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Abstract. The kinematics model for redundant robot can be based in ssidal solution using Denavit-Hartanberg or,
more recently, using the screw theory. The model based ewdtieory associated with Davies method for redundant
robot results in set of solutions which is always dimendi@oasistent; the same cannot be said from solutions bases on
Moore-Penrose pseudoinverse Jacobians. More recentigessorks have shown the use of virtual chains to construct
a strategy of trajectory generation for redundant robotisfging an additional task: avoidance collision. Howeviee
proposed solution has problems for high joint velocitiesements. This disadvantage is characterized by a disaditytin

on velocities and aceleration funtions when the robot isaumghminence of a collision. This paper proposes an algarmith

to smooth the transitions of joint velocities and accelienras. The proposed method is based on polynomial functions.
The proposed solution is verified inf28 R redundant manipulator.
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1. INTRODUCTION

A challenge in robots application in an industrial envir@mis the development of robots able to adapt to the
workplace performing tasks with minimal or no human interti@n.

Robot autonomy requires a capability to perform secondesiyst For instance, a robot has to weld on a piece but also
need to avoid collision with an obstacle in its work volumehaut compromising the welding procedure (Sinetsl,,
2004). For a robot to perform one or more secondary tasks niecessary to have additional degrees of mobility or, in
other words, the robot must be redundant.

Redundant robots are classically defined as robots thatrhaxe degrees of freedom (DOF) than the task requires. If
a task requires a numbeiof movements and the robot permitpossible movements, the redundancy is givembyr,
ie, the robot has — r degrees of redundancy. (Simaatial, 2009)

The literature provides several methodologies for soldingct and inverse kinematics for redundant robots (Sicdi
et al, 2009). These methodologies are mainly based on the pseetdse matrices and null space algorithms. These
methodologies have limitations as metric problems andeénctintrol over the resulting postures for the robot (Campos
et al, 2009).

Some works present numerical solutions for the inversenkaties of robots based on the method of kinematic con-
straint, on the Davies method, on the screw theory and ongke af Assur virtual kinematic chains (Sinetsal., 2009).
These works introduced the concept of error virtual charmpfrrallel mechanisms. This method was applied in practice
on the Roboturb manipulator (Simasal., 2004) and has proved its effectiveness (Simtaal., 2009). However, there
was a limitation: discontinuities in the positions and wities when abrupt changes occur in the strategy of trajiesto

The previous method introduces secondary tasks that avatect under certain conditions of operation. For a change
in the activities in the task operations, discontinuitiemymccur in position and velocity profiles in the joint spaEer
the example here discussed, if a redundant robot, when agpirg of an obstacle, the trajectory generator changes the
strategy of movements of the robot, contouring the obstaictethus avoiding the collision. The changes of operations
implies changing the structure of the Jacobian matrix (Sietal., 2009). The new structure of the Jacobian changes the
directions of velocities on joint space. This abrupt chaofyeelocities characterizes these discontinuities. Thhtt&®n
proposed in (Simast al, 2009) is therefore only suitable for processes with lowogities of the end-effector, such
as most current welding and painting processes. By usingahe strategy in tasks that may require relatively higher
velocities and accelerations, failures and damage may active robot’s mechanical systems. In this case a new form of
generation trajectories should be developed to avoid siscloctinuities.

This paper presents a method for smooth transition in vésdin inverse kinematics algorithms for redundant robots
The proposed methodology operates in offline mode dealiilg thie discontinuities in transitions that occur with the
change of strategy for trajectory generation. The traitsiare then smoothed through the use of parameterized curves
This solution allows to impose positions, velocities andederations at the beginning and at the end of each tranaitio
section. This paper presents the theoretical aspects afeedopment of methodology and to validate the proposal, a
experiment was developed forf28 R redundant manipulator.
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2. Inverse kinematics for redundant robots operating in corfined environments

In robotics, several methods are described in the litegadaaling with obstacle avoidance. Most of them are applied
to mobile robots. In the case of manipulators, the kinensdtiecture of the robot increases the complexity of the gmiut
(Soucy and Payeur, 2005). Among the main methods used drkghited as follows: methods based on potential fields,
methods based on fuzzy logic, and methods based on neunainkst

The methods based on potential fields have been most studibe ipast decade due to its relative simplicity and
efficiency (Soucy and Payeur, 2005). Potential fields, usedbotics, generally consist of fields of attraction, tha¢ct
the robot to its goal, and repulsion fields, which the robcayfvom obstacles. The solution approaches that use these
concepts are very varied, as can be seen in (Muller, 2004)r§guand and Latombe, 1990), (Caselli and Sbravati, 2002)
(Chang, 1996), (Laliberte and Gosselin, 1994) and (Piad§89). Generally these approaches do not offer a solubion f
generic robot architecture (Soucy and Payeur, 2005), merethe characteristic non-deterministic of this methodsl
not guarantee the kinematic control problems (such as kirigies).

Methods based on fuzzy logic and neural networks are morgleonand usually are combined with the use of the
concepts of potential fields, as can be seen in (Soucy, 20&8)ungadi, 1992) and (Tian and Mao, 2002). In (Soucy and
Payeur, 2005) is presented an approach to path planningrpmators with collision avoidance where potential fields
are combined with discrete fuzzy logic. This work used matnio phases: global path planning, which determines the
trajectory of the end effector, and a phase of local plannitgch determines an optimal configuration of the rest of the
manipulator arm to avoid a collision.

A systematic solution to the problem of collision avoidarggresented by (Simas, 2008). This method has limitations
and provided the basis for the solution proposed here inpidyer. The next section presents this method pointing its
limitations and the theoretical approaches for its devaient.

3. Collision avoidance by switching the differential kinenatic model

Recently a method based on the screw theory produced ablsistaution for the treatment of collision for redundant
robots operating in confined environments (Simas, 20089.SEme approaches are also used for the proposed smoothing
method in this paper. The proposed method combines Davidsoch&ith Assur virtual chains and graph notation. In
following we present summarized the screw theory, the Bawiethod, the Assur virtual chains and graph notation.

3.1 Screw theory

The general spatial differential movement of a rigid bodysists of a differential rotation about, and a differential
translation along an axis hamed the instantaneous scresy a&kie complete movement of the rigid body, combining
rotation and translation, is called screw movement or tanst is here denoted iy The ratio of the linear velocity to the
angular velocity is called the pitch of the screw denotetl.as

The twist may be expressed by a pair of vectdrs: [wT; VpT]T , Wherew represents the angular velocity of the
body with respect to the inertial frame ahf) represents the linear velocity of a poiRtattached to the body which is
instantaneously coincident with the origihof the reference frame. A twist may be decomposed into itsnitade and
its corresponding normalized screw. The twist magnitgde either the magnitude of the angular velocity of the body,
|lw]|, if the kinematic pair is rotativeh( = 0) or helical, or the magnitude of the linear velocily,| , if the kinematic

pair is prismatic ff — oo). The normalized screWis a twist of unitary magnitude, i.e.

$=$¢ @
The normalized screw coordinatéss written as:

R s;

§= { Soi X 8; + hs; } @

wheres; = [siw,siy,siz] denotes an unit vector along the direction of the screw axid,vectors,; denotes the position
vector of a point lying on the screw axis.

Thus, the twist in Eq. (2) expresses the general spatiaréiftial movement (velocity) of a rigid body relative to an
inertial reference framé® — xyz. The twist can also represents the movement between twoeadjinks of a kinematic
chain. In this case, twid; represents the movement of linkelative to link(: — 1).

More details of the screw theory and its applications candoed in the following works: (Hunt, 2000), (Davies,
1981).
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3.2 Davies method

Davies method is a systematic way to relate the joint vakxin closed kinematic chains. Davies (Campbsil.,
2009) derived a solution to the differential kinematics tifised kinematic chains from Kirchhoff circulation law for
electrical circuits. The resulting Kirchhoff-Davies aitation law states that "The algebraic sum of relative vidilex
of kinematic pairs along any closed kinematic chain is z¢@&mposet al, 2009). This method is used to obtain the
relationship between the velocities of a closed kinemdt&irt. Since the velocity of a link with respect to itself idinu
the circulation law can be expressed as:

> 08i=0 €)

wheren denotes the number of screw of the closed kinematic chaindaeda vector of dimension equal to twiSt
dimension.
According to the normalized screw definition introducedwadeq. (3) may be rewritten as

> $igi =0 (4)
0

where$ andg; represent the normalized screw and the magnitude of Suisespectively.
Equation (4) is the constraint equation which, in generaltmawritten as

Ng=0 (5)
whereN = [@1 $2 e $n] is the network matrix containing the normalized screws,dilgas screws dependent on
the definition of the circuit orientation (as will be presethiater) (Campost al, 2009), andj = [¢1 G2 -+ §n]iS

the magnitude vector.

A closed kinematic chain has actuated joints, here nameabpyijoints, and passive joints, named secondary joints.
The constraint equation, Eq. (5), allows the calculatiothefsecondary joint velocities as functions of the primaimgtj
velocities. To this end, the constraint equation is reayedrhighlighting the primary and secondary joint velositzd
Eqg. (5) is rewritten as follows:

N, : NS} =0 (6)
ds
where N, and N, are the primary and secondary network matrices, respéctaed ¢, and g, are the corresponding
primary and secondary magnitude vectors, respectivelyatimn (6) can be rewritten as

Npq'p+qu's =0 (7)

The secondary joint position can be computed by integraing(7) as follows:

ot

%@—%@:/

t
O%ﬁ:—Amemﬁ ®)

3.3 Assur virtual chains

The Assur virtual kinematic chain concept, virtual chain $bort, is essentially a tool to obtain information on the
movement of a kinematic chain or to impose movements on ariatie chain (Campost al, 2009).

This concept was first introduced by (Campaisal., 2009), which defines the virtual chain as a kinematic chain
composed of links (virtual links) and joints (virtual jog)twhich possesses three properties: a) the virtual chaipes;
b) it has joints whose normalized screws are linearly indepat; c¢) it does not change the mobility of the real kinemati
chain.

From the c) property, the virtual chain proposed by (Camgiad., 2009) is in fact an Assur group, i.e. a kinematic
subchain with null mobility that when connected to anothieeknatic chain preserves mobility (Artobolevskii, 1978).7

For example, to represent the movements in the Cartesigéensyse3 P3 R virtual chain is used. This chain is com-
posed of three orthogonal prismatic joints (in the;, andz directions), and a spherical wrist, which can be decomposed
in three rotational joints (in the, y, andz directions).
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3.4 The direct graph notation

Consider a kinematic pair composed of two lifksand ;1. This kinematic pair has its relative velocity defined by
a screw'$; (joint 5) relative to a reference framfe. Joint; represents the relative movement of the likwith respect
to the link E; ;. This relation can be represented by a graph, as shown Ry, vifiere the vertices represent links and
the arcs represent joints. The relative movement is alscatet] by the arcs directions. Figure 1(a), for instancg li

E; 11 moves relative to link¥; via joint j.
wtb
>
circuit a

(b)
Figure 1. (a) Movement of link; relative to link £; 1 ; (b) Relation between joint and the circuits andb

Considering the following example, where joijptis part of two closed chains. For each closed chain the ¢ircui
direction is defined (Campat al,, 2009). Figure 1(b) illustrates this case. In a direct maidma graph, if the joint has
the same direction as the circuit, the twist associated th@hoint has a positive sign in the circuit equation (see(B)),
and a negative sign if the joint has the opposite directidiéccircuit. In the example, twist$;, associated with joing
will have a positive sign in circuit equation and a negative sign in circtiéquation.

4. Modeling of the proposed switching differential kinematc model

To develop the method, we initially mapped geometricallygital limits into robot workspace, which it could come
to collide. In the robot is identified a part, region, or plogsielement that has the major possibility to collide witly ah
those mapped areas.

The method of collision avoidance by the switching différ@rmodel introduces two Assur virtual chains:

e Virtual chain attached on end-effector, to impose a trajgcto the end-effector by successive positioning of the
virtual joints.

e Virtual chain attached on any part of the robot kinematidrthi@ monitor and impose (when under imminence of
collision) its position in relation to the obstacle of thenkspace.

The method operates from the construction of two diffeedntiodels. The first modelhf{odel 3 deals with the
computing the velocities of the joints of the robot when ¢hisrno possibility of collision. The second modeiddel 3
deals with the computing the velocities of the joints of tbbat when it is in a kinematic configuration such that there is
a possibility of collision.

4.1 The model 1

In model 1, the collision avoidance virtual chain only monstthe distance between the robot and its area (or point)
of possible collision. In this case the joints that compdkescollision avoidance virtual chain and the joints of tbbat
are characterized as secondary joints. In this model, tiel\sét joints of the trajectory virtual chain are primary.

In the case of redundant robots, additional strategiesldhmuused. An example is chosen a secondary joint of the
robot and impose on it a movement, so this joint was once skexgribecomes primary. (Simas, 2008).

Once imposed on the positions of the primary joints, thetfms of secondary joints are computed from solving the
integral presented on Eq. (8) by numerical methods. In tmelsitions to be presented in this paper, we use the method
of the error Assur virtual chains (Simasal,, 2009).

4.2 The model 2

The model 2 works when the robot enters a particular conditiat indicates a possible collision, for example, when
the distance between a surface into robot workspace andhagionterest in the robot is smaller than a given value.

In this model, according to the operational dimension otspare actuated one or more joints of the collision avoid-
ance virtual chain with objective of removing the robot fraoilision.

Similar to model 1, the joints of the trajectory virtual chaire primary together with the actuated joints of the cioltis
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avoidance virtual chain. The joints of the robot and thetgpiot actuated of the collision avoidance virtual chain pose
the set of secondary joints.

Using Eq. (7) are computed the velocities of secondary gnat using Eqg. (8) (by numerical method) are computed
the position of the secondary joints.

4.3 Operational aspects of the method of switching differeiiel models - Abrupt switching method

The abrupt switching method works by switching between ftifferéntial models. For each desired position and
orientation for the end-effector, according to the trajegtthe condition of collision is checked. If the conditiof
collision is negative, that is, the robot is not under immineollision, we use a model 1 to compute the robot joint
velocities. If the condition of collision is true, that i\ robot is under imminent collision at some point in workspa
we use the model 2 to compute the robot joint velocities.

In each model are used together sets of different primargacdndary joints, which differentiat@g, and N, matrices
for each model (see Eq. (7)). The consequence of this syrasaat the velocities computed for the joints in a traosit
from model 1 to model 2, and vice-versa, are generally digcoous.

The discontinuity in the velocities of joints results in apt movements of the robot structure. Depending on the
magnitude of velocities variations (resulting accelena)j failures can occur in mechanical elements, such asysjll
gears and belts.

This method is useful in applications where operating vigkxcare relatively low, eg in the welding process.

But for higher velocities the method does not apply. For aiglelocities it is necessary smoothing these transients.
This was the motivation for the method proposed in this papee next section presents the new method.

5. Method for smoothing of transitions of differential kinematic models

To solve the problem of abrupt switching between systemsaaod discontinuities, was developed a method for
smoothing these discontinuity.

Firstly it is defined intermediate steps to control the mogemie, steps that perform the smooth transition of the
operation monitoring to the collision avoidance operatiod vice-versa.

Each step of the motion can be defined as a condition of movieofi¢he kinematic chain. To have a smooth tran-
sition between conditions, either in approximation or thevenaway the obstacle, it is necessary to define four differen
movement conditions. The four conditions of motion are:

Collision monitoring;

Input transition;

e Avoid collision;

Output transition.

The conditionCollision monitoringrepresents the moment where there is no sufficient appraximaf the obstacle
to cause a collision. This condition represents the salutfcthe system as if do not exist obstacle.

During the Collision monitoringcondition is necessary to make a prediction of a collisidrecking if there is a
possibility of collision if the movement continues its natlucourse, in other words, the prediction of collision déte
whether certain part of the robot is moving on direction & tbstacle, on a collision course.

Once we set the distance limit between a part of the robotlamastacle is possible, by anticipating the collision,
detect when the part of the robot body beyond this distamai. li

When this limit is exceeded it is necessary to take some atctiavoid collision. In the method of switching differential
models, a set of joints of the collision avoidance virtughichwere locked preventing the movement of the robot toward
the obstacle. This action causes the motion discontirsuitie

To smooth the discontinuity, the conditidnput transitionmakes the smooth transition between the operation of
monitoring operation and avoid collision. The input traiasi imposes a smooth movement for all joints of the collisio
avoidance virtual chain, in such a way that does not occaodignuity on its velocities and accelerations.

The condition must spend enough time for smoothing the memtiand does not generate accelerations and velocities
on the actuators that exceed predetermined limits.

Defining the moment of collision detection @sand the time interval during the transitiof,,,s as input, we can use
a polynomial interpolation between the instahtandt; + ¢;,..,s t0 CONstruct a trajectory to remove robot from collision
condition. The polynomial interpolator must ensure théofeing specification:

e Initial positions, velocities and accelerations, at insta, of the joints of the collision avoidance virtual chain to be
actuated,;
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e Final positions, velocities and accelerations, at instant ¢,,..,,5, Of the joints of the collision avoidance virtual
kinematic chain to be actuategt:rans) = Qiim, §(ttrans) = aNd§(tirans) = 0, wheregqy;,,, is the joint position
where the robot keeps on limit distance from obstacle.

So, for each joint actuated we have six parameters to bedsdhitial and final positions, velocities and accelerasion
In this sense, &' order polynomial provides these specifications at the lmggnand end of the input transition.

At the end of the input transition condition we passtimid collisioncondition. In this condition, the magnitude of
the joints of the collision avoidance virtual chain rematims same as the end of the transitign,{).

This action prevents the robot entries into the region disioh. At each step of solution of the inverse kinematics,
it is checked if the robot configuration is setting outside limit of the region of collision. This characterizes thetamt
detection of obstacle clearance.

The conditionOutput transitionmakes the smooth transition between the movements of tted oobavoid collision
condition and the monitoring condition with aim to avoidabstinuities in joints velocities and accelerations ofrbigot.

The smooth movement of the joints are obtained through anpatyal interpolation, where the position, velocity and
acceleration are used as boundary conditions of the poliaiorin this case, we can not uses#* order polynomial
because the final position of the joints of the collision aewice virtual chain in the output transition condition isles
termined. In this case we uset&" order polynomial, where we can provide five boundary coadgj which are: the
position, velocity and acceleration at the instant of exinf the obstacles and the velocity and acceleration at tti@en
the output transition.

As the input transition, output transition condition stibbk long enough for the smoothing of movements does not
generate accelerations on the actuators that exceed agraded maximum. Defining the moment of detection of exit
from obstacles as and the time interval during the transition,...s as input, the polynomial interpolation should occur
between the instants andt; + t4,qns-

At the end of the output transition condition we return tdis@n monitoring condition and the cycle begins again.

Mode details of this method can be found in (Cruz, 2007).

6. Differential kinematic model using P3R planar redundant robot

To validate the method of smoothing transition of kinematiedels was used B3R planar redundant robot (Simas,
2008). This robot represent a planar form of the Roboturlopype (Simat al,, 2004) .

The P3R planar robot is a redundant robot with 4-DOF composed bysaaiic joint, perpendicular to theaxis of
the reference coordinate system (coordinate system ofatbe) band three rotative joints with rotation axis paratehis
samez axis. TheP3R robot will execute a task avoiding the collision with a olot#anside its workspace.

In the differential kinematic model, was added a virtualioh@ R R) to control the end-effector and generate the
trajectories and a virtual chaiR( R) for avoid collisions.

The avoidance collision virtual chain is connected in thedthody of theP3 R robot, the link2, in opposite positition
of the joint B, in the region callectlbow This body can collide with obstacle during operation. Thseof the virtual
chain is fixed on the collision point in such way that the pasimjoint (joint pr) always is aligned between the obstacle
and robot’s elbow. When the elbow is closer to the collisiompoor entering into a collision region, the joipt: is
activated driving the elbow away from the collision limitsigure 2 depicts the complete kinematic chain including the
virtual chains.

rz

circuit 1

& :
0 B
. Py
. . 5
PPR virtual chain

pX
Figure 2. Complete kinematic chain
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where toP3R: A is the prismatic joint3, C and D are the revolute jointg) indicate the link of the base and2, 3 and
4 are robot links; to trajectory virtual chaipx, py andrz are the joint and the link§ and6 its links; and to collision
avoidance virtual chainrz,, pr andrz, are the joints of chain and links and8 its links. Circuit1 and2 define the
orientation of each closed loop chain in accordance witlDiiges method.

In agree with the kinematic presented on Fig. 2 we have tot@insequation the Eq (9):
4 S8 3¢ $p 0 0 0 =3, =% 8,y
A $B O 0 _$T21 —$p7~ —$7=Z2 0 0 (9)

> >

N =

q: [ CJA qB C]C qD Cj'r’zl q.pr q-TZQ Q'r‘z (jpcr (jpy ]

where$A, $B, éc and@D are the screws of th€3R robot; $m, $pr andém2 are the screws of the collision avoidance

virtual chain;$m, $pz and $py are the screws of the trajectory virtual chair, ¢z, o and¢p are magnitudes of the
velocities of theP3 R robot; ¢, ., , ¢, andg.., are magnitudes of the velocities of the collision virtuaith ¢, 4,, and
¢ are magnitudes of the velocities of the trajectory virtuaio.

From the constraint equation are extracted the networkasiriV,,;) and secondaryXs;) matrices for model 1 and
the network primary §/,2) and secondary/Y,,) matrices for model 2.

Equation (10) shows the network matrices for model 1, or tfierdntial kinematic model when there is no collision
imminence.

N,

pl =

&> >

A 0

A _G:BTZ _G:Bpw _$py Ny = $B C AD AO 9 AO (10)
0 ° $5 0 0 —$... —$,, —S..,

Note that in model 1, we choose impose a velocity to prismatit of the P3R robot, and for that reason the screw
of the joint A is considered primary.

Equation (11) shows the network matrices for model 2, or ifferdntial kinematic model when the robot is under
imminent collision.

~$,. %, —$ 0 $4 S5 Sc $p 0 0
N — P PY Y Ny = | - N . N 11
»2 [ 0 _$pr] ? [&4 $B 0 0 _$rz1 _$T22] ( )

Under imminent collision, the joint virtual- is activated to push the elbow of the robot P3R out of bounesebion
of collision. For this reason the screw of this joint is shawithe matrix/V,,».

7. Final results

The method was validated in a experimental application wthe P3 R prototype held a circular trajectory.
To this simulation we use the following specifications:

e P3R redundant robot

Length of the linksl, 2 =2 m;
Length of the link3 = 1 m;
Displacement of the joind : m

Displacement of the joinB, C' and D : radians
e Desired trajetorysemi-circle

— Position:

_ 4 + 0.5cos (lt) (T T
pa(t) = 0.9 + 0.6sin (2%5) m Pq = (3 — 0.4sin (275)) rads (12)

— Number of loops = 0.5 (for best viewing results)
— Experiment time = kec

e Obstacle:

— Center position: coordinates (2.1, 31b)
— Radius: 0.8n
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For purposes of comparison, was also implemented the meth&aditching of models (abrupt switching) discussed
above in this paper. The objective is to evaluate the diffegs in the profiles of trajectories of the joints and perfamoe
of the robot during task execution.

The figures in following depict, and comparing, the resulte joints position, velocity and acceleration for tR8 R
robot. The resultant profiles are highlighted to the abruptching of models and the smooth switching model proposed
in this paper.

Figure 3 depicts the profiles of positions of the joints whpplid the abrupt and smooth switching method.

Position of the joint A i Postilon of the JoInt B
g A
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Figure 3. Position of the jointd, B, C'and D

It can be seen in the Fig. 3, which in the beginning of the dpmrahe robot is in the monitoring condition from
instant O until time 0.276ec. Following the robot enters in the input condition and reman this condition between the
times 0.276sec and 0.609%ec. The condition for avoidance of collision occurs betweesntimes 0.60%ec and 0.755
sec. Soon after, the robot leaves the collision by output caolibetween the times 0.75%5¢ and 0.788sec, so it comes
back in monitoring condition until the end of the experiméertiese times are indicated in next figures

Figure 4 depict the profiles of velocities of the joints wh@pléed the abrupt and smooth switching method.

Velocity of the joint A Velocity of the joint B
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Figure 4. Velocities of the jointdl, B, C'and D

Figure 5 depict the profiles of accelerations of the jointewhpplied the abrupt and smooth switching method.
Figure 6 shows the profile of the position, velocity and ae@glon of the joinipr of the collision virtual chain. The
results are presented only for abrupt and smoothing swidgHiighlighting the segments of the position curve where it
was applied thé*" order polynomial interpolation. Note that the jopnt leads and hold the position of tHe3R elbow

with distace 0f).8 m from the obstacle.
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Figure 6. Resultant position, velocity and acceleratiafif@s for the virtual jointpr

With respect to Fig. 6, it is important to note that was notvamthe profile of the acceleration with abrupt switching
for collision avoidance. The fact is that, at time 0.229, the acceleration assumes a peak with a value 422,05 (At
this point a discontinuity occurs in velocity of the joimt) and graphically the resultant profile does not contribatart
effective comparison of accelerations.

The results of the inverse kinematics obtained in a experiahéest comply with the expectations, where the transitio
motions was smoothed during the collision avoidance.

The results demonstrated the efficiency and applicabifithe proposed methodology, making it an interesting tool
for project of trajectory generators for robots that operatconfined environments.

8. Conclusion

This work presented a new method of collision avoidanceddundant robots that allowing the robot to avoid obsta-
cles without causing discontinuities in the magnitudessojaints. Furthermore, the methodology is also based onghe
of the screw theory in the Davies method, the use of Assunalithains and the method of kinematic constraints. The
methodology uses a systematic method of solving inversenkatics that can be applied both serial or parallel robots.
The proposed collision avoidance methodology allows tdratiie robot control system in two different ways: with
the robot out of a collision condition and with the robot inniment collision. The methodology smooths switching
between the motion control systems, preventing discoitigsuin the magnitudes of the velocities and acceleratains



Proceedings of COBEM 2011 21st International Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

the joints of the robot during the obstacle avoidance, witlahange the performance of the main task.

The method was applied experimentally if&R redundant robot, which were obtained relevant results.de@tion
from the obstacle was conducted smoothly without geneagaliscontinuities in the magnitudes of the joints.

Itis understood that in a real application, applying theigbswitching method, vibrations could occurs in the suiet
of the manipulator, during the collision avoidance. Thebeations would be reduced if used smooth switching switghi
The results indicate the importance of smoothing of theatiBouities and the application of the methodology in pcact
The next step will be apply the method of smoothing discaiities in a real spatial robot.
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