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Hybrid Motion Planning Approach for
Robot Dexterous Hands

This paper presents a manipulation planning approach for robot hands that enables the
generation of finger trajectories. The planner is based on a hybrid approach that combines
discrete-continuous kinematics using a fully discrete transition system. One of the main
contributions of this work consists in the representation of the universe of different
submodel combinations, as states in a discrete transition system. The manipulated object
geometry is taken into account and the system composed by the object and the hand is
modeled as a set of closed kinematical chains. The methodology enables the synthesis of
complex manipulation trajectories, when one or more fingers change the contact condition
with the object. Contact condition changes include rolling contact, sliding contact, contact
loss and contact establishment. Tests were carried out employing a three finger
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Introduction

A significant amount of research is dedicated to provide
anthropomorphic robot hands with dexterous manipulation abilities
(Bicchi and Kumar, 2000). The reason for the continuous interest on
the field is that there is still a significant amount of open questions
to be explored as stated in Kemp (2007) and Jenkins (2006). Among
the different promising tasks that are also described in Weghe et al.,
(2004), the present work contributes to (a) the syntheses of finger
trajectories that produce dexterous object manipulation and; (b) the
analysis of object manipulation process as a hybrid discrete-
continuous problem.

The trajectory planner system presented here is based on a set of
kinematical models obtained from different combinations and
interactions between the fingers and the object being manipulated.
The movement requirements are centered on the object rather then
on the fingers. The approach is inspired by the movements of the
human hand. As an implementation example, the Kanguera Hand
(Benante et al., 2007) is adopted (see Fig. 1).

Figure 1. The Kanguera Hand structure using polyurethane based on
ricinus oil, its cable transmission system and nylon ligaments.
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The paper is organized as follows: first, the experimental setup
is briefly described; next in section “The Kinematic Model of the
Hand,” the necessary inverse kinematics considerations (position
and velocity) for the trajectory planner are developed. In section
“Manipulation as a Hybrid Dynamical System Task,” the main
contribution of this work is presented, i.e. the conversion of the
grasping and manipulation tasks into a hybrid Dynamical Task. The
proposed trajectory planner implementation is presented in section
“Trajectory planner implementation”. The proposal is validated
through the use of computer simulations and experiments with the
Kanguera hand, shown in section “Trajectory Planning Results,”
followed by the conclusions.

The Experimental Setup

The current version of the Kanguera hand is a cable driven
mechanism with 5 fingers, 3 joints in each finger and actuators
remotely located at the structure basis. To cope with the trajectory
planner experimental requirements, the Kanguera is provided with
small @13 mm external housing diameter servomotors. These 3.0 W
servomotors are combined with 4000:1 mechanical gears that
deliver 52 Nmm nominal operational torque output and 941 rpm
maximal output speed. The servomotors have also incremental
encoders (16 counts per turn) integrated.

The computational hardware is based on a GE FANUC CV1
microcontroller board with a G4 processor and mounted on a
standard compact PCI bus. A CanOpen bus directly connects the
microcontroller board to the EPOS motor drivers. The EPOS drivers
assume the individual position joint level position control. Compact
PCI (cPCI) carrier boards can also extend the system capacity for
digital and analogical communication required by the sensors and
actuators (see Fig. 2).

The software structure relies on the VxWorks real time
operating system. At higher level, automatic code generation is used
for the implementation of different trajectory planning strategies.
The system also allows execution of simulations and experiments in
a simultaneous and synchronized way, in a process known as
hardware-in-the-loop (Carufel, 2000; Pedro et al., 2008). The
Grasplt! simulator (Miller, 2004) is used for evaluation and analysis
of grasping and objects manipulation. Grasplt! offers powerful tools
for the development of advanced robotic grippers or
anthropomorphic hands.
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Figure 2. Experimental setup created to implement the automatic
trajectory planning approach.

The Kinematic Model of the Hand

The method used to model the system is focused on the spatial
movements of the object with respect to a reference coordinate
frame fixed on the Kanguera wrist. The motions for each finger are
obtained as a function of the object movements. The motions
required for each finger joint arrive as a consequence of the
kinematical equations solution.

Each one of the Kanguera fingers has 3 freely commanded
degrees of freedom (DOF), and each one of the fingers is interpreted
as a single independent robot. As a consequence, the hand when not
in contact with an object has 15 DOF.

Inverse Kinematics at Position Level

The kinematical models developed for manipulation purposes
take into account the contact establishment and loss. In this way, the
model changes as a function of the number of fingers in contact with
the object and the number of fingers that are moving without
constraints (free fingers). Therefore, the model used to represent,
e.g. all five fingers grasping an object, is different from the model
used when all the fingers are freely moving in space.

However, the approach of creating a model for each single
manipulation condition, despite completely solving the modeling
task, implies in a redundant and unnecessarily more complex
representation. Here an alternative procedure is proposed for the
representation of different manipulation conditions. From the
manipulation point of view, each contact condition change is
interpreted as a state change. The concept of changing state will be
used to identify basic units or functional submodel corresponding to
each kinematical closed chain that composes the system built by the
five-finger hand and the object. Figure 3 shows graphically how a
kinematical chain is built.

It is well known that the number of independent kinematical
chains n_ may be calculated as the difference between the number of
joints (ng) and the number of moving bodies (ng) on the mechanism:

N =ng —Ng @

To model each finger in an independent kinematical chain,
generating a submodel for each finger, an additional virtual joint
(Campos et al., 2005) is introduced connecting the object to the
reference frame origin on the wrist. The closed kinematical chain
representation is valid even when there is a contact loss (or
establishment) between the finger tip and the object. As explained in
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the sequence, the changes only affect the number of bodies and
joints of each chain (submodel). To represent any manipulation
condition, three basic closed kinematical chain submodels types are
sufficient.

Figure 3. A form representation of how the boundary conditions are
created, taking the thumb as an example. The constraint equations are
defined cutting the kinematical chain in two different joints (dashed line).

A first submodel considers the rolling contact type (Murray and
Sastry, 1994). The strategy used to solve the kinematical equations
for each finger initiates by “cutting” two of the mechanism joints,
producing a mechanism upper part and a lower part. The lower part
is composed by the object (for example, a pencil), its “virtual” joint
with 6 DOF (vectors represented by solid lines in Fig. 3), and the
metacarpus (vector OB for the thumb finger).

The mechanism upper part resulting from the virtual cut of the
joints is illustrated in Fig. 4. The approach prepares the equations to
directly return the finger joint coordinates.
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Figure 4. Simplified description of the upper part mechanism for a
single finger.
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For an isolated finger it is assumed that all the coordinates in the
lower mechanism part are previously known and may be represented
by Eq. (2), while Eq. (3) represents the upper part of the mechanism.

[-0 B+O R+R Geach+
R GarcysB+sasy)+R G(-gsa+caspsy)

-0 B+0 R+R Gefsa+ (2
B C=| R G(cysasp—casy)+R G(cacy +saspsy)

-0 B+0 R+RC,cfcy-R Gsf+RC, chisy

The vector BC may also be expressed by:

g +a.CO; +apCly,
BC =| a; +a.s6; +apsb;
0

®

with

¢, =cos(g,) and c,, = cos(6; +6,)

Combining Eq. (2) and Eq. (3) and assuming, as stated before,
that the values in Eq. (2) are previously known, the values 65 and 65
can then be calculated.

The details in Fig. 3 and Fig. 5 show that the contact is modeled
using a classical mechanics approach, where the object is virtually
expanded (dashed line) enabling use of a point contact model in P;.

Figure 5. The finger, the object and the virtual joint compose the
kinematical closed chain representing arolling finger contact submodel.

This submodel receives as input the object center of gravity
coordinates X, y, z and the angular orientation a, f and y of the
object with respect to the reference coordinate frame placed on the
robot wrist.

As output, the submodel delivers the angular coordinates of the
corresponding finger 03, 04, 05 and 0.
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For better understanding of this kinematical model, Fig. 6
illustrates a simplified schema of the bodies and joints of the
kinematical closed chain. The arrows show the solution direction for
the inverse kinematics in a compact form. The use of interconnected
functional blocks simplifies the task of building and visualizing the
variable structure that compose the complete hand model. A
variable structure allows representing all the different manipulation
conditions.

Finger

Roll

o |

Ng!x
=[s]s]z]s

]

4

Figure 6. Simplified schema for the submodel that considers a rolling
contact type between the finger tip and the object. The functional block
may be understood as a nonlinear unit. K — Kardan Joint. R — Rotatory
Joint. S — Spherical Joint. T — Translatory Joint.

The coordinates &; and &, that also appear in the block describe
the relative angular coordinates for the Kardan joint type used to
model the rolling contact.

Using the Gribler Criteria it is possible to verify that this closed
chain submodel has 6 DOF.

A second kinematical chain submodel was conceived to describe
sliding contact condition between the finger and the object. The
adopted submodel is shown in Fig. 7. In this case, there is no change
in the number of bodies; however, the joint used to model the
sliding contact requires additionally 2 DOF. Therefore, the resulting
closed kinematical chain has a total of 8 DOF, and to calculate the
inverse kinematics, it is consequently necessary to receive additional
information when compared to the previous sliding free model. For
trajectory planning purposes it is assumed that the sliding
coordinates s; and s, may be imposed.
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Figure 7. Submodel considering sliding movement between the finger tip
and the object. The functional block represents the respective logical flow
for the solution of the inverse kinematic problem.
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The third and last functional block was conceived to represent
the free movements of a finger in space. In the case of a free finger
X, Y, and z coordinates represent the finger tip coordinates with
respect to the reference frame. Figure 8 illustrates the fact that even
for the free finger the submodel still corresponds to a closed
kinematical chain. A corresponding functional block was created for
this third submodel. Figure 8 presents this submodel with 4 DOF.

[3[a]#[=

Figure 8. Submodel considering no contact between the finger and the
object. The functional block represents the same submodel with the
necessary signal flow to solve the inverse kinematics problem.

Complete models of the hand established in each different
situation may now be constructed using combinations of the three
submodels previously presented (roll, slide and free submodel).

As a combination example, Fig. 9 shows the generated topology
to manipulate an object using three fingers assuming they have
rolling contact and that the other two fingers are free and stationary.

Inverse Kinematics of the Hand at Velocity Level

The previous section constructed the inverse kinematic basis
that is required to transform 3D paths into joint space desired
position sequences. The definition of the sequence of positions
(path) is a necessary condition for the implementation of the
trajectory planner. Further time constrains between the different
finger positioning must be imposed to guarantee completeness to the
object movement coordination. The current implementation use
conventional linear functions of time with parabolic blends at the
beginning and at the end of individual position sequence.

To extend the solution to velocity and acceleration levels, the
kinematical constrains are first differentiated and then also
organized in functional blocks for velocity, respectively acceleration
level.

Let’s take for example the second kinematical chain submodel
that describes sliding condition between the finger and the object. Its
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constrains where expressed at position level by Egs. (2) and (3)
together. Differentiating this constrains with respect to time, the
following relation is obtained at velocity level:

Thumb >
Position | 6,

——
A‘E Oge
—

Roll

Finger IV [—%
Position |

—>
Ak »
—>

Roll

Finger Il —»
Position 0

—>
>

Roll

Finger 1l
Position

Finger |
Position

Figure 9. Model construction using 2 submodel types. This model may be
interpreted as a manipulation state where three fingers contact the object
and the remaining two are free. The functional blocks give a signal flow
(solution) interpretation. For simplicity reasons the &, and &, angles where
not presented.

[-RC sacB a+RC,casp f+

RC, (-cacy a—sasfsya+cachfsy B+casBcy y+sasy y)+
RC,(-sa sficy a+casy a+ca cficy f+sa ¢y y—ca sPsy )+ (4)
ac 50 05 +ag SOk (0s +6;)

—RC,sfsa ¢ +RC cacp i +

RC, (-sacy a+casfsy a+sachsy f+saspcy y—casy y)
RC, (ca sfcy a-sasy ¢ +sa cfoy f+ca cy y—sa spsy 7)—
ac c; 6; —a, s0, (0, +6;)

-(RC, cB+sB (RC,cy +RC,sy)) B+CcB(RC, cy —RC,sy) 7

As expected, linear relations are derived and a corresponding
functional block at velocity level can also be constructed (see Fig. 10).

Constrain relations at acceleration level may be obtained
differentiating the constrain Eq. (4) with respect to time. The
functional blocks for the solution of inverse kinematics at
acceleration level are analogous to those in Figs. 9 and 10.
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Figure 10. Model construction using 2 submodels: Roll and Free. The
functional blocks give a signal flow (solution) for the inverse kinematics at
velocity level. For simplicity reasons the & and & angles are not
presented.

Manipulation as a Hybrid Dynamical System Task

An important part of the manipulation process deals with
multiple contact modes and mode switching sequences. The fingers
and the object dynamically creates or disconnect closed kinematical
chains, as the dexterous manipulation forms different handling
mechanisms with relative rolling and sliding motion combinations
between the fingers and the objects surfaces. There are also
manipulation conditions where the fingers are simply stationary or
even moving freely in space without contacting any object. As
stated in Yashima and Yamaguchi (2003), these complex
mechanical interactions, which involves both nonlinear dynamics, as
well as unilateral discrete contact events, make the overall hand-
object system naturally a hybrid system. Modeling multi-fingered
hands as hybrid system has already been adopted in Henzinger
(1996) and Albuquerque et al. (2005), but both works are restricted
to the use of heuristic rules.

Based on the Theory of Hybrid Automata (Henzinger, 1996), it
is possible to abstract the mixed discrete-continuous dynamics using
a fully discrete transition system. One of the main contributions of
this work consists in the representation of the universe of different
submodel combinations, represented as states in a discrete transition
system.

The three different types of submodels when applied to build a
model of an anthropomorphic hand generate a set Q with 243 (3°)
possible states. Each state corresponds to a different kind of
interaction, i.e., a different grasp configuration between the object
and the robot hand.

To help in the visualization of all possible states a graphical
representation was created associating each state to a corresponding
number sequence illustrated in Fig. 11. Each number sequence
corresponds to a different manipulation condition. There is a single
combination for no contact condition, ten combinations for single
finger contact, 40 sequences for the possible two-finger
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combinations, 80 combinations corresponding to three-finger
contacts, another 80 possibilities for a 4-finger contact and finally
32 different states for a 5-finger contact.

| 10000 | 01000 | 00100 | 00100
| ooo11 | oo101 | 01001 |eeeeecccce 01001

| ooo12 | oo102 | 01002 | | 00102 | 01002 |
| o1221 | 02221 | 12021 | M
| 01222 | 02222 | 12022 |

[t 122 ] 11221 peecccecsoo[ 22111 [ 22122 |
[ 11112 [ 11211 | 11202 ] 22211
2212

| 11121 [ 11212 | 12111 |

Figure 11. Representation of all possible models for a 5-finger hand using
3 submodels.

The numbered sequence describing each model identifies how
the three submodels are combined to compose a complete model of
the system composed by the hand and the object. The number “0” is
attributed to the closed kinematical chains of a free finger. Number
“1” represents the existence of a rolling contact type and number
“2” is used to represent a sliding contact submodel. Each number
represents the submodel of a single finger in contact with the object.
The numbers from left to right correspond respectively to the little
finger, ring finger, middle finger, index finger and the thumb.
Therefore, the sequence 00111 represents, in a compact form, the
manipulation state depicted in Fig. 9, i.e. the little and the ring
finger are free and the other three fingers show a rolling contact
type.

Another example: the code 22212 represents the manipulation
with four fingers (little finger, ring finger, middle finger and thumb)
sliding and the index finger present rolling contact.

A last example: if we simply wish to push the object on a table
with the index finger, the system is also able to generate a
corresponding model. In this case the model corresponds to the
sequence 00010.

A finite state machine (FSM) or automaton is a model of
behavior composed of a finite number of states, transitions and
actions.

A FSM can be represented by a state diagram. In this kind of
graph vertices represent the discrete states of the model, and the
discrete dynamic changes (switches) are modeled by edges. The
continuous dynamics of the mechanical system is modeled by a
system of differential equations. The mechanical model of the
system depends on the contact state of the hand: each contact mode
determines a movement condition, and each contact change may
cause a discrete change in the state of the system, as determined by
a jump (transition) condition.

Definition of Hybrid automata: Adapting from Henzinger
(1996), a hybrid automaton H consists of the following components:

Variables. A finite set X={xy,...,Xn} of real numbered variables,
where n is the dimension of H.
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X ={x,...x,} representing first derivatives of X during

continuous changes, and

X’ = {X’y,....X°,} for the variable values at the conclusion of
discrete change.

System graph. A finite directed multigraph (V, E). The vertices
in V are called system modes. The edges in E are called model
switches.

Initial, invariant and contact conditions. Three vertex labeling
functions init, inv, and contact that assign to each system mode v €
V three predicates. Each initial condition init(v) is a predicate whose
free variables are from X. Each invariant condition inv(v) is a
predicate whose free variables are from X. Each contact condition
contact(v) is a predicate whose free variables are from X U X .

Jump (transition) condition. An edge labeling function jump
that assigns a predicate to each control switch e € E. Each jump
condition jump(e) is a predicate whose free variables are from
XuX'.

Events. A finite set} of events and an edge labeling function
event E that assigns to each system switch an event.

Trajectory Planner Implementation

In this section the tools created for the trajectory planning
process are presented. The submodels shown in sections “The
Kinematic Model of the Hand” and “Manipulation as a Hybrid
Dynamical System Task” are combined to provide a manipulation
sequence. A trajectory planning example is presented for a special
combination of three manipulation fingers and two free fingers.

The trajectory planner working principle is similar to the
principles used in conventional industrial robots trajectory planners.
Basic motion primitives are made available like precision grasping,
power grasping, releasing, generalized object translation and
generalized object rotation and object sliding. The combination of
these motion primitives allows the construction of more complex
behavior as a sequence of small spatial motion parts. In this way,
any arbitrary manipulation movement may be obtained by its
recursive division in parts. In this work a complete rotation about an
axis in space is adopted to illustrate in details the motion
coordination between the fingers.

The basic motion primitives were constructed from the simple
observation of the movements realized by the human hand. The
proposed motion were then transferred in an approximated form to
the robot hand as a coordinated sequence of finger motions as
illustrated in Fig. 12 for the object rotation example.

As may be observed at Fig. 12, the proposed heuristic allows the
further creation of temporal dependency for the basic movement
while maintaining the finger movement coordination.

The temporal dependency is defined using conventional
approach (Craig, 2005), i.e. the trajectories are handled at velocity
level with the use of linear functions with parabolic transition
functions. The chosen velocity profiles are imposed to the spatial
path as a parameter (scalar variable).

The transitions between the different movement phases imposes
the additional condition that the calculated positions need to be
precisely reached, otherwise the contact with the manipulated object
may be deteriorated causing undesired slippage or contact lost.
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Fingers and Thumb Activity Switching Chart

Thumb Regrasping
Thumb Pushing

Index Finger Regrasping

[—\— e Inclex Finger Pushing

-Middle Finger Regrasping

Low Lewvel - Inactive / High Level - Active

——Middle Finger Pushing

Object Rotation {degrees)

Figure 12. Coordinated finger movements which together produce the
basic object rotation. In the diagrams the abscises represent the object
angular displacement, whilst the ordinate axis represent just the existence
(high) or absence of activation (low).

The Trajectory Planning Results

The use of the diagram in Fig. 11 allows the automatic
generation of any arbitrary spatial movement required for a hand to
perform dexterous object manipulation. As an application example
of rotation of a pencil rotating around the reference frame y axes
(illustrated in Fig. 13).

The movement is created using three free fingers and the rolling
contact type submodels. The manipulation process changes the
contact and non-contact states for two and three fingers.

To implement the proposed manipulation example only five
(from the universe of 243 possible) states are required. These five
states are isolated to indicate (see Fig. 13) more explicitly the letters
labels of the 5 different states, simplifying comprehension of the
model transitions, as follows: State 00000 is labeled as A; State
00111 as B; State 00110 as C; State 00101 as D; and, finally, State
00011 is labeled as E.

State A

No contact

Release
Thumb

State C

State E

Thumb

contact middle

Finger

Index finger
contact

State D

Figure 13. The state diagram shows that in the states C, D and E the
manipulation model has two fingers in contact with the object. In state B,
the manipulation occurs with 3 contact fingers. In state A, a model without
contact is used.
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It is further assumed that the manipulation process always
begins without contact with the object, that means in state A (this
initialization state may also be observed in Fig. 14-1). From this
state, it is assumed that it is possible to reach any of the other
grasping states with an arbitrary number n of fingers. In this specific
example, the transition occurs for a three finger grasp state, the state
B (this state can be also observed in Fig. 14-I1). Figure 14-1ll
illustrates a state D where the thumb and the middle finger
manipulate the pencil while the index finger performs repositioning
(regrasping). At the same time, the other fingers are stationary.

(D. State A - 00000 graphical
representation

(II). State B - 00111 graphical
representation

(III) State D - 00101 graphical
representation

(IV). State B - 00111 graphical
representation

Figure 14. Sequence of 4 frames illustrating a pencil rotating around y axes.

From Fig. 14, it is possible to observe that the manipulation
system just shows which model must be used. How the model will
be implemented remains an inverse kinematics question that takes
the object into account. Two different conditions presented in Fig.
14-11 and IV use the same model for trajectory planning purposes.

Analyzing in detail the pencil example, starting from state
00111 (Fig. 12), and performing a rotation around y axis, one may
observe that the incremental variation of the pencil angular
coordinates change the contact points spatial locations, and as a
direct consequence they change the finger joint coordinates. All
these changes can be calculated directly using the models developed
in the section “The Kinematic Model of the Hand,” using as input
only the desired pencil position and velocity coordinates. A sample
of the input signal generated as the path for the middle finger is
presented in Fig. 15.

Observing the chosen example, where the pencil starts its
movement in the horizontal position, the generated trajectory
converges to a periodic movement after the first time the thumb is
regrasped. Similar 3D movements are obtained for the thumb and
the index finger.

Even though, the two path parts have significant length
differences, the same time interval of 1 (one) second is given to
perform both of them. As a consequence, in the specific example
explored in this paper, the finger pushing movements present much
lower velocities than the velocities observed during regrasping.
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Figure 15. Spatial trajectory that serve as input signal to the middle finger.
The point coordinates where the transition from regrasping is
emphasized.

Figure 16 presents the parameterized velocity profile obtained
for the pushing part of the movement.

Middle Finger - “elocity Profile - Object Pushing Part
g T T T T T T T T T

Linear “elocity [mm/s]

0 0.1 oz 03 04 05 06 07 08 09 1
Tirme [s]

Figure 16. Velocity profile for trajectory part — middle finger pushing
the object.

The presented velocity profile serve as input to the inverse
kinematics procedure presented in section “Inverse kinematics of
the hand at velocity level”. If the calculated finger joint velocities
exceed any of the limits imposed by the experimental setup, it is still
possible to implement the movements, simply relaxing the
requirement of finishing the partial movements of each finger at the
same time. If, for example, the fingers that are pushing the object
are allowed to finish their movement before the regrasping motion
of another finger and then required to wait for regrasping
termination before requesting a new trajectory part, then the
implementation of the object manipulation is still possible.

For the simulated example, the trajectory planner changes
trajectories each second. The transition imposes discontinuities that
should be handled by the controllers and are therefore outside the
scope of this work. Nevertheless, it should be noted that the human
hand movements also show discontinuities that do not induce any
severe grasping or manipulation failure.
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Conclusions

The adopted manipulation strategy demonstrated suitable
characteristics for automation. This work opens new possibilities for
manipulation centered on the object movement in 3D environment
and can be used in a modular basis independently of the number of
fingers, number of joints involved, and also allows the analysis of
more complex object manipulation.

The human movements are taken as references for the
generation of automated robot trajectories. The conversion of the
movements into hybrid state diagram is responsible for converting
qualitative movements into constitutive part movements with well
defined limits. Each movement part generates joint movement
coordinates based in rigorously define inverse kinematic approach.
The obtained results show the approach capacity to follow a large
variety of manipulation tasks for the corresponding large degrees of
freedom number and complexity of a robot hand.

Results observed in simulations and also on experiments
confirm smooth transitions between partial trajectories generated by
different model states as a consequence of the necessity of every
trajectory part reaching the defined transition points with zero
velocity. Nonlinearities presented by individual joint paths required
more robustness from the controller than did the model transitions.
Future work will concentrate on improving the trajectory planning
generation process automation. The experimental setup will also be
changed to include new mechanical and sensor upgrades, thus
improving its reliability.
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