the formgpe estimated curvature of the object. A set of simulation
case, this cost function was based on the area of the tria”%'ﬁ’periments are used to demonstrate the utility of the kybri

formed by three contact points. In the latter case, two cogbnyex/concave controller over the convex-only controlle
functions were used: one that described the net force applie

I. INTRODUCTION

to the object by the set of contacts, and another that destrib Il. METHODS
the net moment applied by the same contacts. The goal is to find a set of contact locations on an object
such that a set of non-zero normal forces applied at the
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a set of contacts that satisfy these criteria ensures wrench
closure, allowing the object to be squeezed at the contacts
without accelerating it [18], [16].

Our approach to finding this set of contact locations
involves a gradient descent search that requires the fingers
to haptically explore the object. At each step of the search,
contact is made with the object by each of the finger tips.
Given an estimate of each of the contact locations and sirfac
normals, the net force and moment applied to the object
is estimated (assuming unit force applied at each contact).
Given assumptions about the local geometry of each surfadgd: 1. Force control for convex objed!; is the current force exerted by

. . . thé finger andf; is the future force exerted by the fingés. is the external
contact displacements are estimated that are intended tf@e on the object.
reduce the net force and moment applied to the object. In the
subsequent sections, we describe the process of computing
these contact displacements.

A. Force Controller f, ~ 11 — fAx, %)

The task of theorce controller is to reduce the total force Whereg > 0 is a stiffness coefficient with units @f/m. The
applied to the object by the set of contacts. Following Coelhsecond partial derivative of equation 3 can be approximated
and Grupen [4], the error function for this controller is: ~ as follows:

1 6fo2—f1

=_f,T — & ~ —(1
€f = 2fn fn7 (1) ax Ax B ) (6)
wheref,, is a column vector describing the net force appliedvherel is a 3 by 3 identity matrix. Combining equations 3,
by the set of contacts. This is computed as follows: 4, and 6, we have:
f, =f+f,, ) 9 _pg,T. 7)
ox

wheref is the unit force applied by the contact of interest, Finger displacement will follow the negative gradient of
and is normal to the object surface at the contact point, ade error function. Therefore, the displacement will befia t

f. is the sum of the remaining forces, including the othegame direction at,, subject to maintaining contact with the
contacts and any modeled (but uncontrolled) external forcegpject’s surface.

Note that one can assume a force vector of arbitrary length The alternative to assuming a locally convex surface is
to express the differential roles played by various costatt {5 35sume a concave one. For toacave controller. we as-
a grasp. However, we do not exploit this flexibility for thesyme that the contact is located on the inside of a unit sphere

purposes of this work. _ . This scenario is illustrated in Fig. 2. As with the previous
Let x denote the Cartesian location of the contacfih  case, we assume a small displacement in the direction of

Following each probe of the object, the contact is displaceflx (the surface tangent), and then a small translation back
along a direction that reduceg. This direction is computed 5 the surface, toward the origin of the sphere. In this case,

by first estimating the gradient of the error function: the following holds:
aEf aEf of
x  of ox’ 3) —fy = —f; — fAXx. (8)
where: Therefore:
Oey T of £, -1
— =1, 4 — = ~ (1.
af ) N A~ 9)

The gradient of the force with respect to contact locaCombining equations 3, 4 and 9, we have:
tion depends on our assumptions about the local surface
geometry. For theonvex controller, we follow the spherical 9¢s BE, . (10)
assumption of Coelho and Grupen [4]. This scenario is ox
illustrated in Fig. 1. The current contact produces fofce The result is that the contact should be displaced along the
Given that the other contacts produce forfie the total direction opposite td,,. Note that this displacement should
force applied to the object is shown &s. The finger tip be done subject to maintaining some ideal force against
is then displaced along\x (the tangent to the sphere at thethe surface of the object (such that the object itself is not
original contact), and then translated toward the origithef displaced). Note also that the direction of displacemergmyi
sphere. For a small\x, this latter translation is very small. the concave assumption is in the opposite direction as the
Therefore: convex assumption.



Fig. 3. Moment controlf is the force exerted by the finger afd is
the external force on the object. “0” is the origin about whimrque is
measuredr; and ry denote the vector from current and future contact
point to the origin, respectively. In current configuraticdhe net torque
points inside the paper.

Fig. 2. Force control for concave objeft. is the current force exerted by
the finger andf, is the future force exerted by the fingér. is the external
force on the object.

~ A ,
B. Moment Controller ox £ % r;(_ fxr
The role of themoment controller is to reduce the total £ % (FA)_( r1)
moment applied to the object. The moment control error = %,
function is defined as: £ 5 AXX
- T T Ax
_ 1 T 0 _.fz fy
€m = imn my, (11) - _ f- 0 —f. |. (15)
_fy fz 0
where m,, is the net moment applied to the object. HereTherefore:
net moment is composed of the moment due to the contact
of interest fm), and the moment due to any other modeled 0 —f f
forces external to the contact of interesh ): Oem T N Y
({97 = —my f= 0 —fe
x _fy fa: 0
m, = m + m,. (12) = —fxm, (16)

The result is that the moment controller recommends
The gradient of the error function with respect to contactntact displacements in the directionfok m,,. Note that
displacement is as follows: in the general case, the choice of the moment reference
point can affect the magnitude and sign of this recommended
displacement. However, when the net force due to the set of
contacts is zero, they form eouple. Under this condition,
the net moment (and hence, the recommended displacement)
becomes the same for any choice of reference point [11].

Oem _ Oep Om
Ox  Om Ox’

(13)

where: C. Concavity Detection

Key to making use of the appropriate force control law (the
% —m. T (14) convex or the concave form) is estimating the local surface
Om " curvature. One possible approach is to recover local cureat
using a tactile or image array (e.g., Jetral. [9] and Lee

One can estimate the derivative of the contact-imposef Nicholls [10]). In our case, we assume that a 6-axis load

moment with respect to contact displacement by followingell is embedded within the finger tip, from which one can

the planar surface assumption of Coelho and Grupen [4ihfer the surface normal but not the local curvature [2].
This situation is illustrated in Fig. 3. The current contacHence, it becomes necessary to integrate information over

imposes forcef at a position from which the moment multiple probes of the object. At any given time, for the
reference pointd) is displaced by;. Given a small contact purposes of the force controller, a surface is assumed to be

displacement along the surface tangentof: either concave or convex (with surfaces initially assurneed t



be convex). Given two subsequent probes of an object, the

. . Concave
assumed curvature is determined as follows:

Concave
Convex Concave
—~
Controller Convex Controller
Lost Lost
Contact Contac
Contac
Recovere Recovered
Recover
Contact )
Timeou

Timeout

Convex

AfTAX < —ay assume convex
AfTAx > as assume concave
otherwise no change

whereAf is the change the force exerted by the contact,

is the displacement of the contact, and > 0 anday > 0

are switching parameters. These parameters are empjricall
selected so that the switching controller is sensitive ghou
to discover the concavities of the test objects, but is nst di
tracted substantially by uncertainties in the force edfioma
process (both are set ths Nm).

D. Combining Force and Moment Control Actions

Following Plattet al., the displacement recommendations
of both the force controller and the moment controller Fig. 4. Finite state machine for the controller with concadetection
are combined into a single displacement [15], [14]. This

combination gives the moment controller the opportunity

to influence the motion of the contact as long as it doe€ controller has achieved an equilibrium state or is in a
not interfere with the actions of the force controller [8],CyCIe in which the force or moment error does not satisfy

[7]. Specifically, the combined control action is computed!® critical threshold. _ _ _
as follows: There are also a number of cases in which the finger

6= b+ N(b5)bm, 17) gpes not sucgessfully return fto syrfag:e of the object .after
isplacement is executed. This situation can happen if the
where ¢ is the composite displacement; and ¢,,, are local surface is not smooth with respect to the size of the
the recommended displacements by the force and momearintact displacement. For example, this can happen when
controllers, respectively, an®¥(.) is a null space projection the contact is displaced off the corner of an object. This
matrix. situation can also happen when there is an error in the
E. Switching Controller e_stimation of the surface n_ormal. Here, the recommended
: displacement can take the finger far away from the surface.
The sequential behavior required for the haptic searcl either case, theecover contact state is responsible for
process is implemented using a finite state machine, as showking several heuristic approaches to bringing the finger
in Fig. 4. Each finger is controlled using one such FSM. Thgack into contact with the object. Both problems are sergsiti
object is initially assumed to be located such that flexing q:b the magnitude of the contact disp|acement for a Sing|e
the the fingers toward the palm will bring each finger intacontrol step. Therefore, contact displacement magnitsde i
contact with the object. At each control step, the surfacgonsidered a parameter that must be selected appropriately
normal at the contact is used to estimate the local curvatiure (this is addressed in thResults section).
the surface and to recommend a displacement of the contact. ) )
The latter is computed using the combined force and momeht Smulation Implementation
controller recommendations (as described above), where th All experiments were conducted within a custom simula-
force controller is either of the typeonvex or concave. tion environment that is based on the Visualization Toolkit
Displacement of the contact is implemented by drawing th@/TK) package [19]. This toolkit allows for the modeling
finger away from the surface along the normal, translatingf the surfaces of the robotic fingers and of the objects
the finger along the recommended displacement, and thef interest. The surfaces are modeled as meshes; collision
placing the finger back onto the surface along the originddetween two surfaces is detected as a collision between
surface normal. Under most conditions, the finger will agaitwo mesh triangles. The force direction (and hence surface
contact the surface, and the process will repeat from eitheormal) is then determined by the orientation of the catigdi
the concave or convex states. triangles. Due to this approach, estimation of applieddorc
The search process terminates under two conditions. Firgxhibits a certain degree of variation, depending on small
if the net force and moment fall below a critical thresholdchanges in orientation of the colliding triangles.
the search is considered to have terminated successfally (t The simulated robot used for the experiments described in
Done state). Second, if the search is still ongoing after #his paper consists of two fingers. Each finger is four degrees
specified period of time, the controller is considered toehavof freedom: one adduction/abduction and three flexion. The
terminated in arError state (we say that the controller hasfingers are mounted relative to one another such that they
“timed out”). One scenario in which this can happen is wheare able to oppose one-another. For these experiments, the



hand is fixed in space. Hence, any objects are placed near the
palm of the hand such that both fingers can initially touch
the object through a simple flexion motion.

IIl. EXPERIMENTAL RESULTS& EVALUATION

The proposed controller is explicitly designed to properly
explore objects with both convex and concave surfaces.
Our experimental hypothesis is that when presented with an "
object containing a concave surface, the proposed coatroll 0
should perform better than one controller that only “expéct T
convex surfaces. However, when an object is composed of Step size
non-concave surfaces (convex or flat), the two controllers o
should pg_rform identical!y. . E(l)%trSO.IIersyv?\(:eissgfgs%riﬁzp;gys;mirsev.WtChlng controller ardanvex-only

In addition to the choice of control algorithm, two other
factors can significantly affect the performance of a con-
troller: the contact displacement magnitude and orieorati € D
of the object relative to the fingers. The latter factor affec
which of the object’s surfaces are initially exposed to the
fingers. We have therefore implemented (for most of the
following experiments) a 3-factor analysis of algorithm,Fig. 6. Cross-section of three of the four objects: “concembe”, cube,
displacement magnitude, and object orientation. For ea@Rd capped cylinder. (O is the rotation axis used in the éxpatts)
combination of factors, a sample size df = 20 is used.
Although object orientation is a controlled factor, a small
random orientation is added to the object prior to initiatio
of the exploration process (uniform distributioh5 degrees).
Two measures of performance were used: the total number
successful grasps (achieving tliene state), and the running in these cases. ) )
time of the controller (a controller “times out” when a probe 1€ seécond non-concave object was a cube (Fig. 6).
occurs400 seconds into the search). Across all step sizes and object orientations, the convex-

The implementation of the convex-only controller is the®y controller was successfui6.6% of the time, while
same as the switching controller (as described in Fig. 4?.‘9 switching controller was successful for orilg.6% of
The only difference is that theoncave controller state has he trials. This difference was not significant according to

been removed (and consequently, concavity detection is rfdt Fisher Exact Testp( > 0.09). A three-way ANOVA
performed). test on running time showed a significant effect on the

average running time of step sizé& (= 29.4; p < 107%)
A. Non-Concave Objects and on choice of controllerH{ = 6.78; p < .01). Mean

Two non-concave objects were used in this study: a sphef@ning time for the convex-only controller wa®4.75sec,
and a cube. Because the sphere is symmetric about wipile the swncr_n.ng controllgr reqU|.red§1mean2119.32sec.
rotations, we used a two-factor analysis (controllex) The small additional cost in running time of .the. proposed
and contact displacement magnitudel6)). Fig. 5 shows the controller was due tp occasmngl mlscIaSS|f|pat|on of the
percent of successful grasps for each algorithm and conta4"face curvature. This effect typically results in onewot
displacement magnitude (“step size”). Both controllers pecontrol §teps moving in _t_he incorrect direction before the
formed well when step size was less thanbut performance Surface is correctly classified.
degraded with larger step sizes. This degradation is due éo
the fact that the larger step sizes tended to lead to ingtabil —
around the equilibrium point. In addition, the larger stees Two objects containing concavities were used: a “concave
could result in the finger “dropping off” of the object all cube,” and a “capped cylinder” (see Fig. 6). The concave
together. cube was constructed by subtracting hemispheres from each

Across all step sizes, the mean success for both controllegile of a cube. The result was a that a majority of its surface
was 80%. Furthermore, a two-way ANOVA analysis on thewas concave, with only areas around the corners maintaining
total running time of the controller indicated a significanta flat surface. Most of the surface of the capped cylinder
effect of step size = 40.56; p < 10~%), but no significant is convex, but one small region is concave. Depending on
effect on choice of controller{ = .17; p > .68). There the orientation of the cylinder relative to the fingers, the
was, however, a significant interaction effedt = 6.79; initial contacts may “see” either both convex surfaces @ on
p < 107%). This effect highlights the fact that the switchingconcave and one convex surface.
controller performed slightly worse for small step sizes. Fig. 7 shows the performance of each controller given the
This effect is due to the controller’'s inability to consistly  step size and the object orientation. Orientationg5oénd90

percentage of success

estimate the curvature of the object when displacements
are small. Specifically, the “noise” in the contact normal
%§timation can sometimes dominate the curvature estimate

Concave Objects



degrees are such that both fingers are initially presentéd wiD. Randomized Object Poses
a convex surface. For orientations ®@fand 15 degrees, one | the above experiments, each object was positioned in a
finger falls well within the concave region. An orientatioh 0 fixeq |ocation and a fixed set of rotations were used (about
45 degrees results in one finger landing on the edge betwegnsingle axis). In order to examine the robustness of our
the concave and convex surface (wih and 60 degrees controller over a wider range of initial conditions, we also
falling to either side of this sharp edge). performed a set of experiments in which the pose of the
Both controllers exhibited high levels of success for oriobject was chosen randomly. We chose the capped cylinder
entations of60, 75, and 90 degrees (Fig. 7a,b). However, and the concave cube with a range of controller step sizes
the success of the convex-only controller suffers drarali§ic (6,7,8, and 9). The object position is selected from a normal
when presented with the concave surface (orientatiors of distribution (standard deviatiori:5% of finger time radius)
15, and30 degrees). In contrast, the switching controller ( 7band the orientation is selected uniformly from the possible
performed well for these orientations, most dramaticatly f 3D orientations.
0 and15 degrees. However, this performance dropped off as For each of the two objects, both the convex-only and the
the step size increased beyofd switching controllers were employed. A total of 100 samples
Across all step sizes and object orientations, the switchinvere taken for each of the four conditions. For the cylinder,
controller was successfurs5.5% of the time, while the the switching controller achieve86% success, where the
convex-only controller was successful onl.5%. This convex-only controller achieveth%. For the concave cube,
difference was significant according to a Fisher Exact Tedfie switching controller achieved a success ratel®8%,
(p < 107%). A three-way ANOVA test on the controller While the convex-only controller achieved a rate ©6%.

running time showed a significant effect on the averagEor this latter object, of the failures to grasp, more than
running time of step sizeH = 15.3; p < 10~%) and of 70% were cases in which an equilibrium was successfully

choice of controller £ = 538; p < 10~%). Mean running reached, but either the net force or moment (or both) were

time for the convex-only controller wag58.7sec, while the ~above the acceptable threshold (e.g., grasping a cube using
switching controller required a mean 861.6sec. two fingers on the same corner).

In the concave cube case, across all step sizes and object V. CONCLUSIONS ANDFUTURE WORK
orientations, the switching controller was success$fub%
of the time, while the convex-only controller was succelssfqn

only 8'_67% of the time. This dlfferenc4e was S|gn|f|(_:ant robust behavior requires the on-line integration of sepsor
according to a Fisher Exact Tegi £ 107°). The step size 545 | particular, one can make use of haptic information
also had a significant influence on the success rate, acgordy e the search for contact locations that will compeise
toa Ch|;squared test (for the switching cgntrolbe?',: 342.4, stable grasp. This search process can be formulated as one of
p <1077 for the convex-only controllery®=29.1,p<.016). 4 gient descent of a wrench-based error function. However
estimation of the gradient of this error function with respe
to contact movement relies on knowledge of the curvature
C. Varying Object Sze of the surface around the contact point.
In this paper, we have proposed an approach in which the
One critical question to ask is the degree to which objedbcal curvature is estimated to be either convex or concave
size influences the outcome of the search process. To addrassig a pair of spatially distributed probes over the object
this issue, we presented concave cubes that @@&felarger Given this estimate, the gradient following algorithm can
and 50% smaller than the original size reported above. Foappropriately assess the direction in which to displace the
the large cube, across all step sizes and object orientatiowontact in order to further reduce error. For objects that
the switching controller was successfi.8% of the time, include concave surfaces, our experimental results show a
while the convex-only controller was successful ofl¢1%  substantial performance increase by the proposed algorith
of the time. This difference was significant according tmver an algorithm in which the surface is always assumed
a Fisher Exact Testp( < 10~%). For the smaller cube, to be convex. For convex objects, although the proposed
the switching controller was successfii.7% of the time, algorithm pays a small performance cost, it is not substan-
while the convex-only controller was successiul6% (the tial. These results hold for a range of parameter settings,
difference also significant according to a Fisher Exact;Tesincluding the magnitude of the search step size.
p < 107%). The latter controller demonstrated a marked Because the search for an appropriate grasp configuration
improvement in performance over the other object sizess Thfollows the gradient of the cost function, the approachessff
improvement was due in large part to a fortuitous alignmerftom the existence of local minima. This was particularly
between the edge of the cube and the initial positions afear in case of the concave cube, in which the proposed
the fingers. The alignment enabled the convex-only seardontroller failed ond3.4% of the trials,70% of which were
process to discover a grasp solution in which the flat regiorases in which the two fingers were left attempting to grasp
around the corners of the cube were used in the final solutioa, single corner of the cube. In general, the existence of
rather than the concavity. these local minima is an interaction of the geometry of the

When grasping and manipulating objects in open environ-
ents where uncertainties exist in their geometry and pose,
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could also remove or add fingers, and hence contacts.
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