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Abstract—In the framework of physical Human-Robot In-
teraction (PHRI), methodologies and experimental tests &
resented for the problem of detecting and reacting to colBions
etween a robot manipulator and a human being. Using a
lightweight robot that was especially designed for interative
and cooperative tasks, we show how reactive control stratégs
can signi cantly contribute to ensuring safety to the human "
during physical interaction. Several collision tests werecarried b3
out, illustrating the feasibility and effectiveness of theproposed 1

approach. While a subjective “safety” feeling is experiened by ki

users when being able to naturally stop the robot in autonomas G
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motion, a quantitative analysis of different reaction streegies

was lacking. In order to compare these strategies on an objaee

basis, a mechanical veri cation platform has been built. The

proposed collision detection and reactions methods proveot
work very reliably and are effective in reducing contact forces
far below any level which is dangerous to humans. Evaluatios
of impacts between robot and human arm or chest up to a
maximum robot velocity of 2.7 m/s are presented.

.

=

idsd

Fig. 1. Investigated human body parts considered in our warkhead:
A physical collision detection and reaction is generallyt able to reduce
impact forces for the head, see [1]. Therefore, we will nothfer discuss
this issue. 2 neck: The benet for the neck is shown in Sec. VI-&

chest: Experiments described in Sec. VI-E prove the rediatif impact

|. INTRODUCTION forces for the chest4 arm: The arm can be effectively protected as veri ed
in Sec. VI-E.

Physical human-robot interaction and cooperation has be-
come a topic of increasing importance and of major focus in
robotics research. Tasks unifying the workspace of humai

n 1 A . . 5
and robots, which are most common in service applicatio RIIlI+. This is because the investigated hard robot-head

and also foreseeable in close future industrial applioatio pacts last only about 4-10ms, leading to the observation

will require safe and dependable robot design and contr& at one is not able to revert the motors and extract theikinet

- ; : ergy from the robot within this short impact duration. On
Sci;]rirsaslga.thls leads to two main concerns which have to l} e other hand, the analysis of impacts with softer bodyspart

. f the h bodv h bsol . which are intrinsically slow enough to react on, has to be
1) Protection of the human body has absolute main prisarried out as well. As a contribution to a future “safety
ority. Beside preventing collisions by monitoring robotmapn this will be one of the main aspects of this paper.

execution with external sensors, we are interested Nefge ody parts that will be treated here are shown in Fig. 1
in reducing the effects of undesired impacts that Ma¥shaded red).

anyway occur. . . In our previous work in [10] the focus was layed on
2) Protection of the robotic structure needs also Spec‘%eory and some preliminary evaluation of the presented

focus since this directly affects the prospects to effeGg|jision detection and reaction. In this paper the extamsi
tively react to collisions. _ of the theory and an evaluation of the measurable benet
Naturally, an enormous variety of potential threats folhbot optained by the collision detection are the topics of inter-
parties exist during close cooperation. Work that has beeft. The collision detection mechanism proposed in [10],
carried out up to now in the eld of physical human-robotwhich provides a ltered version of the external collision
interaction was mainly based on simulations [2], whereas iforque ¢, , along with improvements concerning detection
the context of robotics, blunt impacts were rst evaluated i sensitivity and alternative detection schemes are predent
[3], [4]. Further aspects concerning safety in human-robeind compared to each other. The signals produced by these
interaction were discussed in [5], [6], [7], [8]. To the bestorque estimators are used for various collision reaction
of our knowledge attempts to investigate real world threaisirategies. In particular, they will serve for a new methéd o
via impact tests at standardized crash-test facilities ws®l scaling time increments in the trajectory generation, Wwhic
the outcome to analyze safety issues during physical humagitows the user to push the robot intuitively forth and back
robot interaction were carried out up to now only in [1].along its desired path even though the robot is still under
In particular, it was shown that even with a perfectly fastzépsition control. Together with our collision detectiondan
physical collision detection and reaction scheme one woul@action schemes, this new method gives us the possibility

not be able to decrease the resulting injury indicators fap distinguish between two fundamental types of physical
very rigid head impacts at link inertias similar to one of th@nteraction:

nominal condition: desired physical interaction with
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the robot;
fault condition: unexpected collisions, possibly causing
injuries.

1At the German Aerospace Center (DLR), the DLR Lightweighb&dll
(LWRIII) has been developed, which is a robot arm especigilgracterized
by its low Weiﬂht, a load-to-weight ratio similar to humarand torque
sensing in each joint [9].



An appropriate distinction between these cases and an ade- ext o )

quatéD Iraeagtion to them is needed to achieve high performance S S — Rlgid body dynamics, e (__,
during physical human-robot interaction and to prevent un-
necessary interruption during task execution.

All reactive control schemes were implemented and tested
on the exible-joinf robot LWRIII, giving the manipulator
the ability to respond in a comfortable fashion to unintehde
impacts as well as to intended physical cooperation.

To compare the detection and reaction strategies on an
objective and repeatable basis, a mechanical veri cation
platform was built which consists of an adjustalildOF
mechanical impedance. It is used to point out the major
differences between the evaluated reaction schemes and to
show their intrinsic drawbacks and limitations as well. The
benet of the presented collision detection and reaction
schemes will be illustrated by real impact measurements wit
a crash-test dummy, a collision test-bed, and a human user.
The. Obtamed reS.U|tS mdl.cate that such schemes can plé&. 2. Block diagram of the disturbance observer, estingati 1st order
a signi cant role in ensuring safety to the human operatofiered versionf of the external torqueex: . The nonlinear feedback term
during physical human-robot interaction. Furthermoraeyiit (a;0) isdened as (q;@)= C(q;@)a+ g(q) M(q)a.
be showcased how the collision detection and reaction can
help to prevent damage to the robotic structure and thus
additionally contribute to an increase in safety due totfaulne angular momenturp = M (q)g, as proposed in [14]
protection. and [15]. It can be shown that the observed disturbance is a

II. THE LWRIII: ROBOT AND CONTROLLER com_ponent—wise Itered version of the real external torque

The LWRIIl is a 7-DOF lightweight robot with:1 m " ,
reach, exible joints (due to the use of harmonic drives ,; _ 1 _ K§ i 8i 2f 1 na
and joint torque sensors), and was explicitely developed ~ gTi 1 &t~ g4 KL ext ext Ol »+5 NG
for the direct physical interaction and cooperation with © © (4)
humans. It has a total weight and nominal payload4kg. K can also be interpreted as the lter constahy =
Furthermore, it is equipped with joint torque sensors irheac)=k i of the ith external joint torque signal component.
joint, enabling a direct interaction along the entire rabot Furthermore, left = [,rl:::r\n]T be the estimation of the

:gggm;% [Iig]r_ this robot, the following dynamic model is external torque which is used as a collision detection $jgna

GH)

Ay
D—s 1 7}—i p=M@a

D

O Observer |

meaning
M(a)g+ C(a;a+ g(@) = + ex @) . i
B+ = m  f @ cp = é lei" 1> Foe (5)
=K( o) ®3)

M(q) 2 <" " is the link mass matrixC(q; g 2 <" " Mt > Oisthe coIIision_thresho!d for thigh axis, which was
the Centrifugal and Coriolis matrix ang(q) 2 <" the Chosen to be equallp:l may , i.e. 10% of the maximum
gravitation vector. andq 2 <" are the measured motor NOMinal torque of the robét The main sources of errors
position and the link position of the robot.and ey 2 <" limiting the detection threshold for this approach are the

are the (elastic) torque at the joints and the torque resulti Mode! errors and the sensor noise (torque and numerical
from external collisions. , 2 <" and ¢ 2 <" are the velocity estimation). By choosing a slow Iter constant for

motor torque acting on the motor inerta and the friction £ the noise can be reduced at the price of some detection
torque.K =diagfkig 2 <" " is the positive de nite joint delay.
stiffness matrix. B. A-Observer

The measurement of the joint torqueallows a uni ed - - .
control framework for position, torque and impedance con- For a commanded motor trajectory with smooth derivatives

trol for the LWRIII since an additional state measurement i%:)rr\]tl%rl]lzrr Oitrczgnagg gs\sl\lljeru e%a{ﬁ;ntetenzed effective position
introduced [13]. Switching between these control modes | '

done within one sampling step (currenflyms). s q; (6)
I1l. CoLLISION DETECTION whereqq 2 <" is the desired joint position. Thug,and its
A. f-Observer derivatives can be approximated loy and its derivatives.

An estimate of the external joint torque due to collision is
iven by combining the expected joint torque computed by
ilizing (1) in the absence ofe =0

The rst collision detection scheme is the disturbanc
observer introduced in [10], see Fig. 2. In the upper part t
rigid body dynamics eq. (1) is sketched and the lower one
represents the actual observer. This can also be intedmste  ~(qq; qq; ®q) = M (qq)®s + €(da;a9)qg + 0(qq)  (7)
a Hamiltonian observer, since its basic concept is to oleserv . - .

with the measurement of the joint torque This leads to an

2 this context the exibility of the joint is caused by the mpliance ~ €Stimation of the external torque

of the lightweight design, the Harmonic Drive gears, and jtiet-torque A _ A .

sensors. ext = ext - (8)
SFor details concerning the full design of the robot, pleasferrto [9]

and [11]. 4Current implementations allow even a threshold of 3-5%.



Mm;€&2<nn andg 2 <" are models of the mass, Coriolis as the link inertia, thus obtaining an even “lighter” robot.
and gravitation terms. Collision detection is based again dStrategy 4: Use the estimated external torque to implement
(5), except for the substitution éfby "k . A major benet an admittance controller. By de ning the desired velocity i
from this approach is that only the joint torque sensor noisthe opposite direction of the external torque estimatiotihe

is present, which is considerably lower than for velocityrobot “ ees” from this disturbance.

Errors introduced in this case are again the model error as
well as the error made by assumption (6). Therefore, this
approach performs better for a stiff position controlledan
pre-planned trajectories with smoath, while for a very soft
impedance controller or for non-smooth desired positions "Pushing interpolation time back and forth”
(e.g., generated online from a vision system), the detectio
scheme from Sec. Ill-A is more advantageous.

V. TRAJECTORYSCALING

Planner Fext
——

C. Coping with the Robot Model Error

Status Via points

Both of the above collision detection mechanisms use a i \exl
collision threshold which should be small enough to allow _,®_, Interpol f—3¢s
fast ring of a reaction scheme (sensitivity), but also karg
enough not to be activated by measurement errors and/or R
dynamic model errors (false alarms). For the relevant motio o Observer |
velocities, the robot dynamics contain low-frequency algn
when compared to the impact torque. One possibility to cope
with this robot modelling errors is thus to high-pass lIter_. . : o Lo
both detectors (4) and (8). This leads for th@bserver to b ind fori™ The esimation of the. exicinal oraus i fadne tme
s step generator of the interpolator and directly modulatedéhavior.

hot = Tosf = STRT e 8i2f1:ing  (9)
o , © _ Apart from simply switching the control mode or stopping
if T, =1=K¢g. For the”-Observer this means to use the robot as soon as a collision was detected, a quite differe
hof i S . _ approach is possible as well, as described hereafter. Haze id
ram = Tos(T AN 8i2f1Lnnng (10) s to preserve the original motion path and at the same time

ovide compliant behavior by in uencing the time generato
the desired trajectory, see Fig. 3. This scheme can be used
enable a position controlled robot to react compliantly i

as a detector. Of course, this would mean to ignore the veg\F
low frequent external torques but they still can be estichatg,

in parallel by (4) or (8). Therefore, for high frequency €] g0y 3 way that it still remains on the nominal path but in
pomtg)onenc;ts,_llhe. fast rigid |mpacts,§1 r?]o.re slenS|t|veCtilia!tec case of external disturbances is only able to exert certain
is obtained. These versions were both implemented on the,yimum forces. Note that this trajectory scaling scheme is
LWRIIl and allowed to reduce the detection threshold by en py the observer outpditand can also be combined
50% in all joints t0 0:05 max in comparison to the initial \yith “any of the previous reaction strategies so as to reduce
Ve;\ss'ogr-] alternative to high-pass ltering of the signals oneXternal torques to zero in case of too dangerous situations
could use the difference of the two detection schemes ast@':rﬁgs'irgdqzr?g)e %tgr}f Iii l;gil#’f[llIg/pgggagn;;?gzgdsvg}g)rieﬁ pect

collision detector. This will remove the model error entire ; ; g .
. : e Cartesian case, whereas we will describe the joint case
and the detector happens to be again a high-pass Iteré m now on. For the discrete sampling time used iJn the

version of ey : implementation the current time instant can be written as
1 Tci,s ) ti=t; 1+ t.Ifthe increment tis now modied in such

| ' {z ’\}', r ext Tis+1l ext = Tis+1 ext (1) away that it is used to respond to external forces, it can be
N oS oS used to step back and forth along the desired joint path, as a
ext matter of fact by “scaling the trajectory in time”, see Fig. 4
IV. COLLISION REACTION STRATEGIES This can simply be done by re-de ning the interpolation time
as

As soon as a collision has been detected, a reaction strat-
egy should be activated so as to decrease the potentialdange
posed to the human. Several strategies were implemented and . . . N
tested with respect to their effectiveness, especiallyso In our implementation the trajectory scaling input based on
on their contribution to enhance safety to the human. For a 4
detailed description of these strategies, please refet@p [ = max
Strategy 0: The robot shows no reaction at all and continues
to follow the reference trajectonyy . This is used as baseline
behavior. (P
Strategy 1: The robot is stopped as soon as a collision is
detected. This is obtained by settigg = q(tc), wheret. is
the instant of collision detection.

ti=t 1+ fs(( ) t (12)

tfi i

Strategy 2: Switch from position control to zero-gravity t fs() O z 1 qa(t)
torque control [13], [16], letting the robot behave in a very

compliant way.

Strategy 3: Switch to torque control with gravity compensa-

tion but, in contrast to Strategy 2, use joint torque feetbac _ _ _ _ _
and the signaf* to scale down both the motor inertia as well Fig. 4. Block diagram of the time generator in the trajectscgling.



Sample function trajectory scaling work can be found in [18], [19]. This reaction strategy was

PN =10 implemented for both the joint and the Cartesian case and
ol ) Y k=23 | was shown on the Automatica 2006 & 2008 trade fairs (see
/”%@/ Stop“ also [20], [21)).
T Al I D o] A. Combining Trajectory Scaling, Collision Detection &
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Fig. 5. Scaling function of the time increment.

the estimated external torque was chosen to be
1 f i
()= — L qdi..

f max J] Qd'J)] 4+

where qq' = qq¢'™* qq' denotes the difference vector of
two consecutive desired via points (e.g. provided by a path

yes

Collision

Reaction
no

planner), max 2 <" is the vector of the maximal nominal

joint torques speci ed for the robatand “+” denotes the

restriction of the term in brackets to positive values fotlea Fig. 6. Combining traje_ctoné scaling and other reactioategies based on

component. In this way, only external forces pushagginst the magnltuﬁe of the d|stl|1r ange zlgnal. As long als the &oegiimation
) - 4 p : remains within a certain limit band, trajectory scaling istiee. In case

the natura_l evolution of the trajectory will have an gﬁent O this threshold is exceeded the robot switches to one of ther aeaction

the behavior of the robﬁt. + is a value for adjusting the schemes.

overall disturbance sensitivity by specifying the normadi

collision torque along the trajectory for which the motion Typically, undesired impacts are characterized by high

(13)

: ':Reaction strategy:
Gend : . Compliant

should stop, see Fig. 5. The functibg() is given by peak forces resulting in high joint torques. Therefore, a
8 very easy way to distinguish between desired interactiah an
% () 0 <1 accidental collisions is to use the magnitudefofor any
0 1 1+ other estimation’y of the external torques). Trajectory
fs()= scaling ensures that during normal operation mode only a
g k( a+) k 1+ < 2+ certain maximum static force (depending fy) can act on
: K 2+ < - a human. If he/she pushes harder, the robot moves back

along gq and as soon as the pushing force is too high
(it rswith 2 <*), the robot switches to one of the
other reaction Strategies 1-4 (e.g. in case of Stragethe
tobot poses due to its compliance no threat anymore), see
Fig. 6. Thus, a combination of reaction strategies perfams
:[0;1]! [0;1]: (15) intuitive and effective response to desired physical adtton

) ) _ ) or unintended collision/clamping. In Fig. 7 this combined
The piecewise de ned functiofs() enables, depending on reactive strategy is visualized.
the disturbance input to slow down the robot until zero
velocity and, after overcoming a dead-zong pushing it VI. EXPERIMENTAL RESULTS
back along its original path. A sample function fbg() In this section we will show the bene ts gained from the
is given in Fig. 5. It shows two sinusoidal branches thagse of the collision detection and reaction algorithms by
de ne the slowing down and back-pushing velocity and amvaluating impact tests with the LWRIII on different human

optional dead-zone. The monotonically decreasing functiodhody parts, a dummy, and an especially built test-bed.
was implemented as

(14)
wherek 2 <R" is a positive factor that determines the
decrement velocity. is an optional dead-zone. Furthermore
( ) is a monotonically decreasing function

A. Collision Detection and Reaction Results for the Neck

)= }(1+cos( ) - (16) The rst results are related to the neck force during a

2 collision with a Hybridlll-dummy. The experimental setup

This function shows better performance than e.g. lineamnd the neck force N caused by head impacts for a

scaling because noise in the detection signal has much lesbot velocity of0:2 m/s are illustrated in Fig. 8 (right). The
in uence on the trajectory scaling in the absence of externactual impact is characterized by a very short peak, which
torques (= 0 ). A related approach, but for scaling of duration and maximum value depend on the impact velocity.
rhythmic movements was introduced in [17]. Further relatedfter this impact phase, a steadily growing neck bending

force arises in absence of a collision detection. The pltt wi

5D_ividing fi by max weights external torques according to the speci ed

maximum torque for each joint. "The results with the Hybridlll-dummy were presented in [tidaare
SHowever, one could use the signal as well to accelerate thetiba  shown here to support the effectiveness of the collisioreclen and
human pushes it along its desired trajectory. reaction at standardized crashtest facilities.
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Fig. 7. Combining safety during the execution of a task andndua 1

real collision: (a.) The robot moves position controlledra) its desired 'I Compliant Covering
trajectory. (b.) The robot slows down (trajectory scalirmg)d in the end
stops after physical contact with the human. If the humanldvstep aside
the robot would continue to move along its desired trajgct@:) The human
pushes harder against the robot and consequently thei@ollietection is
triggered. (d.) The robot compliantly oats away in torquentrol with
gravitation compensation (Strate@). (e.) Now, the robot can easily be
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Fig. 8. Bending the dummy neck at a robot velocity ®2 m/s (left). et ‘ ‘ L
Resulting dummy neck force with and without collision déme and 0 0% ' timgst[s] 2 28 s
strategy 2 (right).

Fig. 9. Collision test-bed (upper), representing a simgali model of the
human arm (upper), and the resulting im]pact forces for a uaren and

. .. . . the collision test-bed at a robot velocity 814 m/s (lower). After an initial
activated collision detection clearly shows the reduciion peak a stifiness pro le is observed, representing the hureaponse in this

neck force due to the collision reaction stratégy case of a particular experiment.

constrained human as depicted in Fig. 8 (left) one is thegefo

able to reduce the neck forces far below their critical value

of 1:1 kN in any direction [1], [22]. The force occurring during a typical arm impact is shown

- in Fig. 9 (lower) for the recon guration trajectory from

B. Human Arm Megsurements & Coll|§|pn TeSt'ped “elbogv up”(to “elb)ow down”. The rgbot was usé}d to r¥1easure
_In order to objectively compare collision reaction stratecontact force¥ kinematic con gurations, and velocities. In

gies and since the arms of crash-test dummies are ngdmparing the test-bed with the human, some differences

equipped with appropriate sensors, a simple collisiontesh the impact characteristics can be observed. Especially

bed was built up to emulate robot-human arm impacts. Thife damping in the collision test-bed is considerably lower

is a 1IDOF mechanism with adjustable impedance, of whicBhowing an undershoot after the consistent impact force.

a spring stiffness and a mass can be adapted to t withio somewhat overcome this de cit, the sled spring was

impact characteristics of interest, see Fig. 9 (upper). Wegretensioned, leading to a biased spring and thus to higher

have mimicked the impact behavior of the human arm iforces during the bending process. For future collisionstes

a typical impact con guration, the one shown in Fig. 1lthe test-bed will be extended by a mechanical damping

(right), and used it as a basis for comparing the presentedement to optimize the impact behavior of the sled.

reaction strategies. Indeed, we are aware of the problems in . - . . )

tting a certain model to a human arm that is potentiallyC. Comparison of Collision Reaction Strategies with the

nonlinear and of higher order. Furthermore, one could argl]@St'bed

that the human reacts with an impedance response to theThe results for impacting the LWRIII against the collision
impact. However, at this point we intended to replicate onlyest-bed with various reaction schemes are shown in Fig. 10.
the rough behavior of the human arm for a speci ¢ situatioFrom the instant of impact on, the contact force (upper) and
in order to give a common ground for comparing impacthe Cartesian displacement (lower) are shown. Furthermore
reaction strategies on a fair basis. It was not our intentiopn the lower plot the collision detection signal is also

t(ﬁ_constLuct an anthropomorphic model of the human arm irported, indicating how fast the robot actually reacts as
this work.

) ] ) ) ) %n all experiments the contact force was measured with a JR3
8This experiment is shown as well in the attached video. force/torque sensor.



20 g Strategy0 two strategies do not lose contact as abruptly as Strategies
100} Sled spring ] 1 and 4 do, but the contact force reduces after400 ms
ol - - o o o o to zero due to the very convenient compliant behavior.
200 : : : : : : These observations lead to the recommendation to combine
10l Backlash Strategyl | the speed of Strateg¢ to avoid the higher displacement
X ‘ ‘ ‘ ‘ ‘ and entire in uence of the sled spring, with the convenient
2020 01 02 03 04 0s 0s compliant behavior of Strateg¥ by subsequently switching
zZ ‘ o K ‘ " Strategy2 to this mode.
< 100f Passive bouncing 1 o _
S — . . . D. Real Collisions with the Human Arm & Chest
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Fig. 10. Comparison of different collision reaction stgiés with the 7 10
test-bed at an impact velocity @4 m/s. The point of origin witht = 0 e
indicates the instant of impact. Apparently, the maximuinahpeak force, sol
which is passed after less thah ms, cannot be reduced for the impact with
the test-bed. Although for Strate@and 3 no backlash can be observed, 0 ‘ i gy
a second “impact” occurs. This is a further bending of thel slipring due 0 002 004 006 008 01 012 014 016 018 02
to the passive behavior of the robot in these control modessimilar to time t[s]

StrategyO, but due to the compliant behavior, in a very alleviated from
Fig. 12. Resulting contact force with and without collisidatection and
reaction strategy for the human chest (upper) at impactit&e of0:7 m/s
and the arm (lower) at:5 m/s. These tests were carried out up to an impact

. . . . . velocity of 2:7 m/s but at such impact velocities it is very hard to reproduce
soon as a collision is detected. Here, trajectory scaling Waesting conditions accurately enough.

not evaluated on purpose, since it is intended to serve as
a feature during task execution to allow interaction and not : . .
as a collision reaction scheme which shall only be activatqﬂ During the extensive tests with the crash-test dummy and

durina hiah load impacts. Stratedvand 4 show verv fast '€ collision test-bed, the collision detection proved trkv
reacti%n %fter the '?st force pegl;(/ and then Iosey contacfery reliably and was effective in reducing the forces far

with the accelerated sled. Due to the backlash of the sled ![O;’r\]’ a?r;%/dlgggl Q’Vﬂm alﬁ g:ggset’goutshéorg&?%ﬁh I';[hteurtwnaendd
second impact occurs in both cases. As one can see, Strat isinal d f | p he colfisi
4 seems to be the fastest to withdraw from the extern&l>UrPrisingly moderate forces. In contrast to the conisi
force in the rst 200 ms. Unfortunately, it could not be ith the test-bed, even forces occurring during an impact
tuned such that the slowly decreasing contact force afeer tij/ith the human chest wer%h&gnl cantly reduced by the
backlash is eliminated. This drawback is probably caus?all's'On detection and reaction In order to show the effec-

\%

by the time delay in the admittance control loop and th eness of the collision detection mechanisms, real irhpac
higher Coulomb friction of the robot compared to the on ests were conducted with a non-clamped human chest and an

used in [10]. However, the maximum displacement for botRutstretiched arm. The human stood relaxed and was not able
strategies is 10 12mm, showing a much faster reductiont© S€€ the robot coming. In Fig. 11 the impact positions are
than Strategie® and 3 A:dditionally the in uence of the shown. The one for the human arm was chosen such that it is
test-bed spring is entifely canceled. in a comfortable con guration and not prestressed. Since fo

" In general, Strategie2 and 3 show very similar behav- these tests a difference in the contact forces for the camipli
ior, leading to the conclusion that the additional inertia 10Due to the much higher inertia and therefore signi cantywés

shaping (Stra;eg)B) is not signi (?antly contributing to an acceleration of the upper trunk, contact with the human israpidly lost
improvement in reaction behavior. Apart from that, thesand thus reaction strategies can limit forces acting on Hestc



reaction strategies is not measurable due to the largeticaria
caused by the huméh we focussed on the rst three ones,
namely Strategie®; 1; 2. For the chest impacts the detection
activates within 14 ms, bringing the contact force down to
zero within< 100ms and limiting it below 75N for both
the active strategies that were evaluated, see Fig. 12 uppe
For Strategyl the human is accelerated fast enough due to
the impact force and thus loses contact in case the robot
abruptly stops. Generally, even without collision detamtti
and reaction the impact forces can be kept far below the
tolerance forcem X 2 [1:15 1:7] kN of the chest [23].
Furthermore, the collision reaction keeps the contactef®orc
far below the proposed value G650 N in 1SO-10218 [24]
which would be exceeded for chest impacts with Strategy 0.
The contact force for the arm is illustrated in Fig. 12 (loyyer
showing a somewhat different behavior. After a short impact
which cannot be prevented or attenuated by the collisios that for a complex robot, such as the DLR dual-arm
detection and reaction, the impact forces reduce to zero foumanoidJustin one has only to slow down one of the
Strategyl and 2. For Strategy0, another safety feature of sub-robots it consists of. For instance, pushing against on
the LWRIII activates because of the increasing contactgforcof the elbows as shown in Fig. 14 slows down and nally
In fact, a low-level stop is triggered by the exceedance dtops/reverts both arms, both hands, the torso, and the neck
the measured joint torque. For the human arm very limitednd not only the touched atfh
biomechanical tolerance data is available. We nally not?_ - . .
that the150 N proposed by 1SO-10218 are from our point™ Collision Detection for Robot Protection
of view too conservative for blunt impacts due to the fact Apart from ensuring safety to the human by the presented
that a50% risk of elbow fracture corresponds to forces aslgorithms we observed that the impact is posing a risk to
large as1780N [25]. the robot hardware as well. An observation, already made at
. . an impact velocity ofl m/s during the impact tests with the
E. Trajectory Scaling Hybridlll-dummy 1], is that the speci ed maximum joint
torques of the robot were exceeded for several milliseconds

Fig. 14. Physical interaction with the DLR humandidstin

Trajectory Scaling

back pushing
y 2

—— Referenceq)

20| = = = Scaledq} /

EERC)

gi[deg]

15
time t[s]

Fig. 13. Measured trajectory scaling for a sample trajgctomplemented
on the LWRIII. The lefty axis is relevant for the reference and scale

joint angleq}.

Experimental results for the trajectory scaling are pre-
sented in Fig. 13. A reference trajectagy for the rst joint
(solid line) is given for nominal free motion. It is%th order

23 10 Q}.cng = 22 . During . >y Valld
gst thnents. The robot is able to detect and distinguish unexplect

g collisions from an intended cooperation, in which a human

polynomial fromq}. .. =

the execution of this trajectory the human pushes agai
robot? and the resulting scaled desired posit

(dashe

during the impacdt. This shows that the robot is exposed to
enormous loads during such contacts and countermeasures
are needed for ensuring safety of the robot. Of course speed
limitation to subcritical values is one option but at the sam
time it severely limits the performance of the robot. Anothe
solution seems to be a joint stiffness reduction, see [24], [
However, a further alternative to protect the robot to aaiert
extent are the fast collision detection & reaction strasgi
presented in this paper.

Fig. 15 shows the measured joint torque in ttst and
4th axis during chest (a.) and head (b.) impact at/s.
Clearly the peak joint torque can be signi cantly reduced by
switching the control mode as soon as a collision is detected
for the chest.

A different behavior was observed for the head. While the

4 Ist joint is still able to reduce its peak torque, for the ftu

one this is no longer the case presumably due to the lower
inertia.
VII. CONCLUSION

In this paper two collision detection and several reaction
strategies were presented and extensively validated bgrexp

line) shows the slowing down and back-pushing along thelretching out his arm, tries to catch the robot. This presid

trajectory depending on the disturbance inguf) (dashed-

dotted line).

We remark that trajectory scaling is intended for contin
ous physical interaction without switching the control reod
It is used when the robot is position controlled, leading t
a very convenient way to interact with the robot withou

a subjective “safe” feeling. The robot in icted no harm teeth
operator at any of the considered velocities and it was away

yPossible to detect the collision and let the robot switch to

one of the investigated reaction strategies. The human was

&ever in danger even for impacts with the human chest at

obot velocities up t®:7 m/s. Especially collision reaction

forcing a global change of its behavior. Still, the user hastrategie and3 act very pleasing and let the operator feel

the possibility to almost instantaneously stop the robot by .~ _ _
pushing against it. A major advantage of trajectory scalin% At this point we assume one common time basis for all partshef t

11This is one important reason why the collision test-bed waik. b

125ee the attached video.

bot. This experiment can be viewed in the attached video.

1411 the robot a mechanical stop limits the de ection rangehsf torque
sensor which then goes into saturation. A low-level emergestop is
initialized as soon as this event is triggered.



(31
(4]

—— Strategy 0
Strategy 2|

1 (5]

(6]

(7]

(8]

éa[Nm]

El

20 L L L L L L
0 11 12 13 1.4

a. t[s]

[20]

(11]

[12]
(23]

éa[Nm]

[14]

[15]

é[Nm]

[16]

40 I I I I I I
0.9 1

[17]

Fig. 15. Joint torques in the rst and fourth joint for impacat2:0 m/s (18]

9
with a Hybridlll-dummy chest (a.) and head (b.). The usedigioh reaction
scheme was Strate@y For the chest it was possible to decrease the coII|S|oT19]
peak torque for both joints. For the head only a marginahatition of the
joint torques is achieved.

[20]

that he has full control of the robot. The ability to actively
stop the execution via trajectory scaling is very convenieri?l
and incorporates reactive behavior with a robot in a pasitio
control loop. Furthermore, also the benet from the robot's
side was exemplied, consisting of the protection of thei22
joints from high external forces. ]

Future work will focus on the extension and enhancemers]
of the trajectory scaling beyond pushing the robot back
and forth along its desired path, so as to nd an adaptivgy
trajectory deformation. This shall allow the robot to avoi
collision sources and oat compliantly away, while nding [25]
its way back to the desired trajectory once the collision is
over. Finally, in the presence of redundancy, a meaningful
way to combine Cartesian trajectory scaling with null-spacl26]
movements, has still to be found.
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