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Abstract— After analyzing fundamental impact character-
istics of robot-human collisions in our previous work, the
intention in the present paper is to augment existing knowldge
in this field, verify previously given statements with standrd-
ized equipment of the German Automobile Club (ADAC), and
provide a crash-test report for robots in general. Various rew
insights are achieved and a systematic and extensive set aitd
is provided. The presented work is divided into two papers. fie
main purpose of Part | is to give, similarly to reports known
from the automobile world®, a fact based and result oriented
view on our newest robot crash-test experiments. InPart |1
detailed discussions of the results listed in the present par
and recommendations towards a standard crash-test protodo
for robot safety are carried out.

Unconstrained
impact

I. INTRODUCTION

Partially contrained impagt

As Asimov already noted very early, safety has priority Constrained impa

if robots are close to humans [1]. Ensuring this safety leads
to various aspects ranging from preventing electricaldtsre
to coping with human mistakes. In this paper we providéig- 1. Classification of undesired contact scenarios batweiman and

: . robot. Generally, one can differentiate betweege impacts, clamping in
standardized crash-test results for various aspects Giqaly the robot structure, constrained impacts, partially constrained impacts, and

human-robot contact and their related injury potential. Imesulting secondary impacts. In this distinction we do not differentiate

i i ; i7ati etween blunt or sharp contact since the corgdgation stays untouched in
Fig. 1 we give a first organization of relevant contact S(x:"naiahis context. Thainconstrained impact is characterized by being a situation

ios which potentially lead to human injury. At this point Wein which only the robot and human are directly involved irte tollision.

differentiate betweennconstrained impacts, clamping in the
robot structure, constrained impacts, partially constrained
impacts, and resultingecondary impacts. Please note that in

Clamping in the robot structure is e.g. a situation in which a human arm
is being crushed between two link segments of an articulatadipulator.
The case of gartially constrained impact is characterized by only a part of
the human being clamped which is not directly in contact it robot (in

Fig. 1 no differentiation between blunt or sharp contactlshacontrast toconstrained impacts). This causes e.g. shearing and potentially
be made since the contact scenario itself stays untoucheddfge torques on the human body at the shearing point. Apart fthe

. . . direct effects of collisionssecondary impacts may cause further injuries,
this context. In this paper we fOCU.S on blunt impacts as ghtentially leading to even larger injuries than by the ctirenpact itself
continuation of our previous work in [2], [3], [4]. To keep (please note that in the pictogram only one example of thpe i given).
the discussion focused we treat only the direct conseqeendg course a combination or sequential order of the contamslys possible

. S well. An example could be a human that is standing in sostardie in

_CaUSEd by the p_hy5|cal contact between_ rObOF and human. Aht of a barrier (e.g. a table) being hit by the robot in fepace and then
in-depth analysis ofecondary impacts will mainly be left  being partially clamped against the object.
for future research. Sincelamping in the robot structure

is basically equivalent t@onstrained impacts and partially

constrained impacts a separate analysis will not be carriedpjunt impact injury for robotic systems. Hence, a next set
out at this point. of experiments was carried out with considerably heavier
In our previous work we performed free blunt impactindustrial robot& These experiments provide a feeling for
experiments with the DLR Lightweight Robot Ill (LWRIII) the relevant situations and their parameterization in serm
[2] and these proved to be non-critical from a safety point off velocity and robot mass, leading to suggestions for a
view. As the only possibly dangerous blunt contact situatiotest procedure. By anticipating the detailed discussiomfr
for the LWRIIl we identified by simulation the clamping part 11 one can say that, for evaluating a particular robot,
close to a singularity [5]. Therefore, we evaluate thisasitu one would start with free impacts and increasingly constrai
tion with standardized equipment in this paper. Moreovethe dummy until safety thresholds are clearly exceeded
we aim at providing a general procedure for evaluatingor the given robot and for the relevant body parts. Full
constrained impacts and singularity clamping can then be
done for those robots passing the first tests, for achieving
a complete blunt contact evaluation. We decided to conduct
in this paper various experiments of blunt impacts with the
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industrial robots KUKA KR6, KUKA KR500, and with the is explained inPart Il we propose various standard blunt
LWRIII. We provide a large amount of experimental resultSmpact tests with

gained from blunt impacts with a frontal Hybrid IIl crash- 1) different impact directions,

test dummy (HIII§. Following test scenarios are evaluated 2) sitting or standing dummy, and

in this paper: 3) defined secondary impact conditions.
« Head impacts

— Dynamic unconstrained head impacts and their
influence on the head, neck, and chest with the In[7] the human pain tolerance was evaluated on the basis
235 kg-robot KR6 and the350 kg-robot KR50d.  of human experiments. In this work the Somatic Pain was

— Quasistatic constrained head impacts with th€onsidered as a suitable criterion for determining a safety
15 kg-robot LWRIII. limit against mechanical stimuli.

— Partial clamping during head impacts and their Pioneering work on human-robot impacts under certain
influence on the head, neck, and chest with thworst-case conditions and resulting injuries was carrietd o
KR500. in [8] and [9], evaluating free rigid impacts at a robot speed

« Chest impacts of 1 — 2 m/s. Both contributions introduced new compliant

_ Dynamic unconstrained chest impacts and thegmt design concepts and made the first attempt to use the

influence on the head, neck, and chest with the KRI c}ﬁ?'ﬁigg:ﬁ;ﬂ#{g &rétsrrrlﬁ% E:%llﬁ:s)io[%gl to quantify the
and the K.RSOO' ined ch . ith th In [14] various severity indices for the head (Gadd Sever-

N SVL\’/aRSi'lftat'C constrained chest impacts with t ﬁy Index (GSI), Maximum Power Index (MPI), Effective
o o Displacement Index (EDI), Revised Brain Model (RBM),

We evaluated all injury criteria for the head, neck, andMjenna Institute Index (JTI), and Maximum Mean Strain
chest that are measurable with the used dummy type. Furthefiiterion (MSC) and for the chest (Acceleration Criterion
more, impact forces are obtained for the evaluation of facw(\AC)' Compression Criterion (CC), and Viscous Criterion
fractures of the mandible and the frontal bone. Generaﬂy,t(\/c) were reviewed and analyzed in simulation for the

Il. RELATED WORK

purpose of this work is to case of unconstrained impacts with a lightweight robot. The
1) Understand the general injury mechanisms and severityain conclusion was that during blunt impacts with such
behind blunt human-robot impacts. a robot basically no significant injury can be observed by

2) Propose procedures for a standardized crash-testinggans of these criteria at an impact velocity bfm/s.
protocol, i.e. clarify how the concept of crash-testing=urthermore, it was shown that a reduction in joint stiffnes
is applicable to any kind of robot. for an already moderately flexible robot as the LWRIII (and

3) Provide safety tolerance values depending on robeimilar reflected inertia) is only marginally reducing the
velocity to maximize under the safety constraint thémpact dynamics during a rigid impact as the one between
performance of applications (e.g. incorporating mana robot and the human head.
ual guidance of industrial robots). Cycle times can From the standardization body’s side the 1SO-10218 was
be optimized with the knowledge gained from suctintroduced, defining new collaborative operation require-
experiments. ments for industrial robots [15]. It states that one of the

The last aspect is especially relevant for industrial robdellowing conditions always has to be fulfilled for allowing
manufacturers due to the fact that future applications afdiman-robot interaction: The TCP/flange velocity needs to
focusing on physical interaction between humans and ife < 0.25 m/s, the maximum dynamic powet 80 W, or
dustrial robots with additional sensors as e.g. a forcguter the maximum static force< 150 N.

sensor in the wrist. It is clear and was already analyzed in Further aspects concerning safety in human-robot inter-
[4] that constrained impacts with heavy-duty industridlots ~ action were introduced in [16]. In this work several danger
are very dangerous indeed while unconstrained impacts drglices were proposed based on the design properties of the
by far less critical. Therefore, the (time-)optimal perfamce  robot. In [17] a control scheme was developed to limit the
can be achieved if clamping can be excluded in the particul#inpact force of a robot by restricting the torque commands.
application. This in turn requires a precise and carefuigges [18] recommended various design novelties for a mobile
of the workstation to remove possibilities of the humariobot with physical compliance introduced in its trunk and
getting pinched as much as possible. a passively movable base. [19] developed an integrated

Similar to the standard crash-test procedures in the auman-robot interaction strategy incorporating a debniti

tomobile industry we want to give experimental data an@f danger by means of reflected inertia, relative velocitgl an
suggestions for standard impacts with crash-test dumrsiestqe distance between human and robot.
one part of future standardized robot safety evaluation. As Attempts to investigate real-world threats via impactdest
at standardized crash-test facilities and use the outcome t
3Please note that we do not evaluate any low-severity ssftéi injury, analyze safety issues during physical human-robot interac

since this is not measurable with standard crash-test demmithough it tjon were to our knowledge for the first time carried out
is possible to evaluatblunt abdominal injury with certain dummies it is .

not feasible to investigate skin injury as lacerations,tesions, or abrasions 1N [2] Up to now. In order to quantify the potential danger

with them. However, for the interested reader regarding we refer to our

previous work in [6], describing results on stabbing andirgt 5A correction of the initial misinterpretation in units, atftlis significant
4The number in the names of the KUKA robots indicate the marimu overestimation of the resulting HIC, done in [8] and [9] wastficarried

nominal payload. out in [11], [2], [5] and then in [12], [13].



emanating from the DLR Lightweight-robot 1l (LWRIII),  Severity Index Body part ~ Symbol ~ EuroNCAP
impact tests at the Crash-Test Center of the German Automo—C ot £ head fvontal N
bile Club (ADAC) were conducted and evaluated. The effect ~°"a¢ 'orce ea ext ©

. . . mandible
robot speed, robot mass, and constraints in the environmerigonact foree head  Ff No
have on safety in human-robot impacts is analyzed in [3] andHead Injury Criterion head HIC3se Yes
[4]. Furthermore, facial and cranial fractures were anadlyz Maximum res. acceleration head  apead Yes
by evaluating impact forces as injury indicators since they 3 ms criterion head ahead Yes
correlate to fractures. The current paper is the consequenéhearing neck force neck F, Yes
follow—up _Of this WOI’k._ o Shearing neck force neck Fy Yes
After this short outline of existing approaches to analyze . .

. . . . . Tension/compression force neck F, Yes
and achieve safety in physical human robot interaction theFI _ ct . Flex \
applied testing protocol shall now be shortly explained in ~'€*'°" Necx forque nec 3,00 °
order to enable the reader to properly interpret the givenExtension neck torque neck  M;%c Yes
results. For a detailed description please refer to [2]].[20  Contact force chest Fgiest No

Compression Criterion chest cc Yes
[11. 1 NJURY EVALUATION AND TESTSETUP L
. ) . ] I Viscous Criterion chest Ve Yes
In_th|s sectlon.all evaluated biomechanical severity indic ;o0 chest aghest No
the injury severity scale of the EuroNCAP, and the overall :
setup of the impact tests are described. TABLE Il
A. The EuroNCAP EVALUATED INJURY INDICES.

The ADAC crash-tests are carried out according to the
EuroNCAP which injury classification is based on the Ab-
breviated Injury Scale (AIS) [21]. The EuroNCAP, inspired . ) L ,
by the American NCAP, is a manufacturer independeﬁhe_refore we _om_lt t.helr definition for brevity. We evaluate
crash-test program uniting the European ministries ofstranVarious severity indices for the head, neck, and chest.
port, automobile clubs and underwriting associations with For the head the external contact force, the Head In-
respect to their testing procedures and evaluations [263. Tjury Criterion (HIC), the maximum resulting head accelera-
outcome of the tests, specified in the program, is a scoriftpn’, and the3 ms criterion are determined. The analyzed
of the measured results via a sliding scale system. UppBgcK injury indicators are the shearing neck forces, the
and lower limits for the injury potentials are often definedension/compression force, and the flexion/extension neck
such that they correlate to a certain probabilityds > 3  torques at the occipital condyles (OC). Because the cal-
score (injury potential) is calculated by linear intergia. the forces are applied to the neck and the maximum force

A standardized color code, which indicates injury potdntiav@lue, we chose a worst case estimate in order to ensure an
is given in Tab. . upper bound. Finally, for the chest the external force, the

Compression Criterion, the Viscous Criterion, and shms
Criterion are evaluated. Please note that the contact force
was explicitely not filtered.

Colorcode  Color  Injury potential

Red B very high Not all measured criteria are related to injury severity

Brown High within the EuroNCAP as indicated in the last column of
Orange Medium Tab. Il. We evaluate them because the standardized EuroN-
v CAP tests do not evaluate all injury mechanisms worth to

ellow Low . . . . .

G Verv | be investigated in the context of safety in physical Human-
reen oy oW Robot Interaction (pHRI). Contact forces are e.g. directly
TABLE | related to fractures of facial and cranial bones and are

therefore an important injury type in robotics but not pdrt o
the EuroNCAP. The tolerance values for the severity indices
used in the EuroNCAP can be be obtained from [20]. The
Al successive results are classified according to theindices that are not included in the EuroNCAP are classified
. TR 9 gccording to tolerance values provided by suitable liteat
EuroNCAP ra_tmg (i.e. |nd|cated.by the cor_respondmg C.Olofn Tab. IV-IX we use* to denote the saturation of the force
from .Tab. 1) if such.a correlation is defined. .Otherw'seSensor and- to denote a sensor failure. For indices not
we give only numerical values an_d shortly discuss theﬁ'hcluded in the EuroNCAP/ denotes values that are not
implications by other means as outlined next. critical, ~~~~ values that are in between a tolerance band,

B. Severity Indices andx values that are critical by means of the tolerance limits

In Tab. Il the complete list of injury indicators which areintroduced next.
evaluated in this work and the body part they are related, _ L .
Please note that this quantity is evaluated according tefdam tests

to are given. Many of them were introduced in [2], [3] antspecified in [22]. The higher performance limit & g and the lower

performance limit120 g. We evaluate this severity index for completeness
SEuropeanNational Car Assessmen®rotocol since it is explicitely used if no steering airbag is fitted.

EURONCAP INJURY SEVERITY AND CORRESPONDING COLOR CODE



In [3] it is described that the frontal area of the HlIllin the face in outstreched configuration while rotating @bou
is appropriate for evaluating contact forces that are edlat the first axis. The head is accelerated, followed by the neck
to fractures of the human frontal bdhé&he corresponding being bended while the torso starts moving delayed due to
tolerance force of the frontal bone4skN. Furthermore, we the higher inertia and the elastic coupling to the head. The
conducted impact tests to the chin of the dummy in order tentire contact phase is over after 100 ms. The following
analyze the influence of impact direction. The tolerancedor motion of the dummy without having contact with the robot
of the mandible is1.78 kN in anterior-posterior direction ends in a secondary impact on the floor. In this particulae cas
and 0.89 kN in lateral direction. In this paper we assumethe robot stops moving due to an exceedance of the nominal
the former for the hook to the chin as a first estimate. ligear torque of the robot, triggered based on motor current
[23] the tolerance torque for flexion of the neck is denotedhonitoring. The collision tests were carried out at various
as190 Nm. Cartesian impact speeds ranging from m/s to 4.2 m/s.

According to [24] the maximum tolerable contact force forContact forces range up tkN. Unfortunately, at very high
the chest lies within the tolerance band[dfl5...1.7] KN.  velocities the force sensor saturated (indicated*hip the
For the resulting chest acceleration a maximum valugaf tables).
for impact intervals of more tha® ms cumulative duration  In Tab. IV the results for the unconstrained frontal impacts
is e.g. proposed in [25]. However, it shall be noticed thawith the KR6 and KR500 are given. The correlation to
the original work presented in [26], [27] noted that suchnjury severity by means of the EuroNCAP is indicated by
an acceleration is only tolerable with a sufficient occuparnthe underlying color. In general, it becomes apparent that
restraint systeth Furthermore, [26] reports a volunteer thatvery high robot velocities have to be achieved in order
tolerated49.2 g without any complaints. to exceed the threshold fromery low to low injury for
all severity indices. Only at maximum velocity the HIC is

C. Test Setup slightly above the threshold value 660 but at the same
time still significantly below1000 which denotes the critical
Quantity ~ Sampling time [ms] value for this indicator. For neck shearing along the
) direction very high values are achieved which correlate (in
LWRIll external force Fex; € 3 0.05 our worst-case assumption) tery high injury and for the
joint positionq € %7 1 forces in tension/compression only for the KR6 the threghol
joint torque T € R7 1 from very low to low injury severity is crossed. For all
KRG external forceu., € R 0.05 other EuroNCAP injury indicators the observed potential

injury stays within thegreen area. For comparison, the same
measurements for the LWRIII can be found in [2].
KR500 external forcefu,; € B! 0.05 In Tab. V the results for the unconstrained hook to the chin

joint positionq € R 12

joint positionq € RS 12 with the KR6 are given. The dummy is hit in cranial direc-
tion'! up to a maximum velocity 08.6 m/s. All criteria are
Hill head accelerationcaq € ®3 0.05 in the very low area except for the maximum resulting head
neck wrenchF € R6 0.05 acceleratiom!e2d at3.6 m/s which is however still in thiow
chest acceleration e € R3 0.05 injury severity range. Furthermore, the flexion torquesfare
chest deflectiond ., € B! 0.05 below 190 Nm and thus subcritical. Concerning fracture of
the mandible it can be stated that the contact forde&in/s
TABLE IlI is already slightly above the threshold force and for higher

velocities a clear exceedance is observed. However, please
take into consideration that the human chin behaves quite
differently and is not rigidly attached to the cranium as for

In Fig. 2 the setup for the experiments is shown anjﬁe HIll. Furthermore, the interface stiffness is presulyab
Tab. Ill summarizes the instrumentation of the different s¢@r t00 high as indicated by investigations in [28]. In fugur
tups. In addition to the standard ADAC sensors, the availab}Vork we will investigate biomechanical faces as e.g. applie
sensors of the robots are recorded. The reflected inertifsStudies as [29] and developed in [30].

during the impaCtS of the industrial robots can be obtained V. QUASlSTATlC CONSTRAINED HEAD IMPACTS

from [3]. In [5] the problem of quasistatic constraint impacts near
IV. DYNAMIC UNCONSTRAINEDHEAD IMPACTS singularities was pointed out. Theoretically, a robot iteab

In Fig. 3 high-speed recordings of a head impact at fullc €xert infinitely large foices at the tip in the singuiar.
speed are shown to visualize the dynamics of such an irfliréction (see Fig. 2), while driving trough the singulprit

pact®. The robot is commanded such that it hits the dummyhe worst-case seems to be the cl_assmal reconflgura_tlnn_fro
elbow up” to “elbow down”. In Fig. 2 such a situation is

80n the other hand, other contact areas of the dummy head are r@epicted. We mounted the LWRIII horizontally and adjusted
fSU'FaI?'e b?ﬁagse they tend to be much stiffer than the qumeling human  the position of the dummy such that it touched the robot at
acial/cranial bone. L . .

9The occupant restraint system is the entire equipment thlangs to a certain dist_an_ce_ Trom the SInQU|am¥’ labe.te.d The I’O_bOt_
the passive safety in an vehicle. Its purpose is to fix thecketoccupant Moves from its initial position at maximum joint velocity in
on his seat.

10Many tests described in this paper can be viewed in the aftheiteo. 11see also the attached video.

MEASURED QUANTITIES



Fig. 2. Setup for the impact tests with the LWRI(LY, view from above), the KR6@®), side view), and the KR5003), side view). Since for the LWRIII
dynamic impacts were already analyzed in [2] we analyzedtcaimed impacts close to a singularity, where it is theca#ly possible even for a low inertia
robot to become severely dangerous. The industrial robets wested for an outstretched configuration in order toezehvery high Cartesian velocities.
The contact force is measured with a high bandwidth craskoseiihe contact geometry is defined by an aluminum impacitr ndiusr; = 120 mm.

High-speed recordings of an unconstrained headdtrtpat with the KR6 and a Hybrid Ill dummy dt2 m/s.

Fig. 3.
Exp. Nr.  Robot | Strategy d, [mm]  FSfatic [N]  ppeak )
L13 LWRIII 0 10 0 v 692
L14 0 10 674 v'1244
L15 1 10 277 v’ 540
L16 2 10 0 v 590
L19 0 0 v 1593
L17 1 256 v 505
L18 2 0 V617
TABLE VI

CONSTRAINED QUASISTATIC HEAD IMPACTS WITH THELWRIII.

joint 4 and half the velocity in join2 and6, c.f. Fig. 2. The
resulting trajectory is a straight line with constant ot&ion
in z-direction. Therefore, the robot is programmed to pa

the singularity in its outstretched configuration.

In addition to commanding the described trajectory and

case for detection sensitivity”. Our algorithm introducett
evaluated in [31], [32] uses the joint torque measurements
of each joint, a good dynamics model of the robot, and the
motor position sensing to generate a disturbance signahwhi
is an estimation of the real external torques. Sincezdin
direction the sensitivity of this algorithm practically g®to
zero close to the singularity [5], it is necessary to quantif
the still achievable benefit for such a situation. The ciollis
detection was evaluated with two reaction strategies:

1) Stop the robot immediately by setting the desired posi-
tion to the actual position at the moment of detection.

2) Switch to torque control with gravitation compensa-
tion.

Strategy0 denotes “Do not react!”. Due to the constrained
environment it is not possible to measure any criterion for
the head with the HIIl. Therefore, only the contact force is
left for evaluation. High quasistatic forcéscan be achieved

r this impact type as shown in Tab. VI. For the experiments

13 and L19 the robot is able to pass the singularity

12Because the robot approaches a singularity the Cartesiacityewhich

eva!uat'ng the resultlng injury we tested _Our 0_0”'5'0“ deﬂefines the impact velocity is quite low and therefore thetaxinhas no
tection and reaction for the LWRIIlI during this “worst- typical impact characteristics anymore.



Exp. Nr.  Robot | ig[m/s] FErontal [N] HIC  ahend [g]  afe2d [g] Fy [N] F. Nl MP'SS INm] M [Nm]

ext

v'1.93

vt
v'13.74
v'25.34
v'27.42
v'29.02
v'42.96
v'45.37
v'67.96
v'98.12

11 KR6 0.2 V118
12 0.7 V783
13 1.0 V1306
1.3 V1875
1.3 V1766
14 1.5 V2208
15 2.0 v 3426
2.1 V3976
9 3.2 x5006*
10 4.2 x5069*

26 KR500 0.2 /136 v 0.54
32 0.3 /168 v 0.67
27 0.5 V420 v1.94
28 0.7 V798 V6.64
29 1.0 V1200 /11.19
23 1.2 1967 19.47
30 15 V2219 V2222
24 2.0 x 4020 V43.78
31 2.0 V3043 v30.48
25 3.1 X 4965* v 66.22

22 4.1 X 4963* v'105.06

TABLE IV
HEAD IMPACT EXPERIMENTS WITH THEKR6 AND THE KR500.

Exp. Nr.  Robot | g [m/s] Fmandible ) HIC  ahiad[o]  afedd o] Fo Nl F.[N] M85 [Nm] M8 [Nm)

ext 3ms

2 KR6 0.9 V' 755 v'18.26
1 1.0 v'965 v'22.52
3 1.8 x1871 v'30.07
4 2.7 x3128 v'44.26
5 3.6 x4938* 91.61 v'48.36

TABLE V
UNCONSTRAINEDHOOK TO THE CHIN WITH THEKR®6.

without exceeding its maximum nominal joint torqliesFor  compression reaches fdr2 m/s with the KR6 andt.1 m/s

ds = 5 mm the robot still moves through the singularity andwith the KR500 potentially lethal values. Forces measured
achieves a maximum quasistatic contact forcel®3 N. during experimentd9, 20, 36 are within the tolerance band
However, this is still far below the tolerance force of theand for21, 37, 38 the tolerance values are clearly exceeded.
frontal bone. The collision detection and reaction can cedu The tolerable impact force for the ch¥sis exceeded for
the occurring contact forces byt % for d, =10 mm and by 4.2 m/s for the KR6 and already & m/s for the KR500.

0, =
68 % for d, = 5 mm. VIl. QUASISTATIC CONSTRAINED CHESTIMPACTS

V1. DYNAMIC UNCONSTRAINED CHESTIMPACTS In Table VIII the results of the quasistatic constrained

In Table VII the results for the unconstrained frontal chesfMPact of the LWRIIl with the Hlll chest are shown. The
impacts with the KR6 and KR500 are listed. Apart fromdiStance to singularityls varies from20 mm to 80 mm,
the CC and the external chest force all criteria are subcriproducing a maximum chest deflection (CC)-ef1.95 mm

ical over the entire range of impact velocities. The chedt ds = 75 mm. At d; = 80 mm the maximum joint
torques of the robot are exceeded which triggers a low-

13please note thak.13 was not using a tension belt which reduces thel€vel safety feature to engage the brakes of the robot. This

effective value ofls because the seat can give in. For the other experiments
a belt was used. 14please note this is a force humans can tolerate withoutrffenjury.



Exp. Nr.  Robot | d@g [mis]  FPESPIN]  CC[mm]  VC[mis]  aShest [g] HIC a5 [g] F [Nl M'&5 [Nm] M8 [Nm]
16 KR6 0.2 v'215 v0.41 v'1.04
17 0.7 V685 V'7.95 v4.61
18 1.0 V876 v4.80 v7.19
19 1.5 ~~~~1156 v2.51 v9.94
20 2.0 ~~~~1528 v'3.80 V'14.49
21 4.2 X 3277 v'8.99 v'37.89
33 KR500 0.2 V185 v0.38 v1.45
34 0.7 V551 v'1.94 v'8.45
35 1.0 V847 v4.15 v12.37
36 1.5 1400 v'5.10 v'15.65
37 2.0 %1939 v'5.36 v'20.43
38 4.1 X 3962 v'36.93 v'32.25
TABLE VII

UNCONSTRAINEDCHEST IMPACT EXPERIMENTS WITH THEKR6 AND THE KR500.

Exp. Nr. Robot Strategy ~ dg [mm] Fatatic (y] F,%ea‘;k [N] cc [mm]

L8 LWRIII 0 20 0 v'379

L9 1 20 180 v 300

L10 2 20 0 v'332

L1 0 40 - -

L2 1 40 130 v'291

ii i 22 2 jzgg Fig. 4. Partially constrained impact. A barrier was mountedthe back

11 o 70 o /995 of the dummy with80 mm (@), 120 mm (@), and160 mm height (3)).

L12 0 75 0 v'1043

L7 0 80 425 v'824

L5 1 80 92 v 263

L6 2 80 0 V287 Please note that experime#d is presumably not compa-
TABLE VIl rable to the other ones because the impact direction had a

significant lateral component.
QUASISTATIC CONSTRAINED CHEST IMPACTS WITH THEDLR-LWRIII.

IX. CONCLUSION& OUTLOOK

shows that (with a granularity df mm) the worst-case for  part | of this work provided a rich basis of impact testing
this robot lies without collision detection and reactionaat resylts for future robot crash-test protocols. We measured
distance to singularity oflg® = 75 mm. The corresponding numerous injury indicators with standard automobile crash
contact force ofl.04 kN is below the maximum tolerable testing equipment and rated them according to an estatlishe
threshold of the chest and the CC is constantly subcriticglash-testing protocol. Robots of entirely different weig
in the very low region. Similar to the constrained headand at various velocities are evaluated for typical andseste
impacts the reactive strategies reduce the contact forde agjtyations. Furthermore, the usage of a HIIl gave us the
the CC considerably. Even at the configuration closest tghjlity to analyze full body responses and thus evaluatet wha
the singularityds = 20 mm (meaning lowest detection happens at remote locations of the body (e.g. the head neck
sensitivity of all measurements) the robot is able to reaglomplex) during an impact with another body part (e.g. the
effectively. chest). The resulting data basis will help to understand the
mechanisms behind injuries in robotics and contribute to
a fact based discussion of safety in physical human-robot
interaction. Furthermore, this paper is intended as a @alpo
Table IX lists the evaluated injury indices for partially of how future impact experiments can be presented in a com-
constrained impacts. In this experiment the dummy wasarable and descriptive way, similar to already estabtishe
sitting in front of a barrier which height varied fro® mm  procedures in the automobile industBart 11 will discuss
to 160 mm, c.f. Fig. 4. The impact criteria, such as HIC,the obtained results in detail and give conclusions on how to
have similar values to the ones obtained for the unconstiainuse them in a possible standardized wayideo illustrating
dynamic impact presented in Sec. IV. The influence of thand supporting key aspects proposed and explained in the
barrier mainly results in larger neck forces and torquegaper is attached.

VIIl. PARTIALLY CONSTRAINED DYNAMIC HEAD
IMPACTS



Exp. Nr.  Robot | kg [mm] dg[m/is] Fontal ] HIC  alead [g]  aberd [g] F. [N] F. N MI'Se [Nm]
39 KR500 80 2.0 /2945 59.48 59.76 36.35  563.42 ~479.90 v'37.45
41 120 2.0 V3059 67.98 67.98 34.83  476.76 —471.44 v'29.02
43 160 2.0 /2795 | 40.87 53.67 30.80  482.06  —1137.25 v16.74
40 80 4.1 x4950* | 419.38 47.67  975.13 —670.60 v 68.07
42 120 4.1 x4978* | 408.31 47.27  864.13 —913.97 V'53.04
44 160 4.1 x5165* | 500.37 45.13 [JESGEEAY -1206.91 V93.98
TABLE IX

PARTIALLY CONSTRAINED HEAD IMPACT EXPERIMENTS WITH THEKR500. THE BARRIER HEIGHTh 3 RANGES UP TO160 MM.
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