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Abstract

A simple collision detection method for a
flexible link manipulator is proposed. The method only
requires two strain measurements to determine the
position of a collision wittthe flexible link. Equations
which relatethe force and position of contact to the
strain at two points in the flexible link are derived
assuming the link is at static equilibrium. Since the

when any point of itarm is near ambject. The major
drawback ofthis approach is that itequires large
amounts of processingower and isfairly complicated.
Another method tagive the robot a sense of touch is
through theuse of flexiblelinks with straingauges. In
[8,9] a system formeasuring the position of contact is
developedwhich usesforce and moment information
provided by a force/ torque sensor. In [5] a sesgstem
is proposed for a mobile robot which irsspired by the
antennae of an insect. The sensor iflegible beam

flexible robot is actually in motion, one needs to examine Which is actuated at one end. When &mennacomes
whether these relationships are accurate enough in a into contact with an object the actuator continuesitoe
dynamic scenario to be useful Thus the expressions arethrough an angle so thatcantact force igenerated. By

verified on a robot through collision tests, and used to

measuring the torque at a point on tieam as well as

successfully locate an encountered object so that a path the angle the actuatamoved after the collision was

can be planned around it.

1 Introduction

As robotic technologynatures, the requirements
for speedand efficiency increase. Up untilnow the
increase in productivity provided by robolss been
sufficient, but to further increagais productivity, novel
ideas arenecessary. Currently one thfe limiting factors
of robots isthe need towork in a highly structured
environment. This restriction is required frevent
collision with objects in the robot's workspace. In
particular, thisoften precludeshuman operators from
being inside thevorkspace. In somsituations itmay be
helpful, or necessary, forlmumanoperator to be iclose
proximity to the robot.

There aretwo main ways togive a robot the

knowledge it needs to operate in an unstructured

environment. The first method is tse a vision system.
The shortcoming of thissolution is that it is often
difficult to guarantee thagvery possiblgoint of collision
will be in thefield of view of the camera, particularly in
an unstructured andynamic environment. Theecond
method is to givehe robot a sense of touch. [8,3,4] a
proximity sensing skin islevelopedwhich covers the
entire robot arm. Thesystems allowthe robot to know

detected, Kaneko is able to determite position of
contact on theantenna. As in this papdahese methods
look atthe static caseDynamic effectsare taken into
account in [10] which measures tfieequency of the
fundamentamode of vibration to determirnt@e collision
point. However theyrequire the addition of a mass at the
end of thebeam to be able to uniquely determine the
contact position from the frequency measurement.

This paper presents a preliminafgasibility
study to provide a robarm with a sense of touch. The
method uses a flexiblénk robot, andtwo strain gauges
to determine the magnitudend position of an externally
applied force. A simple static model tfie beam is
proposed, from which equatiomslating the magnitude
andposition of an appliefbrce tothe strain in thddeam,
are derivedThis isfollowed by a brief discussion of how
the equationswere implemented to allow collision
detection.

Sincetwo straingaugesare necessary to control
the firsttwo modes ofvibration in theflexible link for
unconstrained movementbge collision detection method
proposed inthis paperdoesnot require the addition of
any sensors. A static model die beam was chosen
because irthe future this method is to lextended to a
robot whereall the links areflexible, allowing the
detection of a collision with anpart of therobot. If a
more complex model dhe beam was used it mayot be



possible to extend it tthe multilink caseDue to the
assumption of static behavior, it is extremiehportant to
verify experimentallythat this approach ifeasible.This
paper shows data confirmingthat this technique is
plausible.

It should be notethat theflexible nature of the
links is essential to thisnethodology.The algorithm
presented hergvould not work well for a typicalrigid
robotmanipulator as itvould be extremely difficult for a
collision, especiallywith a humanoperator, to create a
measurable strain. This safdtgizardmakes it impossible
to allow humans inside the workspace of a rigidot. By
using the method presented in this paped aflexible
robot it will be possible to allow robo&nd humans to
work in close proximityThus in addition to theisually
accepted advantages of flexibdiek manipulators, e.g.
speed, low cost and compliance, one can now add safety.

2 Modeling

In this section a basic model tfie flexible link

is developedThe goal of thismodel is to providevery
simple relationshipdetweenthe force and position of
contact with the strain at specific points on the beam. The
following model considers a beam which is in static
equilibrium. There is one externfdrce appliedand its
magnitude is small enough #wat thedeformation of the
beam from its rest position ismall. Furthermorenly

forces in the y direction are considered in this
preliminary investigation.
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Figure 1-Cantilever Beam

As shown in Figure 1, thdlexible link is
modeled as a cantilever beafihe environment exerts a
force F, on thebeam at a positior. At pointA a strain
gauge is mounte@nd inFigure 1 thebeamhasbeen cut
here toshowthe momentand sheaforce present at the
strain gaugeSince only appliedorces inthey direction

are being considered, ttiellowing two conditions must
be met for static equilibrium,

> F, =0 > M,=0
Now equation (1) must hold for eachtbie two pieces in

Figure 1. Taking theight handpiece it is possible to
write,

1)

Y F,=0=F,-Vo,=V,=F, (2)
and
ZMat_A:Fe(X_a)_ Mpo=0 3)
Ma =F.(x—a)
From [6],
&, El
My = ac 4)

where g, is the strain at poinA and c is half the
thickness of the beam. Thus by combining equations (3)
and (4), arexpression fothe appliedforce interms of

the strain at poinA is found.
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If a secondstraingauge is placed at a different position
on the beamB, then a similaexpression fothe external
force can be written in terms af. Finally by equating
thesetwo expressions fothe force, it is possible tgolve
for the position of contack,

g.b—g,a
X = a b

(6)

Ea = €p

These expressions could be extended to account for the
acceleration of thebeam by using D’Alembert’s
Principle. Thiswould mean that thesummations in
equation (1)would nolonger be equal to zero, which
would change equations (2) through (6). vsll it would
be necessary to know what sidetloé beam’s center of
massF, is on.

Equations (5) and (6) are very simple
expressions forthe force and position of a collision
betweenthe flexible link and an externabbject. They
will be used inthe following sections to implement a
collision detection systenand allow the robot to plot a
simple trajectory around the object.



3 Implementation

The experiments described below were
implemented on a 5 baobot as shown in Figure 2. The
parallelogram structure of threbot isrigid, however the

part of link 4 extending past link 1 is made of 1/4" square

aluminum, and is 1m long, making it very flexible.
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Figure 2- Five Bar Robot

Attached to this link arénvo sets ofstraingauges sohat
the position of an externdbrce can be determined.
Thesestrain gaugesare situated at 1.5 cieind 21.6 cm
from the point wherdink 1 and link 4meet. The entire
system, robotand strain gauges, is controlled and
monitored by a single 486 computer. The digital
controller uses a sample time of 5ms.

3.1 Static Tests

To determine the accuracy of equations (5) and

(6) some static tests were performed the robot of
Figure 2. A knownforce wasapplied to thebeam at
various known locationsand strainmeasurementsere
taken. Equations (5)and (6) used thesestrain
measurements to get the calculatedues of force and
position. The results of these tesfer two different
forces, are shown in Figures 3 and 4.

Figure 3 showshe results okeveral tests. The

suitability of a robot forhuman interaction can be
determined.
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x's represent the actual force applied and the +'s represenfigure 4 shows the error in calculated position (using (6))

the force calculatedusing (5). The results arplotted
versusthe position on thédbeam wherethe force was
applied with 1m corresponding to the tip of tiexible
link. It is quite clearthat (5) doesnot yield an accurate
value for the appliedforce. The error can in part be
explained by the deformation of thHeam due to the
externalforce. Sincehe derivation of (5) required this to
be small, as the deformation increases,b@omes less
valid. Fortunately for application tdhe problem of
collision detection theforce is not strictly required.
Equation (5)does however give aidea of the magnitude
of the applied forceand can thus besed to indicate how
much force is generated by a collision sthat the

versusthe position of the appliedorce. These results
show that it igpossible to get an accurate measurement of
the collision point. This is important so thatvalid
trajectorycan be made to go around ttietected object.

As expected, the error gets larger as the applied force gets
closer to the tip.

3.2 Collision Detection

When the flexible link is moved through a
motion withouthitting an object, it will vibrate. These
vibrations will causestrain in thebeam which will be



measured by thetrain gauges. If the readings of the
strain gaugesare applied to (5and (6) a position and
force will be calculatedWhile no collisionhas infact
occurred, the vibrations hagaused a deformation in the
beam. The calculated positicand force represent an
external force which would produce the same
deformation in the static case.

Since (5)and (6) cannot distinguistbetween
strainscaused by a collisioand those caused by beam
vibration someother criterion must be used to determine
when a collisiorhasoccurred. In [7], Richter eal. use a
flexible robot for forcecontrol. To detect a collisiothey
simply wait until the measuredorce exceeds @re-
specified threshold. In this paper, itvas decided to
instead wait forthe first time derivative of thstrain to
exceed a prespecifigdreshold. Figure g8howsthe value
of the first derivative of strain vs. time. Thabot collides
with the object just after 500 sample periods. As the
graph shows, there is a significant spike in th&rain
derivative during a collision.

4 Dynamic Tests

The equations of section 2 are static where as the
robot is a dynamic system. To verifyat thestatic results
are valid in this dynamic situation thefollowing
experiment was conducted.

To demonstrate théasibility of using (6) for
locating the point of collisiometweenthe robot and an
object, asimple experiment was sap. The 5 barobot
described in section 3 was commandedntave the base
motor from 0 to -1rad. Eachjoint on therobot was
controlled with a rigidbody PID controller (i.e. the
controller was designeaissuming no linklexibility). An
objecthadbeen placed itthe path of theobot sothat a
collision would occur.

When the collisionwas detectedusing the
method described in sectid2 thefollowing algorithm
was executed to allow the robot to go around it.

1. stopthe arm

2. use equation (6) to gehe position of the
collision

3. assumehat theobject occupies aareaenclosed
by a semi-circle with radius 5 cm centered at the
point of contact

4. backthe armawayfrom theobject bysetting the
reference point ofhe base controller t®.1 rad
more than the current location

5. transform the position of contact to thebot's

base coordinate frame

6. usethe robot's inverse kinematics to calculate
the side motor angles required to let the tip of
link 4 pass by the object

7. move the side motors to the new positions

8. resume the original base movement

9. when the tip of link 4 is past thabject, restore

the side motors to the original values

Since the current experimental apparatus isabd¢ to
detect longitudinal deformations tie flexible link, the
robot is unable to detect collisiomsiring this restoring
motion (step 9). For thgystem to be truly operable in an
unstructured environment sensors will have to be
installed to detect these longitudinal deformations.

In Figure 5, thébaseandleft motor angles for a
collision testare presented. THease travels from 0 to -1
rad while theleft motor goes from approximately.5 to
2.0 andback tol.5 rad. The time of collign is indicated
by the vertical line on thgraph. It ispossible to see in
this figure how the robot backsoff from the object and
then theside motorsaaremoved sahat theobject may be
avoided.
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Figure 5-Base and Left Motor Angles
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In Figure 6, the result of equation (6) is preseriteda
dynamictrial. While theflexible beam is moving in an
unconstrained environment, it will vibrate. These
vibrations defornthe beam from its rest position. ¢inly
the firstmode of vibration is considered, it is possible to
construct an externdbrce which will generate thsame
beam shapeThe position ofthis force iswhat equation
(6) calculategluring unconstrained motioand isshown
on Figure 6.However around the 600th sample the
position value settles down brieflEomparing this with
Figure 5, it is possible t@eethat this iswhere the
collision hasoccurred. Since the time of contact with the
object is fairlyshort the time axis of Figure 6 hhsen



expanded to show more clearly the time of implslotice
that while the beam is in contact withhe object, the
position estimate is not a constantvazuld be expected.
There areseveral factors which caugbe oscillations
present in the position readirduring contactLargely,
however, it is due tahe beam bouncingoff of the

5 Conclusions

This paper presented agffective yet simple
method to allow a robarm tosafelyinteract in asome
what unstructured environmentTwo very simple
expressions were derivadhich allowedthe magnitude

contacted object. To overcome these errors, the position isand position of an externdorce to be calculatedsing
calculated 20 times and then averaged.
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Figure 7 showshe first time derivative of thetrain as
measured by the firsitrain gauge. The largeegative
spike just after 500 sample periods occurs wherrobot
hits anobject. The oscillationdeforeandafter this point
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represent vibrations in thbeam due to itdlexibility.

This graphclearly showsghat it is possible to determine
the time of collision by looking at the first tingerivative
of the strain, as was proposed in section 3.2.

only two distinct strainmeasurements on thiek. While

the model used to derive these equations wasy
simplistic, the resultsvere verified byperforming static
and dynamic tests on a physical system. While some error
was present, the resultsvere accurate enough to
sufficiently locate an object sthat a pathcould be
planned around it. This was shown in section 4.

The results presented in this paperere
intended to demonstratepaoof of concept only. Clearly
much morework is necessary fothis procedure to be
used in a truly unstructured environment. Whileftiree
measurement is accurate enough fbe application
presented here, it must be made more accurate if this
concept is to be extended to forcentrol. Another
important changénvolvesthe consideration dbrces of
arbitrary direction. Currentlyonly forces in the y
direction (see Figure 3re considered. It &irly easy to
extend these concepts teeasuringorces inthe x andz
directions. Forces itthe z direction can be measured in
the samemanner aghose in they direction by simply
using two strain gauges on the-y face of the beam.
Forces inthe x direction are mordlifficult to measure
and requiresomemanner of measuring the axgiltess in
the beam.

Currently avery simple algorithm isused to
navigate pastbjects inthe workspace.With a truly
unstructured environment a more sophisticated algorithm
needs to be used for obstacle avoidance. As well, the
currentrobot can only detect collisionsvhich occur on
link 4. It is possible, of course, for other parts of iblgot
to come in contaawith anobject. Conceptually it igery
simple to imagine addingtraingauges tall links, thus
allowing therobot to detect collisions on amart of its
arm. Howeversince a rigidlink would generate a large
amount offorce beforethe collision was detected, it
would be necessary to have a robotwhich all links
were flexible.The simplicity of the results ithis paper
should ease¢he extension of theseoncepts to a multi-
link flexible robot.
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