
Dextrous Hand Grasping StrategiesUsing Preshapes and Digit TrajectoriesDavid Wren and Robert B. FisherDept. of Arti�cial Intelligence, University of Edinburgh5 Forrest Hill, Edinburgh EH1 2QL, Scotland, U.K.fdavidw,rbfg@aifh.ed.ac.ukABSTRACTInspired by human grasping behavior, use of hand pre-shapes has for some time been recognized as a useful wayof reducing the complexity of planning grasps for a dex-trous hand. We de�ne four types of task-speci�c preshapeand two modes of digit closure, and give criteria for thechoice and positioning of the preshapes, based on inter-secting digit trajectories with the graspable surfaces of theobject. Grasps are planned in simulation using real rangedata from a laser striper and an anthropomorphic handmodel. Our results show that a range of polyhedral andcurved objects can be grasped using relatively simple, fastalgorithms when the hand movements are constrained inthis way. INTRODUCTIONParallel jaw grippers, with one degree of freedom, canpick up a wide range of objects. Clearly, though, dex-trous hands are essential if the robot is to manipulate theobject between its digits. However, dextrous hands havebig advantages over parallel jaw grippers even when theaim is just to acquire the object in a stable grasp:� Due to the increased number of hand-object contacts,dextrous hand grasps can be more stable than par-allel jaw gripper grasps. Put another way, the is-sue of stability becomes less crucial as the number(and area, in the case of soft-�ngered hands) of hand-object contacts increases.� A dextrous hand can grasp an object from a muchwider range of wrist positions and approach direc-tions than can a parallel jaw gripper. This is usefulin a cluttered environment and facilitates easier inte-gration of arm motion planning and grasp planning.Both these also mean that we can use grasp plannerswhich are sub-optimal, but fast.Napier [8] introduced the concept of precision and powergrasps. In a precision grasp, the object is grasped by onlythe tip of each digit; a power grasp wraps around the ob-ject such that more than one segment on each digit |and possibly the palm | contact the object. The preci-sion grasp allows maximum manipulation, as the tips ofeach digit can roll along the object surface in any direc-tion; the power grasp is more stable. Lyons [7] furtherre�ned these de�nitions for robotics, by introducing the

lateral grasp in which the insides of the distal (i.e. �nal)link of each digit contacts the object. This lies betweenthe precision and power grasp in terms of manipulabilityand stability: the tip of each digit can roll along the ob-ject surface in one direction.Often, e.g. when picking objects o� the oor, a precisionor lateral grasp are the only feasible grasps | in orderto power grasp such an object it must be lifted by a pre-cision/lateral grasp and then manipulated into a powergrasp.Much of the work on robot grasping has been concernedwith the generation of stable grasps. e.g. Nguyen usedstatic mechanics to synthesize force closure grasps [9] bymaximizing the leeway in contact placement and went onto make these grasps stable [10] by modeling the contactsas virtual springs. However, as with most stability anal-ysis, the work ignored the kinematic constraints on digitposition.The kinematics of robot grasp planning, if left uncon-strained, is very complex. When mounted on a 6 degree offreedom arm/wrist combination, the two most widely useddextrous hands, the Salisbury [11] and the Utah/MIT [3]hands, have 15 and 22 degrees of freedom respectively.In recent years the preshaping paradigm has been widelyrecognized as a useful way to ease the complexity of theproblem of �nding satisfactory values for the degrees offreedom. A hand preshape is the digit posture adoptedas the wrist moves towards the object. The grasp is thenexecuted by placing the wrist into a position that encom-passes the object, and then exing (i.e. closing) the digitsuntil they make contact with the object.Stans�eld [13] preshaped a Salisbury hand using aknowledge-based system, which is used to grasp polyhe-dral and simple curved objects, using data from two CCDcameras and haptic exploration to give 3D edges and 2Dregions. Lyons [6], [7], given the desired distances betweendigits, used potential �elds to shape the hand, but doesnot derive the desired distances from actual data. Bardet al [1] used preshaping to plan power grasps on objects.The objects are modeled using elliptical cylinders, whichare especially suitable for planning power grasps | it isone of the few systems which provides a vision system tai-lored to grasp planning. The preshapes are planned usinga set of heuristics based on the properties of the ellipticalcylinders.



When using the preshaping paradigm, however, it is notenough to simply make a decision about which preshapeto use; we must also consider the trajectories taken bythe digits as they are exed from the preshape to formthe grasp. We therefore de�ne the grasp strategy, whichassociates digit trajectories with hand preshape. This ismuch more important for precision and lateral grasps thanfor power grasps, because power grasps have more possiblehand-object contacts.GRASP STRATEGIESA grasp strategy consists of a preshape and a set of digittrajectories, from which a grasp can be formed withoutmovement of the robot wrist. The preshape is a prescribedhand con�guration and the digit trajectories are the mo-tions of the tips of each digit after the preshape is formedand the wrist position has been �xed.Grasp strategies constrain the range of possible digitmovements whilst still allowing a su�cient number of de-grees of freedom to be able to cope with a wide rangeof objects (i.e. though the digit trajectories are speci�ed,each digit can be stopped at any point along its trajectoryby contact with the object). This approach reduces thecomplexity of the problem whilst preserving the exibil-ity of a dextrous hand. Rather than viewing a dextroushand as a completely general device, it is viewed as a setof exible tools, where each grasping strategy is a di�er-ent \tool". The decomposition also allows us to examinehuman grasping behavior as an successful example. Suchresearch can lead to useful representations of hand con-�gurations (e.g. [5]). The use of a limited number ofprescribed trajectories means that this approach can alsobe utilized with dextrous robot hands that are simplerand cheaper than the Salisbury or Utah/MIT hands |exactly how much simpler remains to be seen.It should be noted that this approach de-emphasizes sta-bility analysis. The grasp strategies are devised to make itlikely that any grasp thus formed is stable. The preshapesare symmetrical, in that all digits are exed in parallel,and the �nger abductions are coupled. In our hand modelthere are three digits, so the digit-object contacts lie in aplane. Assuming there is enough friction to resist gravity,we can usefully limit stability analysis to the plane. Forcontacts perpendicular to the plane of the digit, in thepreshape formation the grasp will be in equilibrium and,in the presence of a minimal amount of friction, stable.As the contact normals deviate from this ideal or as thedigits are stopped at di�erent points along their trajecto-ries by contact with the object, more friction is requiredto make the grasp stable.It is di�cult to usefully analyze the relative stabilities ofdi�erent grasping strategies, since the �nal stability de-pends very much on object geometry. However, if therobot hand has soft, deformable tips at the end of eachdigit [12] [9] then with suitable force control a wide rangeof digit positions and contact orientations can be madestable.

Hand ModelFigure 1 shows the hand model used in our experiments.The hand is roughly anthropomorphic, in that the digitdimensions are similar to that of the human hand, andcertain joints are coupled.
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Fig. 1. Hand model showing the link distances and the locationof angular degrees of freedom. All distances shown inmm.Refer to text for more details.The hand has three digits | a thumb and two �ngers,all with identical dimensions and, in the absence of ex-ternal forces, each with equal angles of exion (�;�; atthe proximal, middle and distal joints respectively). The�ngers can abduct by an angle � (i.e. they can rotateabout an axis perpendicular to the palm and through theproximal joint). Within each digit, the distal and middlejoints are coupled (such that  = 23�), and the angles ofabduction of each �nger are coupled. This coupling ofjoints could be hard-wired into the hand design, in whichcase they would have a strong inuence on how the objectcould be manipulated, or just used as modes of movementto facilitate the planning of the grasps with complex handssuch as the Salisbury or Utah/MIT hand.Generation of the Grasp StrategyThe grasp strategy is generated from task-speci�c sets ofpreshapes. A task-speci�c preshape is one that is ideallysuited to a particular task. The task-speci�c preshape is�tted such that the �nal grasp con�guration is as closeto the task-speci�c preshape as possible. The preshape isthen expanded in order to allow for errors in wrist posi-tioning and to avoid collisions with the object.Figure 2 shows the four categories of task-speci�c pre-shapes: PRECISION, LATERAL, MANIPULATION,HOOK. As the names suggest, these preshapes embodythe task-requirements of the grasp. Given the desired an-gle of abduction and relative positioning of the tips of eachdigit, the task-speci�c preshapes are de�ned as follows:



� The PRECISION preshape keeps the angle be-tween the wrist plane and the distal link of eachdigit as close as possible to �4 , i.e. it minimizesj �+ � +  � 3�4 j. This gives a contact surface at thetips of each digit.� The LATERAL preshape keeps the distal link ofeach digit perpendicular to the wrist plane, or asclose to perpendicular as possible, i.e. it minimizesj �+ � +  � �2 j. This gives a contact surface on theinsides of the distal link of each digit.� The MANIPULATION preshape minimizes the sumof the squares of the deviations of the joints fromtheir central values, i.e. it minimizes (���c)2+(���c)2 + ( � c)2. This gives a preshape which hasmaximum leeway for object manipulation betweenthe digits. It is useful if there is no preference for aprecision or lateral grasp.� The HOOK preshape keeps the line joining the tip tothe middle joint of each �nger perpendicular to thewrist plane, or as close to perpendicular as possible.This gives a preshape which is suitable for graspingby hooking.
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Fig. 2. PRECISION, LATERAL, MANIPULATION andHOOK preshapesEach task-speci�c preshape is de�ned by just two vari-ables | one controlling the exion of the digits, anothercontrolling the abduction of the �ngers. In all of thetask-speci�c preshapes the angle of the distal link is con-strained so that it cannot point away from the \center" ofthe preshape, i.e. �+ � +  � �2 . This is done to make itless likely that collisions occur between the object surfaceand the hand.Strictly speaking, the HOOK grasp is not always task-

speci�c, since the decision to form a hooking grasp oftendepends on object geometry | e.g. if the contacts areconcave, or on the underside of the object. However, itis a distinct enough case to be handled by some meta-reasoning about coarse object geometry. The choice be-tween PRECISION, LATERAL and MANIPULATIONdepend solely on the task-requirements, and it is theseclasses that we use in our grasp planner. However, thepreshapes may have to deform from their ideals in orderto �t to the speci�ed grasping points. Choice of preshapetherefore speci�es a preference, not a �rm constraint, andultimately the type of grasp is always strongly inuencedby object size and shape; e.g. it is not possible to executea lateral grasp on an object which is very small comparedto the hand, nor is it possible to execute a precision graspon an object which is large compared to the hand.For an arbitrary object, the closer that the �nal grasp con-�guration is to the task-speci�c preshape, the better thetask-speci�city of the grasp.Figure 3 shows the 2 categories of digit trajectory. Fig-ure 3(a) shows the PROXIMAL digit trajectory, in whichthe digits are exed at the proximal joints, and Fig-ure 3(b) shows the DISTAL digit trajectory, in which thedigits are exed at the middle and distal joints. Each digittrajectory is de�ned by just one variable, since the middleand distal joints are coupled. The trajectories give a digitclosure motion similar to that of the human hand.
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Fig. 3. PROXIMAL and DISTAL trajectoriesThe PRECISION, LATERAL and MANIPULATIONpreshapes can be combined with either the DISTAL orPROXIMAL digit trajectories to give 6 di�erent grasp-ing strategies. The HOOK preshape can only be used incombination with the DISTAL digit trajectory, to give atotal of 7 di�erent grasping strategies.The grasp strategies are generated as follows:� Task determines which preshape category is used:PRESHAPE, LATERAL, MANIPULATION orHOOK.� Acquisition of object model.� Determination of task-speci�c preshape parametersand wrist position. These are chosen such that theestimated distance-to-contact is as small as possible,



in order to keep the �nal grasp shape as close to thetask-speci�c preshape as possible.� Choice of digit trajectory such that the actualdistance-to-contact is as small as possible, and thatthe trajectories intersect the object over the errorrange of wrist positions.� Adjustment of preshape, with the digits constrainedto move along their trajectories, in order to allow forerrors in wrist positioning and avoid collisions withthe object.This amounts to planning a whole grasp, yielding the con-tact points, the hand con�guration and the wrist position.Details are given in the next section.Grasp strategies are given double-barreled names. The�rst name refers to the task-speci�c preshape categoryused and the second to the digit trajectory used. e.g.Lateral-Proximal is a grasping strategy generated from aLATERAL preshape and PROXIMAL digit trajectory.ALGORITHMAn algorithm has been implemented to plan grasps for thePRECISION, LATERAL and MANIPULATION strate-gies. Future work will extend this to work for the HOOKstrategy.InputA range image of the object is taken from two knownviewpoints using a laser striper. The images are taken ata resolution of 1mm in the x and y directions, with 256di�erent z values, the resolution of which depends on theheight of the object. A typical image has dimensions of100� 100.The range data is then segmented by �tting planes andquadric surfaces, grown from seeds acquired by an (H;K)curvature classi�cation procedure (following [2]). Sur-faces which are too small or too fragmented to providegood contact for a circular �ngertip are discarded (by ero-sion/dilation), to leave a set of graspable features [15]. Agraspable feature is a su�ciently large surface feature withcurvature characteristics that provide good digit-objectcontact for soft (e.g. rubber-coated) digits. The gras-pable features are then rotated into the global coordinateframe to provide the visual input to the grasp planner.The graspable features are grouped into candidate grasp-ing sets. These sets comprise of 2 or 3 features, accordingto whether the two �ngers are placed on the same or aseparate feature respectively. We �nd all sets where op-position between candidate thumb and �nger patches ex-ists. Some of these sets will not be reachable by the hand;however, the subsequent algorithm is fast enough not tomake this a problem.Task-Speci�c Preshape FittingFor each candidate grasping set, we calculate the task-speci�c preshape and the wrist position. Because the tipsof the three digits form a plane, this can be treated as a

2D analysis. We de�ne the following terms:� The aperture plane is the plane in which the tips ofthe digits lie.� The preshape aperture is the positions of the tipsof the digits in the preshape | it is a function ofthe hand's exion and abduction parameters. Thesize of the preshape aperture is the distance fromthe thumb-tip to the point midway between the two�nger-tips.� The projected closure is the orthogonal projection ofthe digit trajectories into the aperture plane.� The projected closure distance is the sum of thesquares of the distances, in the projected closure,from the tip of each digit to contact.In choosing the preshape we use three observations basedon human grasping behavior. Firstly, the minimum size ofthe preshape aperture is proportional to the expected dis-tance between the graspable features (see [4]). Secondly,the preshape aperture is kept as small as possible, takinginto account the uncertainty in wrist and object position(see [14]). Thirdly, the orientation of the aperture planeis determined more by environmental constraints and therelative positions of the object and robot arm than by theobject geometry. For many objects and tasks the apertureplane is extremely simple to determine, e.g. for objectslying on the ground a good aperture plane will almost al-ways be one which is parallel to the ground, in order togive maximum leeway with respect to hand-ground colli-sions. In the experiments described here, therefore, theaperture plane is always parallel to the ground plane.We combine these with two stability criteria. Firstly, wetry to keep the contact normals co-planar, to minimizethe amount of friction required for the contact forces tobe in equilibrium. Secondly, we keep the thumb in a planeperpendicular to the contact surface. This recognizes thefact that the thumb is the single most important digit interms of grasp stability and, as such, should be kept nor-mal to the contact surface in order to avoid slippage.Combined, these give the following algorithm for graspplanning. For each candidate grasping set:1. Task-speci�c preshape set chosen: PRECISION,LATERAL or MANIPULATION.2. The aperture plane is oriented parallel to the groundplane.3. The range of possible positions for the apertureplane is determined such that within this range theaperture plane intersects all the grasping features inthe candidate grasping set.4. The position of the aperture plane is chosen fromwithin this range with the aim of keeping the con-tact forces co-planar. The angle between the planeand potential contact normals is minimized: i.e. the



sum of the squares of the cosines of angles betweenthe plane and the object normals over the apertureplane/grasping feature intersection curves is mini-mized. The sum is normalized, such that the thumband �nger grasping features have equal weight. Ifthe graspable features are all planes (to within somegiven threshold) the position of the aperture planedefaults to the center of its range.5. The thumb-tip trajectory in the projected closure iskept normal to the intersection of the thumb contactsurface with the aperture plane.6. The preshape aperture is chosen such that the pro-jected closure distance is minimized. If a given pro-jected closure distance can be achieved with a rangeof abductions, then the abduction chosen minimizesthe sum of the squares of the angles between the pro-jected closure and the contact normals.7. The wrist position and task-speci�c preshape pa-rameters are then uniquely determined by the pre-shape aperture.Choice of Digit TrajectoryThe digit trajectory | PROXIMAL or DISTAL| is cho-sen in order to minimize the actual closure distance, whilstproviding enough leeway for expected wrist positioning er-rors.Expansion of PreshapeThe task-speci�c preshape is expanded, by extending (i.e.opening) the digits along the chosen digit trajectory untilthere is su�cient leeway of preshape placement over theexpected wrist positioning error.RESULTSExperiments were conducted in simulation using objectdata acquired from real objects, and the hand modelshown in Figure 1.Figure 4 shows grasps planned on a simple cuboid usingthe PRECISION, LATERAL and MANIPULATION pre-shapes. The expected positioning error is 10 mm in thex,y and z directions. The object patch boundaries are dis-played. The joints and digit-tips of the hand are drawn ascircles, the hand segments as straight lines. Curves join-ing digit-tips to surface patches show the digit trajecto-ries from the preshape position to the �nal contact point.Figure 4(a) shows a Precision-Proximal grasp strategy.Figures 4(b-d) show side-views of Precision-Proximal,Lateral-Distal and Manipulation-Proximal grasps. Forthe LATERAL grasp, the PROXIMAL trajectory pro-vides the smaller closure distance but because the proxi-mal joint is close to its limit, in the event of a positioningerror the trajectory would not reach the object. The DIS-TAL trajectory is therefore chosen instead.Figure 5 shows a Manipulation-Proximal grasp on asmaller object, which approximates a cuboid. The �n-gers abduct so that they can both �t on the same feature(step # 6 of algorithm); without �nger abduction, they
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