1GRASP PLANNING & FORCE COMPUTATIONFOR DEXTROUS OBJECT MANIPULATIONWITH MULTI-FINGER ROBOT HANDSG�nter W�hlkeINTERNATIONAL COMPUTER SCIENCE INSTITUTE1947 Center St., Suite 600, Berkeley, California 94704-1198, USATechnical Report TR-94-018 (revised version)August 1994

AbstractThis paper deals with the problems of grasp planning and force computation that occur when ob-jects have to be manipulated with dextrous multi-finger robot hands. Assuming that the initial con-tact points at the object surface are pre-selected, the joint motions to perform a desired operation ac-cording to a given object trajectory are determined. This is done under the consideration of the ef-fect of rolling and slipping of the fingertips. Another point is the computation of appropriate graspforces (internal forces) according to given object forces/moments needed to ensure a stable and se-cure grip configuration from which the joint torques are derived. This leads to an optimization pro-blem that can be solved with two different approaches based on search procedures for finding themaximum (best fitting value). As major result, the force optimization problem could be generalizedfor the case of arbitrary robot hands and contact situations that are specified by the following para-meters: number of fingers fno, number of joints per finger jnoi, chosen contact models cmodi andnull space dimension ndim. Especially, the resulting object motions and contact forces are demon-strated at a simulated example of a peg-in-hole insertion task with the Karlsruhe Dextrous Hand.

1. IntroductionCompared with a conventional two-jaw gripper, multi-finger hands have inherent advantages: first,they have a higher grip stability due to three and more contact points at the object, and second, it ispossible to impart movements onto the gripped object by exerting adequate finger forces. An ad-equate built-in sensor equipment permits easy data processing and information gathering which en-ables the use of robot grippers as exploration tool in unstructured environments. Another kind ofapplication for dextrous hands is found in well-structured working areas of industrial manufactu-ring systems: to perform complex assembly tasks, insertion operations and object manipulations.Dextrous multi-finger hands represent an interesting multi-disciplinary research area. The deve-lopment of such a hand is a technological and scientific challenge, and before obtaining a fully ope-rational gripper for the application in manufacturing systems, a lot of problems are to be solved. Upto the present time a number of multi-finger hands have been developed, but there is only little work

2dealing with the problem of determining efficiently all parameters required for object handling ope-rations with articulated robot hands. A survey of past gripper developments was presented in [1].Especially, at the Institute for Real-Time Computer Control Systems and Robotics of the Universityof Karlsruhe a modular three- finger hand with 9 degrees of freedom, the Karlsruhe Dextrous Hand(Fig. 1), has been in development since 1988 [2], [3], [4]. Because the main goals of this projectare to investigate dextrous grasping and manipulation, the research efforts are focused on the topicsmechanical design, sensor integration, intelligent hand control, programming and grasp planning.

3with the free, guarded and compliant motion types presented later in this section, represent an ele-gant way to describe a desired hand action schemata with respect to a subset of fingers and joints. ALISP-based programming environment for the three-fingered Salisbury Hand is described in [12].Attempts have also been made to synthesize grasps to perform specific parts mating operations orassembly tasks. In [13] an algorithm based on geometric-mechanic calculations has been developedto generate stable, force-closure grasps. The authors of [14], [15], [16] have analyzed the human ob-ject handling behaviour to derive grasp strategies for articulated hands. Here, the problems arise fromthe different kinematic hand/finger structure and the difficulties to support force control strategies.To perform a dextrous manipulation with a robot hand, the object has (1) to be grasped at the con-tact points with sufficient internal forces and (2) to be moved under the presence of external forcesand moments acting onto it. To increase flexibility and to decrease complexity, three basic motion ty-pes are introduced consisting of a motion, a force and an optional sensor or stiffness specification:¥The simplest motion is realized as free move by which the execution of an object motion in the wor-king space of the hand is totally unconstrained. Because a collision with other components in theenvironment is not expected, there is no need of a sensor-guided control strategy. This motion ty-pe is normally used as coarse operation for both hand positioning (reaching) and object handling.FREE_MOVE ::= <motion_spec> <force_spec>¥The guarded move is a motion in the free space that is executed under sensor supervision and in-terrupted when a termination condition is fulfilled which depends on the actual sensor configura-tion and the way the sensor information is interpreted. This motion type is mostly used to controlgrasp operations, transfer motions and dextrous manipulations after an initial contact has occurred.GUARDED_MOVE ::= <motion_spec> <force_spec> <sensor_spec>¥The most complex motion is realized as compliant move by which the execution of the object moti-on is not pre-computed but depends on an active stiffness control strategy under sensor-guidanceto perform a compliant behaviour of the hand/finger system. This motion type is normally used toperform parts mating operations like peg-in-hole insertion or light-bulb/screw turning tasks wherethe parameters are constrained by environmental constraints and uncertainties of the object location.COMPLIANT_MOVE ::= <motion_spec> <force_spec> <stiffness_spec>Because all motions and forces are specified in terms of the manipulation object, the control systemhas to perform the transformation from object- into gripper-based commands to provide the trajecto-ry generation and interpolation routines with the parameter values required for command execution.Starting from a given object trajectory in hand coordinates and considering rolling and slipping ofthe fingertips, the contact velocities and joint velocities are computed from which the required jointangles are determined. The mathematics of manipulation - the geometry, kinematics and static for-

4ces - is described according to the work of [16], [17], [18], [19], [20]. Starting from external objectforces and moments, the optimization problem for the computation of internal grip forces can be sol-ved with two different approaches from which the contact forces and the joint torques are derived.

3. Motion computationBecause the motion planner should be well-suited for off-line programming and simulation of dex-trous manipulations with multi-fingered robot hands, several assumptions have to be made to com-pute an object motion: (1) especially the object and fingertip geometry has to be given in analyticalform, (2) the hand/finger kinematics has to be known and (3) the initial contact points of the finger-tips at the object surface have to be pre-selected. From all this information, its possible to determinethe corresponding finger motions which perform the desired operation in form of joint coordinates.3.1 Description of the object-trajectoryThe manipulation object is represented by the frame

Missing MathType’s Belmont font.

fixed at the center of mass while the robothand is represented by the frame fixed at the hand base. The location of the object with respectto the frame is described by the translation vector and the rotation matrix

. Through an elementary motion of the object, like a translation, a rotation or a screw motion,the actual frame can be transformed into the frame

. The new location of the object with re-spect to the frame is then described by the translation vector and the rotation matrix

.

C^h

C^o

¢C^o

h r^{o,h}

h ¢r^{o,h} A^{o,h}

¢A^{o,h} a

f s �_or

Fig. 2 : Object motion with respect to hand baseA screw motion (Fig. 2) is composed of a rotation around an arbitrary axis

Missing MathType’s Belmont font.

withangle f (maximal angle

) and a translation along the unit direction-vector of a with length s(maximal length

). Thus, if the temporal relationship of s(t) and f(t) are both known, the exactlocation of the object can be pre-computed at each timestep t. The translational and rotational part of

5the motion is given in the following form whereby the parameters are determined with the functionst and R (sf = sinf, cf = cosf, vf = 1-cosf; the r’s and p’s are the cartesian components of

Missing MathType’s Belmont font.

,

Missing MathType’s Belmont font.

):

Missing MathType’s Belmont font.

Missing MathType’s Belmont font.

Missing MathType’s Belmont font.

3.2 Geometry of the manipulation systemThe hand kinematics is needed to describe a given object trajectory in finger coordinates. Therefore,the relationship between the base frames

Missing MathType’s Belmont font.

of the finger chains and the hand frame

Missing MathType’s Belmont font.

are definedby transformation matrices

Missing MathType’s Belmont font.

which are constant for a given hand configuration (the in-dex i counts the fingers, the total number of fingers is fno and the number of joints per finger is

Missing MathType’s Belmont font.

). To describe the finger motions, the relationship between the fingertip frames

Missing MathType’s Belmont font.

and the ba-se frames

Missing MathType’s Belmont font.

is defined by transformation matrices

Missing MathType’s Belmont font.

, the so-called direct kinematics.So, the positions

Missing MathType’s Belmont font.

and orientations

Missing MathType’s Belmont font.

of the fingertips (see Fig. 3 for a finger with

Missing MathType’s Belmont font.

joints) with respect to the hand base can be determined if the actual set of joint angles qi is known:

Missing MathType’s Belmont font.

z

x y x x y

y z z

C^1

C^2

C^{fi} = C^3 l^2

l^3 x

y z

C^{bi} = C^0

l^1

q^2

q^3 q^1

Fig. 3 : Fingertip location with respect to finger base

6In the inverse direction, the kinematic problem can be solved directly if the above described relati-ons are invertible. In this case, the joint angles qi can be computed from the actual finger positions

which is very fast, but will fail if the effect of rolling or slipping occurs because the exact po-sitions of the contact points at the fingertips are not known. Nevertheless, for given points ofcontact, this simple method can be used to determine the initial parameter values of a finger motion.A more sophisticated computation method, described in [19], [20], starts with the generalized velo-city

(linear and angular velocity) of the object to determine the velocity parameters of the contact points (the components of the contact velocity

). According to thecontact model, represented by the contact matrix

(see section 4.1), the respective velocity para-meters of the fingertips are derived, from which the generalized finger velocities are determined. Their relation to the resulting joint velocities is given by a Jacobian:

Missing MathType’s Belmont font.

Missing MathType’s Belmont font.

The transformations of generalized velocities given in different coordinate systems are performedby above matrix equations (using the skew symmetric matrix S as operator for the cross-product)which include the translation vectors r and rotation matrices A that describe the geometric relation-ships of the object-finger motion. The computation of rolling finger motions is shown in the follo-wing where the contact model is assumed to be point contact with friction (PF), so that only linearand no angular velocity components can be transferred through the fingertip contacts with the object.3.3 The problem of rolling fingertipsThe positions and orientations of the contact points (tip contacts) can be described with respect tothe object frame Co as or with respect to the finger frames Cfi as

. Thesevectors and matrices (given as rotations along the directions d of the z-axes with rotation angles d)can be parameterized as functions of two variables (see Fig. 4). Thus, due to rolling of the finger-tips, not only the joint angles qi but also the contact parameter sets hi and xi have to be computed.

7

One of the relations is given by the fact that the generalized velocities of the contact points at time t(constant during manipulation) must be the same with respect to the object and the fingertips. Thesecond relationship is given by the fact that both the object and the fingertips must stay in contact,or equivalent, that the position vectors to the actual points of contact must be the same. Splitted intocomponents, differentiated and subtracted from the first relationship, the following equations arise:

The equations for the contact points at time t together with the continual change of the contact pointsduring manipulation (expressed in form of the two velocity terms and

) describe the re-sulting motions of the actual contact points. This yields the so-called tangential constraint of motion:

f^i

r^{ti,fi}

o r^{oi,o}

h r^{o,h h} r^{oi,h}

h r^{fi,h}

C^h

C^o

C^{fi}

f^i

�n^{ti,fi} o �n^{oi,o}

Fig. 4 : Point of contact with respect to object and fingertipAnother constraint for the motion parameters is given by the fact that the tangential planes must co-incide, or equivalent, that the normal vectors

Missing MathType’s Belmont font.

of the object at the contact pointsmust point diametrically opposite to the corresponding normal vectors of thefingertips at the contact points. Differentiating yields then the so-called normal constraint of motion:

8The velocities and all other motion parameters in above equations can be expressed by their corres-ponding Jacobian matrices that depend on the derivations of the joint angles and contact parameters:

Missing MathType’s Belmont font.

Substituting these parameters through the Jacobians of

Missing MathType’s Belmont font.

,

Missing MathType’s Belmont font.

and

Missing MathType’s Belmont font.

results in the following system:

Missing MathType’s Belmont font.

Out of this, a matrix equation with the

Missing MathType’s Belmont font.

and the

Missing MathType’s Belmont font.

can be obtained:

Missing MathType’s Belmont font.

A left hand multiplication of

Missing MathType’s Belmont font.

with the left generalized inverse

Missing MathType’s Belmont font.

of

Missing MathType’s Belmont font.

yields the required ve-locity vector (three components for the joint velocities, two for each of the contact parameters) as re-sult of the specified object motion. In this case nine equations in seven variables have to be solved:

Missing MathType’s Belmont font.

The single parameter values for each finger are then calculated by solving the equation system withthe Gau§ian (elimination) algorithm. To determine the final (integrated) values of

Missing MathType’s Belmont font.

,

Missing MathType’s Belmont font.

and

Missing MathType’s Belmont font.

withthe Runge-Kutta-algorithm above calculation has to be performed four times for each motion step.3.4 The problem of slipping fingertipsBecause the relative orientation of the contact frames

Missing MathType’s Belmont font.

and

Missing MathType’s Belmont font.

is changing during object handlingdue to slipping of the fingertips, the contact angle

Missing MathType’s Belmont font.

between them has to be computed continually.The corresponding frames are fixed at the contact points on the fingertips and the object in such away, that their x- and y-axes span a tangential plane and their z-axes point into the direction of thesurface normal (see Fig. 5). The resulting contact angle

Missing MathType’s Belmont font.

between the x-axes of the two frames

Missing MathType’s Belmont font.

and

Missing MathType’s Belmont font.

is thereafter used to determine the rotation matrix

Missing MathType’s Belmont font.

which describes the relative orien-tation of the two contact coordinate systems and is needed in the next chapter for force computation:

9

Missing MathType’s Belmont font.

g_i

f_ir t_i,f_i

or_{oi,o}

hr_{o,h}

hr_{fi,h}

C_h

C_o

C_{oi}

C_{ti}

C_{fi}

Fig. 5 : Relation between the two contact coordinate systems

4. Computation of forcesAdditional to the computation of pure geometric motion parameters (joint angles) needed to manipu-late a grasped object with the fingers of a robot hand, appropriate mechanic force parameters (jointtorques) to be exerted by the fingertips must be determined to hold the object in a stable grasp confi-guration. The finger forces that can be applied depend mainly on the contact model which has to beincorporated into the force transformation process from generalized object forces

Missing MathType’s Belmont font.

overcontact specific forces

Missing MathType’s Belmont font.

to the required joint torques

Missing MathType’s Belmont font.

. The dimensions of the involved matricesrelate to the previously introduced numbers fno,

Missing MathType’s Belmont font.

and the number

Missing MathType’s Belmont font.

of applicable forces.4.1 Contact models and contact forcesThe components of the generalized forces

Missing MathType’s Belmont font.

that can be exerted by the fingers as con-tact forces

Missing MathType’s Belmont font.

in the contact points with the object are characterized by the contact matrix

Missing MathType’s Belmont font.

. Forthis, the matrices and equations that perform the contact specific transformation are described for thecase of frictionless point contacts (P), point contacts with friction (PF) and softfinger contacts (SF):

Missing MathType’s Belmont font.

10In the case of a frictionless point contact (P) only single forces can be exerted in the contact pointsinto the normal direction towards the object surface (the force has to be negative) to avoid a loss ofcontact; also, the force must not exceed a specific maximal value in order to prevent object damage.

In the case of point contact with friction (PF) the fingers can exert any forces pointing into the de-fined friction cones at the contact points. This means, the tangential forces must stay inside of thefriction cones (determined by the tangential coefficients of friction

) to avoid slipping of the fin-gertips on the tangential plane of the object surface (they are free to rotate about the contact points).

In the case of softfinger contact (SF) the friction over the area of contact allows the fingers to exertsingle torques in addition to the pure forces pointing into the defined friction cones. The torques canbe exerted in both directions about the normal axis such that the object is constrained with the givencontacts (normal coefficients of friction

) and can only break the contacts by sliding downward.

4.2 Static forces considering rolling and slippingStarting from generalized forces acting onto the object during manipulation the computation of cor-responding finger forces is described in the presence of rolling and slipping. Therefore, the contactforces and moments are converted into which is performed by transfor-mation matrices

; the result is then summed up to compensate the object forces and moments

. According to the chosen contact models represented by contact matrices

, the respec-tive object contact forces are converted into the contact forces and moments whichis performed by transformations matrices and leads to the definition of grip submatrices

:

11

For a robot hand with fno (eventually totally different) fingers and chosen contact models

,the grip matrix G for the transformation of contact forces that are composed from the force com-ponents in each contact point into the object forces and moments is given as follows:

A robot hand with fno = 3 identical fingers and contact models

= 3 (point contact with fric-tion) has following grip matrix G (only forces and no moments can be exerted at the contact points):

To determine the joint torques for each finger, that depend on the forces and moments acting atthe contact points, the vectors are computed out of the contact force components by transformation matrices

. This is done according to the contact model specific force trans-formations from the frames into the frames

(both have the same contact points as origins, sothat the position vectors are equal to zero) and the force transformations into the frames

:

Using the principle of virtual work [18], the joint torques can be computed from the finger forcecomponents with the help of the matrices

(see [17]) that are a concatenation of the transfor-mation matrices

(depending on and

) and the finger Jacobians

. Since the Jacobians

(used in the transposed form) are the derivations of the direct kinema-tics

, their dimensions are determined by the finger parameters (joint angles

):

12

Before this relation will be used to deal with the implied force constraints of the chosen contact mo-dels

(see section 6.1), it is presented for the general case of an arbitrary robot hand with fno(not necessary identical) fingers. Thus, the set of joint torques can be computed from the total fin-ger forces with the help of the matrix D that describes all required finger force transformations:

4.3 Decomposition of contact forcesGiven the external forces and moments acting on a grasped object during manipula-tion the problem is to compensate the resulting object forces in negative direction withappropriate contact forces f ; the transformation between them is performed by the grip matrix G.Because the space of contact forces (the dimension is

, depending on the contact types) isdescribed by maximal six independent equations, there exists in general (if the dimension is greaterthan six) more than one solution for the force compensation problem [19]. Thus, all contact forcescan be combined of the partial solution and one solution of the homogeneous equation

:

The partial solution is computed by the right generalized inverse of the grip matrix G, whe-reas the homogeneous solution consists of a linear combination of the base vectors of the n-di-mensional null space of G which is described by the null matrix N. Thus, the n-dimensional vector

represents the internal grip forces (forces acting crosswise between the contact points) that mustbe exerted in addition to the contact forces

(which compensate the external forces and moments):

Because of the linearity of G that defines a dependency between all contact force transformations,the dimension of the null matrix N has to be determined with respect to the whole matrix G and notindependently for the submatrices

. Nevertheless, the result of the null space computation can beapplied to partition the matrix N into fno submatrices which then depend on the dimension ndim.

135. Grasp force planningIn this chapter, a planning method for the computation of all force parameters required for manipu-lation of a grasped object with pre-selected contact points is presented [6]. Compared to the generalformulation, the special case fno = 3 (

= 3),

= 3 and ndim = 3 is handled. It is assumedthat a range of external forces and moments is given or known for a certain type ofoperation, like a peg-in-hole insertion task, for which appropriate internal forces l have to be deter-mined. This is realized as knowledge-based approach with rules and criteria (stability and security)that must be satisfied. Here, a major step is the transformation of the problem from the object spacewith object forces and moments into the contact space with contact forces f (divided intomanipulation and grasp forces

,

) which is done with the grip matrix G and the null matrix N.For the compensation of manipulation forces all applicable grasp forces staying in the friction conesof the (

= 9)-dimensional finger force space must be enumerated. The mapping of the forcecomponents onto the contact plane generates a triangle with parameters a, b, g that are the linear fac-tors of the base vectors of the (n-dim = 3)-dimensional grasp force subspace. The applicable graspforces are computed from a-parameters determining the b- and g1-intervals, b-parameters determi-ning the g2-intervals and intersecting g-parameters that are enumerated from a convex hull algorithm.Rule 1 : [Applicable grasp forces]The grasp forces must lie in the intersection of the friction cones with the contact point plane.Algorithm: [Applicable grasp forces]

The determination of suitable grasp forces with respect to the assembly task can be divided intosuccessive steps for the compensation of a single manipulation force through a stability search withminimum security or a security search with minimum stability. Starting from the task area EA thatdescribes s range of external forces and moments, the most stable and most secure grasp forces forthe corresponding range MA of manipulation forces are computed from search procedures, suchthat the mean value s of the resulting range HA of grasp forces is the desired optimal solution

.To ensure this, two quality measures for the optimization of grasp forces in form of criteria for theobject stability Y and the grip security W (robustness) [22] are introduced; they are based on side

14and bottom face projections P of the object contact forces

to the surface of the friction cones FC:

Rule 2 : [Single compensating grasp force]Each grasp force must compensate a corresponding manipulation force of a given force area.Rule 3 : [Range compensating grasp force]A particular grasp force value must compensate all manipulation forces of a given force area.Algorithm: [Stability search with minimum security]

Algorithm: [Security search with minimum stability]

Definition:The six-dimensional task force area EA modeled as task-polyeder is the convex combination of for-ce vectors which are computed from the range set ES of external object forces and moments (descri-bes the specific force spectrum as set of vectors) by the six-dimensional convex hull operator CH:

The mean value s of the range set HS of grasp forces compensating the range set MS of manipula-tion forces derived from the force spectrum ES, or fully equivalent, the center of gravity of the cor-responding grasp force area HA computed by the three-dimensional convex hull operator CH, is a

15best compensating grasp force

that can be transformed into the range set IS of internal forces:

Rule 4 : [Grasp forces for stable grips]The grasp forces must have a certain stability factor relating to rolling and slipping motions.Rule 5 : [Grasp forces for secure grips]The grasp forces must have a certain security factor relating to tolerances of the force areas.Algorithm: [Most stable grasp force with respect to MA]

Algorithm: [Most secure grasp force with respect to MA]

The main difficulty is the determination of the smallest minimum stability parameter for the al-gorithm searching the most secure grasp force in contact space. The lower bound is normally zerowhereas the upper bound can be computed from the algorithm searching the most stable grasp forcewith minimum security zero (pure stability search). Building a stability interval of them, an intervalsearch procedure based on the security search with minimum stability and termination condition (de-sired accuracy) computes the optimal grasp force compensating all given manipulation forces.

16

Algorithm (interval search): [Optimal grasp force with respect to MA]

General rule : [Grasp parameter optimization]The parameters must be chosen, such that the contact point dependent grasp forces in the contactspace are optimal and the resulting grip of is both stable and secure with respect to the specific task.Algorithm: [Optimal internal force with respect to EA]

The determined optimal grasp force in the contact space is transformed into the optimal inter-nal force in the object space which is performed by the right generalized inverse of the nullmatrix N. Summarizing, Fig. 6 shows the search process for optimal contact forces that starts fromexternal forces and moments mapped to the contact space where all manipulation forces are compen-

17sated by one suitable grasp force which is mapped to the object space as the resulting internal force.

s s + -

G^*

N^* l f h f_p^k - of_o m � Ł � � ł � k

f_h^k

Fig. 6 : Schematic process of contact force searching

6. Grasp force optimizationIn this chapter, another planning method for the determination of the required grasp force parame-ters is presented which is formulated as an optimization problem over given or imposed constraints.Therefore, it incorporates explicitly the contact force constraints (indirectly defined in the previousdescribed method by object stability and grip security criteria) into the process of force computation.The approach chosen here is based on work for the normal case fno = 3 (

Missing MathType’s Belmont font.

= 3),

= 3 andndim = 3 (see [17]) which is generalized for the case of an arbitrary robot hand and all kinds of pos-sible contact models. For the final solution of the optimization problem several algorithms can beapplied, but preference is given to an algorithm that searches for maxima in n-dimensional spaces.6.1 Constraints on contact forcesIn order to keep the force computation simple and fast, the non-linear equations describing the con-tact forces inside of the contact model depending friction cones are approximated linearly: the gene-ralized friction cones are replaced by generalized friction pyramids whose sides touch the bordersof the cones. By this procedure, additional (not applicable) contact force regions are defined whichcan be avoided by reducing the friction coefficients proportionally (for example, as shown in Fig. 7from

). Rewriting of the force constraints mentioned in section 4.1 leads to aninequality system-like formulation of the possible contact forces which are described throughfriction matrices and constraint vectors

. Again, the respective equations are considered for thecase of frictionless point contacts (P), point contacts with friction (PF) and softfinger contacts (SF):

18In the case of frictionless point contact (P) the constraint vector considers only the direction of thecontact forces and the maximal possible contact forces that can be applied by the finger of the hand:

Missing MathType’s Belmont font.

In the case of point contact with friction (PF), additionally to the consideration of the maximal con-tact forces, the contact force components within the tangential plane of the corresponding friction co-nes are linearized and adapted to the resulting friction pyramid by a reduced friction coefficient

Missing MathType’s Belmont font.

:

Missing MathType’s Belmont font.

m_t i

m_t i

2m_t i

¢m_{ti}

¢m_t i m_t i = ! m_t i 2m_t i

= 1 2

Fig. 7 : Linearization of a friction cone (friction pyramid)In the case of softfinger contact (SF), additionally to above described restrictions on the contact for-ces, the contact torque in normal direction is constrained by the friction conditions along the z-axis:

Missing MathType’s Belmont font.

19Another set of constraints is introduced by the fact that the joint torque values

of each finger of arobot hand must not exceed the constructional limits to avoid damage of the motors and/or the gears:

6.2 Force computation: solving of inequality systemsThe restrictions imposed onto the contact forces and joint torques that are described by friction ma-trices

, constraint vectors and motion dependent matrices

(rolling and slipping of the finger-tips at the object surface) can be expressed in matrix form as systems of linear inequalities. These in-equality systems are based on the matrices and vectors that are composed from above descri-bed components and lead to optimization problems for the optimal choice of the contact forces

.

To compute appropriate solutions, the submatrices of the matrices have to be actualized con-tinually in each motion step during object manipulation, because they contain all information aboutthe changing parameter values of the contact points and the joint angles. Generalized for the case ofa robot hand with fno (not necessary identical) fingers, the resulting inequality system is describedby the matrix H and the vector g that are composed from the finger specific matrices and

. Theoptimization problem is then defined as search for the optimal choice of the total contact force

.

Rearranging above inequality system and applying the subdivision of the forces in the contact spa-ce into manipulation forces and grasp forces

, the optimization problem can be rewritten asproblem of finding the optimal internal forces in the object space using the null matrix N. If thereis a way to split this matrix into submatrices

, the force search process could be done in parallel:

206.3 Optimization of internal (grip) forcesTo compute the best internal force l, a distance measure

for evaluating the distances between alldefined force constraints (rows of the matrices and vectors) and the resulting hyper-planes (genera-lized volumes) that are splitted into "allowed" and "forbidden" half-spaces is introduced (see [17]).The optimal selection of l is the one which has the greatest value of the minimal distance to all givenconstraints (hyper-planes). In the three-dimensional case this is the center of the biggest hemispherefitting into the "allowed" polyhedra. Therefore, the following optimization problem has to be solved:

The goal function d(l) which has to be maximized, is a continual, non-linear and non-differentiablefunction in that is composed of linear functions

. Hence, for finding the optimal value ofl both the simplex-method (goal function not linear) and the gradient-descend method (goal func-tion not differentiable) will fail. This means, that in order to compute the optimal force parameters,an algorithm considering the non-linearity and non-differentiability of the goal function is required.To solve the optimization problem, the Hooke-Jeeves algorithm [17], [23], [24] for finding maximain can be used which steps from an arbitrary point (start point must not lay within the allowedspace) to the point with the greatest distance to each constraint. After an optimal solution is found,the internal forces l together with the external object forces and moments are used tocompute the total contact force and finally the corresponding joint torques for the motor drives:

Thus, the optimization problem for internal forces could be generalized for the case of a robot handwith fno (arbitrary) fingers with joints per finger, applying forces according to the contact mo-dels and the n-dimensional null space of the grip matrix. Summarizing, the force computa-tion process can be fully characterized by the parameters (dimensions) fno,

, and ndim.

7. Example manipulationHere, the result of a concrete object manipulation (a peg-in-hole insertion task) with the KarlsruheDextrous Hand [2], [3], [4] is presented in graphical visualized form. This robot hand consists ofthree identical fingers whose bases are fixed at the edges of an equal-sided triangle. The hand frame

Missing MathType’s Belmont font.

is fixed at the center of this triangle, so that the transformations between the finger base frames and this coordinate frame are given by following translation vectors r and rotation matrices A:

21

Each of the three finger modules of the hand consists of a two-link structure mounted on a revolutebase and connected via rotational joints which is the minimal configuration needed to perform a desi-red object manipulation in space. The length of the links are (link one is closest to the finger base):

At the end of link three, a half-sphere formed fingertip with radius r = 10 mm is fastened. By defi-ning frames at each joint in a way that the x-axes point in direction of the respective link and the z-axes point in direction of the rotation axis (Fig. 3), the transformations from the finger frames fixed at the end of link three into the finger base frames are obtained by ( and

):

From them, all other transformations, especially the corresponding Jacobians can be obtained.Now, the computation process of all force parameters required for dextrous manipulation of a gras-ped object with pre-selected contact points is shown on the base of the grasp planning approach pre-sented in chapter 5 that deals with the standard case of fno = 3 (

= 3),

= 3 and ndim = 3.The planning process of parameter determination for a peg-in-hole insertion task [25] uses a specificforce area that describes the external forces and moments acting onto the object du-ring manipulation to determine appropriate contact forces f for the fingers of the hand. According topositional and orientational tolerances between peg and hole, several simulation runs are performedto compute the external forces in x- and z-direction and the external moment in y-direction. The re-sulting force area EA is represented as task polyeder formed by

= 64 (or

= 8) force vectors.

Missing MathType’s Belmont font.

The determination of a stability interval is done with the help of a search procedure that computes ina first run the most stable grasp force with minimum security (= 0) and the maximum stability para-

22meter (= 1100). Because this step fails on the strength of the defined friction conditions, an intervalsearch (most secure grasp force with minimum stability) is performed over the stability interval [0,1100] to compute the best compensating grasp force for the manipulation force area MA. This leadsafter an appropriate number of iterations (desired accuracy = 0.01) to the optimal internal force l.

Each compensating grasp force in the contact space that is determined with respect to a single mani-pulation force or a range of manipulation forces can be graphically visualized by the simulation sy-stem. For that purpose, perpendicular projections of the friction cones in the contact points are dis-played together with the tangential forces in the yz-plane and the normal forces along the x-direction.

23of the grasp forces, so that the distances between the interior and exterior circles are relatively large.The simulation of reaction forces and moments occurring during part mating operations accordingto positional and/or rotational uncertainties of object motions and their effect on the world model arealso considered at the example of the peg-in-hole insertion problem. The force simulator is a pro-gram package based on a stiffness control model of the insertion process [26] which has the abilityto modify the compliance parameters and to analyze the finger-object interactions at the defined con-tact points. This permits testing of manipulation strategies for specific assembly tasks by taking intoaccount the object forces and moments, contact forces and stability conditions of the grasped object.

24The computation methods with their combination of matrix multiplications, matrix inversions, solu-tion of equation systems and search for optimal force parameters are well-suited for the applicationand execution on parallel machines. Since the presented algorithms, like the maximum search algo-rithm, are formulated in a way that supports rather their realization on a serial or distributed compu-ter, their transformation and implementation on a parallel computer is an interesting new approach.Especially, because the parallelization of algorithms and their adaptation to massive parallel machi-nes with lots of processor nodes is actually an underdeveloped area in the field of robotics research.One major problem arises hereby from the nature of the contact forces and therefore for the internalgrip forces

Missing MathType’s Belmont font.

itself: they are crosswise depending on each other, so that they cannot be treated inde-pendently. This is expressed in the additive nature of the grip submatrices which form altogetherthe grip matrix G that describes both the contact points and contact models, and characterizes theresulting contact forces that can be applied with respect to given external forces and moments. Thismeans, that the computational effort required for solving the optimization problem cannot easily besubdivided upon independent processes which would improve the search procedure tremendously.Nevertheless, it is possible to use parallelism to speed up the search procedure that tries to optimizethe force parameters by fitting them into the biggest volume in that has the greatest distanceto all given constraints. This could be done by splitting the whole search space into several regularshaped areas from which independent working processes could start their parameter search; becausethere are no restrictions on the choice of the start points, the convergence of the algorithm to the re-sulting end points which are possible (optimal) solutions is always ensured. Thus, research will inthe future be more concentrated on questions of parallelizing the search and optimization algorithm.

AcknowledgmentPart of this research work was performed at the Institute for Real-Time Computer Control Systemsand Robotics, Prof. Dr.-Ing. Ulrich Rembold and Prof. Dr.-Ing. R�diger Dillmann, Faculty of In-formatics, University of Karlsruhe, 76128 Karlsruhe, Federal Republic of Germany. The continu-ation of the work and extension of the theory was performed during my post-doctoral research stayat the International Computer Science Institute, Prof. Jerome Feldman, Berkeley 94704 CA, USA.

References[1]Hollerbach, J.M.: "Robot Hands and Tactile Sensing", AI in the 1980s and Beyond, Grim-son, W.E.L.; Patil, R.S.; MIT Press, 1987.[2]W�hlke, G.: "Development of the Karlsruhe Dextrous Hand", Proc. of the 3rd Int. Conf. onNew Actuators (ACTUATOR), 1992.[3]Doll, Th.; Schneebeli, H.J.: "Framework of the Karlsruhe Dextrous Hand", Proc. of theSymp. on Robot Control (SYROCO 88), 1988.[4]Doll, Th.: "Development and Programming of a Robot Hand", PhD thesis (in German),University of Karlsruhe, 1989.[5]W�hlke, G.: "A Programming and Simulation Environment for the Karlsruhe Dextrous Hand",Jour. of Robotics and Autonomous Systems, North-Holland, vol. 6(3), pp. 243-263, 1990.

25[6]W�hlke, G.: "Automatic Grasp Planning for Multifingered Robot Hands", Jour. of IntelligentManufacturing, vol. 3(5), pp. 297-316, 1992.[7]Okada, T.; Tsuchiya, S. : "On a Versatile Finger System", Proc. of the 7th Int. Symp. of In-dustrial Robots, 1977.[8]Okada, T.: "Computer Control of Multijoined Finger System for Precise Object Handling",IEEE Trans. on Systems, Man and Cybernetics, vol. 12 (3), May/June 1982.[9]Jacobson, S.C.; Wood, J.E.; Knutti, D.F.; Biggers, K.B.: "The Utah/MIT Dextrous Hand:Work in Progress", First Int. Conf. on Robotics Research, MIT Press, 1984.[10]Jacobson, S.C. et.al.: "Design of the Utah/MIT Dextrous Hand", Proc. of the IEEE Int. Conf.on Robotics and Automation, 1986.[11]Narasiham, S.: "Dextrous Robotic Hands: Kinematics and Control", Master thesis, Depart-ment of Electrical Engineering and Computer Science, MIT, 1988.[12]Salisbury, K.; Brock, D.; Chiu, S.: "Integrated Language, Sensing and Control for a RobotHand", Proc. of Int. Symp. on Robotics Research, MIT Press, 1986.[13]Nguyen, V.: "Constructing Stable, Force-Closure Grasps", Master Thesis, Department ofElectrical Engineering and Computer Science, MIT, 1986.[14]Arbib, M.A.; Iberall, T.; Lyons, D.: "Coordinated Control Programs for Movements of theHand", Center of Systems Neuroscience and Laboratory for Perceptual Robotics, COINSTechnical Report 83-25, Massachusetts, 1983.[15]Lyons, D.M.: "A simple Set of Grasps for a Dextrous Hand", Proc. of the IEEE Int. Conf.on Robotics and Automation, 1985.[16]Iberall, T.: "Grasp Planning for Human Prehension", Proc. of the Int. Joint Conf. on Artifi-cial Intelligence, 1987.[17]H�rtl, H.: "Analysis of Manipulation Processes with Multifinger Gripper Systems under theConsideration of Rolling and Slipping of the Fingertip", Master thesis (in German), Univer-sity of Karlsruhe, 1992.[18]Craig, J.J.: "Introduction to Robotics: Mechanic and Control". Addison-Wesley, 1986.[19]Kerr, J.; Roth, B.: "Analysis of Multifingered Hands", Int. Jour. of Robotics Research, vol.4(4), pp. 3-17, Winter 1986.[20]Cole, A.; Hauser, J.; Sastry, S.: "Kinematics and Control of Multifingered Hands with Rol-ling Contact". Proc. of the IEEE Int. Conf. on Robotics and Automation, 1988.[21]Hsu, P.; Li, Z.; Sastry, S.: "On Grasping and Coordinated Manipulation by a MultifingeredRobot Hand". Proc. of the IEEE Int. Conf. on Robotics and Automation, 1988.[22]Vogelgesang, V.: "Development of a planning component for the determination of stable gripconfigurations to do parts assembly with multi-finger grippers", Master thesis (in German),University of Karlsruhe, 1990.[23]Bronshtein, I.N.; Semendyayev, K.A.: "Taschenbuch der Mathematik", Harri Deutsch Ver-lag, 1987.[24]Bronshtein, I.N.; Semendyayev, K.A.: "Erg�nzende Kapitel zum Taschenbuch der Mathema-tik", Harri Deutsch Verlag, 1991.[25]W�hlke, G.: "Knowledge-Based Grasp Planning for Multi-Finger Robot Hands", PhD these(in German), University of Karlsruhe, 1991.[26]Whitney, D.E.: "Quasi-static Assembly of Compliantly Supported Rigid Parts", ASMETransactions on Dynamic Systems, Measurement, and Control, vol. 104(1), 1982.