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Abstract—The light-weight robots developed at the German velocity needs to be 0:25m/s, the maximum dynamic power
Aerospace Center (DLR) are characterized by their low inertial 80W, or the maximum static force 150N. However, these
properties, torque sensing in each joint and a load to weight ratio 41,65 are not derived from real human impact experiments or

similar to humans. These properties qualify them for applications . . . . . .
requiring high mobility and direct interaction with human users any biomechanical analysis but base on heuristics, intendi

or uncertain environments. An essential requirement for such a t0 give @ human the possibility to actively avoid dangerous
robot is that it must under no circumstances pose a threat to the situations. Up to now there do not exist any injury indices
human operator. To actually quantify the potential injury risk  tailored to the needs of robotics and those borrowed from
emanating from the manipulator, impact test were carried out other elds (e.g. the Head Injury Criterion (HIC) [6], [7])

using standard automobile crash-test facilities at the ADAC. In inl luated in simulati far. Furth
our evaluation we focused on unexpected rigid frontal impacts, WE'e mainly evaluated in simulation so far. Further appeac

i.e. injuries e.g. caused by sharp edges are excluded. Severafre outlined in [8], [9], [10], but the importance of human
injury mechanisms and so called Severity Indices are evaluated biomechanics was barely investigated. To |l this gap we

and discussed with respect to their adaptability to physical decided to measure the potential danger emanating from the
human-robotic interaction. DLR lightweight robot 1l (LWRIII) by impact tests at a
|. INTRODUCTION& M OTIVATION certi ed crash-test facility. These tests were conductetha

The desired coexistence of robotic systems and humans?ﬁaSh'TeSt Center of the German Automobile Club ADAC.

the same physical domain, by sharing the same Workspacee robot was commanded to move on a prede ned trajectory

S . and hit various dummy body parts at TCP velocities up to
and actually cooperating in a physical manner, poses the ver .

. m/s. Based on the outcome of these experiments we can draw
fundamental problem of ensuring safety to the user and the

robot some general conclusions related to potential danger aftspb

Safety in terms of industrial robots usually consists Oqependlng on their mass and velocity.

isolating the workspace of the manipulator from the one of In our evaluation we concentrated on unexpected impacts

human beings by a safety guard with locked safety doors %fra smooth surface related to the three body regions head,

light barriers [1]. Once the safety door is opened or thetligfquk’ and chest. Injury mechanisms caused by sharp tools

barrier is crossed, the robot is stopped immediately, or similar injury sources were not taken into considergtion

. T since these mechanisms cannot be measured with standard
On the other hand an increasing interest has recently béen : Co ;
crash-test dummies. To evaluate the resulting injury $gver

observed in domestic and industrial service robots, char . .
. : S e European testing protocol EuroNCAP was applied. The
terized by desirable, and under certain circumstances even

! o . results of several injury criteria for head, neck, and cheste
unavoidable physical interaction [2], [3], [4]. Therefpere- ) .
. . . . measured by the ADAC and will be presented in the paper.
sulting essential requirement is to guarantee safety foram . . . :
. . . X cause an overview of commonly used Severity Indices is
users in regular operation mode as well as in possible fault """~ . : . .
missing in robotics, a short presentation on them will beegiv
modes. ) . :
This requirement necessitates a quanti cation of poténtia> well. The most prominent index for the head is the Head
q 9 P fir%jury Criterion [11] which was already introduced to rolost

danger by an objective measure of injury severity. Once .|

is possible to correlate the behavior of the robot with aﬁé?] [7] and used as a basis for new actuation concepts [12]

estimation of the resulting injury, it has to be guarantewet t . .
; fAs mentioned above, work that has been carried out up
the actions of the robot cannot cause an exceedance of a ?g e

i ; : i now in the eld of physical human-robot interaction was
maximum value if physical contact with the robot occurs. mainly based on simulations. These contributions inditate
According to 1SO-10218, which de nes new collaborativ Y ‘

operation requirements for industrial robots [5], one &f tbl- %'gh potential injury of humans by means of HIC, already

lowing conditions always has to be ful lled: The T&Range ?t a robot Spee‘f atm/s. Th|s also perfectly mgtched to t.he
common sense” expectation that a robot moving at maximal

1German Automobile Club speed (e.g. due to malfunction) can cause high impact injury
2Tool CenterPoint In this sense the paper presents very surprising and gjrikin



results. of AIS 3 (see e.g. Fig.5,6). Between these two values
Moreover, one of the main contributions of this paper e corresponding score (injury potential) is calculated b
the rst experimental evaluation of HIC in standard crashinear interpolation. A standardized color code indicabgsry
test facilities. Additionally to the impact evaluation itiliv potential and is given in Tab.ll.

be shown that even with an ideally fast (physical) collision

detection one is not able to react fast enough to a stiffsioti Colorcode  Color  Injury potential
(e.g. head) in order to decrease the effect of the contace$or )
for link inertias similar or larger to the ones of the LWRIII. Red - very high
In Section Il the evaluated injury limits and measures are Brown High
de ned and brie y explained, followed by the description of Orange Medium
the testing setup in Section lll. Consecutively, experitakn Yellow Low
results are presented in Section IV. The following evabrati Green Very low
and discussion lead to a number of surprising and quite géner
conclusions outlined in Section V. TABLE Il

INJURY SEVERITY AND CORRESPONDING COLOR CODE
II. CLASSIFYING INJURY SEVERITY

Before actually introducing the de nition of evaluated Since standard dummy equipment enables the measurement

Severity Indices, an intuitive and internationally esistigd of Slevter(ljtyblndlcef f(:r thteﬂ:lead, nhe(t:k ??d _<I:_?est, t_rlwlose ones
de nition of injury level will be given. Z\éanlé?je y our tests at the crash-test facilities will rimw

C. Injury Criteria For The Head

According to [16] most research carried out in connexions
with automobile crash-testing distinguishes two typeseasd

A. The Abbreviated Injury Scale

AIS  SEVERITY TYPE OF INJURY

0  None None loadings:

1 Minor Super cial Injury 1) Direct Interaction: An impact or blow involving a colli-

2 Moderate Recoverable sion of the head with another solid object at appreciable

3 Serious Possibly recoverable velocity. This situation is generally characterized by

4 Severe Not fully recoverable without care Iarge Iinear.accelerations and small angular accelemation

5 Critical Not fully recoverable with care dur_mg the 'mpa,Ct phase,' . . .

6 Fatal Unsurvivable 2) Indirect Interaction: An impulse loading including a

sudden head motion without direct contact. The load

TABLE | is generally transmitted through the head-neck junction

upon sudden changes in the motion of the torso and is
associated with large angular accelerations of the head.
A de nition of injury level developed by the AAAM and  Since the potential danger is disproportionately higher by
the AMA? is the Abbreviated Injury Scale (AIS) [14]. It direct interaction, this work will concentrate on the rst
subdivides the observed level of injury into seven categoripotential injury source.
from noneto fatal and provides a very intuitive classi cation Especially for the head quite many criteria for type 1
(see Tab.l). Of course this classi cation gives no Himwto interactions are available. Their major theoretical basis
measure possible injury, this is provided by so called Sgverthe so called WSTE a fundamental experimental injury
Indices. tolerance curve forming the underlying biomechanical adita
B. EuroNCAP gl! prese_ntgd head criteri_a. The limit values of the follogyi
injury criteria are de ned in the EuroNCAP protocol. For the

The ADAC crash-tests are carried out according to t ad they represent 5% probability of occurringAlS 3
EuroNCAP which is based on the Abbreviated Injury Scalemjury.

The EuroNCAP, inspired by the American NCAP, is @ manu-'1)" Head Injury Criterion: The most frequently used head

facturer independent crash-test program uniting the ER80D geyerity Index is the Head Injury Criterion [11], de ned as
ministries of transport, automobile clubs and underwgitin

associations with respect to their testing procedures ang|
evaluations [15]. The outcome of the tests, specied in the
program, is a scoring of the measured results via a slidialgsc
system. Upper and lower limits for the injury potentials are
mostly de ned such that they correlate to a certain proligbil jix jj is the resulting acceleration of the human Headd
has to be measured ig = 9:81m/$. The optimization

DEFINITION OF THE ABBREVIATED INJURY SCALE.

Z,, )

ICg6 =max  t 3 jpe 1 jj2dt 650 (1)

ty
t=t, t; tmax = 36ms:

3Association for theAdvancement ofAutomotive M edicine
4AmericanM edical Association SWayne State ToleranceCurve
SEuropeanNational Car AssessmenProtocol 7jixji2 = Euclidean norm



is done by varyingt; andt,, i.e. the start and stop time P(AIS, 1-6) PAIS, 3)
are both parameters of the optimization process. Intiytive
speaking, the HIC weights the resulting head acceleratiog =
and impact duration, which makes allowance of the fact thaZ
the head can be exposed to quite high accelerations and 2
still intact as long as the impact duration is kept low. In3
addition to the HIGg the identically de ned HIGs with
tmax = 15ms exists. Comparing both likelihood distributions £ — AT
yields that corresponding injury probabilities for HiCare AST
more restrictive than for the Hig (see Sec.lI-C.3). wllol et AR | ===
2) 3ms-Criterion: 15

1 VA | PY . . Fig. 1. Mapping HIGs to the Abbreviated Injury Scale (left) and comparing
agms = — Perijiodt  72g t=3ms (2) p(AIS  3)uicis with p(AIS  3)picss  (right).
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resulting acceleration to be less th@Py. Any shorter impact
duration has only little effect on the brain.

3) Converting Severity Indices to the Abbreviated Injury
Scale: Unfortunately, Severity Indices do usually not provide
a direct scaling of injury but rather a limit between severe
and non-severe injury. Furthermore, they are de ned with %
respect to different physical domains and thus are not ttijrec Tension
comparable to each other, nor can they be combined. In
order to cope with this de cit, mappings were developed to Fig. 2. Taxonomy of neck motions.
translate a Severity Index to the Abbreviated Injury Scahre
NHTSA?8 speci ed the expanded Prasad/Mertz curves [17] for
converting HIGs values to the probabilitpy(AlS i) of the E. Injury Criteria For The Chest

corresponding ,AIS level which are shown in Fig.l(left)._ In 1) Compression-Criterionfrom evaluated cadaver experi-
[18] & conversion from HI&s to p(AIS  2;3;4)niczs IS ments it was derived that acceleration and force critedal
de ned. Since the EuroNCAP underlays its injury risk levelye intrinsically not able to predict the risk of internajiries

de nition mainly on thep(AIS ~ 3)-level, the corresponding of the thorax which tend to be a greater threat to human

This criterion requires the maximurBms-average of the Exten37

Shearing

functions for both HICs are illustrated in Fig.1(right): survival than skeletal injury. Kroell analyzed a large dadae
of blunt thoracic impact experiments and realized that the
AIS  3) 1 3) Compression Criterion
P = : ;
HICIS o 939+ %y 0:00872HIC 35 CC=j xcj, 22mm (5)
_ In(HIC 36)
P(AIS  3micse = ————— i (4) s a superior indicator of chest injury severity, whergc is

the chest de ection. Especially sternal impact was shown to
with ( :) denoting the cumulative normal distribution withcause compression of the chest until rib fractures occ@],([1
mean = 7:45231and standard deviation = 0:73998 For [20]).
our very short impacts the evaluation of HKCGand HIGg lead 2) Viscous-Criterion: The second criterion for the chest is
to the same numerical value. Obviously the kandicates a the Viscous Criterion (VC), which is also known as Soft Tessu
higher risk level than the HIig for the same numerical value Criterion [20],[21]. It can be formulated as
and is therefore more restrictive. ) i xciiz m
D. Injury Criteria For The Neck Ves el Xl lc 055 ©)

In general, the injury mechanisms of the human neck adle ned as the product of compression velocity and the nor-
related to forces and bending torques acting on the spima@lized thoracic de ection. The scaling factat and the
column. In the EuroNCAP the corresponding limits are de ne@leformation constant (actually the initial torso thickslek
with respect to the positive cumulative exceedance time @8pend on the used dummy and are summarized in [22].
denoted in Tab.lll. Between these values a linear intetjpola
is carried out. The corresponding taxonomy of the neck is
illustrated in Fig.2, whereas the EuroNCAP species limit The instrumentation of the used Hybridlll dummy is shown
values only for the motions listed in Tab.lIl. in Fig.3. It represents the standard equipment to measere th

described injury criteria at a sampling frequency 28kHz.

8National Highway Traf ¢ Safety Administration The signals are Itered according to [23].

Ill. EXPERIMENTAL SETUP



Load @oms @5 35ms @45ms

Shearing:Fx;Fy  1:9=3:1kN  1:2=1:5kN 1:1=1:1kN

Tension:F, 2:7=3:3kN  2:3=2:9kN 1:1=1:1kN

Extension:My 42=57Nm  42=57Nm 42=57Nm
TABLE Il Laser pointer, | High-speed camer%
HIGHER AND LOWER PERFORMANCE LIMIT SPECIFIED FOR THE HUMAN
NECK (SEE AS WELLFIG.8).
Triaxial acceleration sensofF—— %&
% ~

2x 6DOF Force-/Torque sens<

Triaxial acceleration senser—___

Rotary potentiomete/

Fig. 4. Test setup for impact experiments.

Injury HIC
Level Level
Fig. 3. Hybridlll Dummy Instrumentation.

HIC 3¢-Level of the LWRIII

Very high

In Fig.4 the overall test setup is shown. It consists of the 1000
LWRIII, the full dummy equipment, a high-speed camera and High
a laser pointer to ensure a reproducibility of the tests. The
7DOP® exible-joint robot has a weight ofl4kg and a load Medium
to weight ratio 1. It is equipped with motor and link side
position and torque sensors in each joint. All calculatiofis , .. 5
the indices were carried out by the ADAC, thus were done ;
according to the EuroNCAP program. In order to ensure rigid o o5 10 15 20 25
and de ned contact, 4kg aluminum impactor was used which ~ Vev'ow TeP-velociy il
was equipped with high bandwidth force and acceleration 1
sensors (see Fig.4). The desired trajecfowyas a rest-to-rest
motion which start and end con guration was given by Fig. 5. Resulting HIGs values for varying impact velocities, rated according

Ostart = ( 45 90 90 45 0 90 147) to the EuroNCAPAssessment Protocol And Biomechanical Limits

Oend =( 45 90 90 45 0 90 147).

In order to maximize the joint mass matrix (re ected inertia ) )
was 4kg at the TCP) the trajectory was selected such that tA#ISt not exceed 650, which corresponds to a resulting 5%-
robot hits the dummy in outstretched position. Furthermor@robability of serious injuryAIS  3). This value originates
high TCP velocities can be achieved in this impact con gdfom [24], [25] and differs only slightly from the one obtaid

ration. In our experiments we chose the robot velocitieseto BY the tting function (4). _
i Xitep 2 f 0:2,0:7; 1:0; 1:5; 2:0gm/s. As indicated in Fig.5, the HIg caused by the LWRIII is

A TCP velocity of 2m/s is already relatively close to theP&low 25 alm/s which corresponds towery lowinjury level.
maximal robot speed and, as will be pointed out later, pos8€ resulting probability of injury severity obtained by ed
in the case of impact a potential threat to the mechanics @9 is 0% for all categories. Another aspect that clearly can
the robot. Of course this position can be further optimizzed tP€ extracted from Fig.5 is that the HICis rapidly increasing

wards the absolute worst-case, but the described con igurat With robot velocity. _

is indicated by the3ms-Criterion. Even at a tip velocity of
IV. EXPERIMENTAL RESULTS 2m/s less thar20% of the lower limit of 72g are reached (see

A. Results for the Head Fig.6).

In Fig. 5 the resulting Higs values are plotted with respecty  Results for the Neck
to the impact velocity of the robot. The corresponding ipjur . Neck . -
classi cation was described in Sec.lI-B. In order to classi 1€ resulting neck forcé ™ for varying robot velocities

an impact into thegreenlabeled region, the occurring H caused by head impacts is illustrated in Fig.7. The actual
p g g g Hie impact is characterized by a very short peak which duration

9DegreesOf Freedom and maximum value depend on the impact velocity. For fast
105ee also the video on www.robotic.dlr.de/safe-robot impacts a low level safety feature of the robot activates and

HIC36

serious, but
not life threatening

Low
650 .
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............. | .
maxf Mg Injury
Fig. 6. Resulting3ms-Criterion values for varying impact velocities, rated Level Level

according to the EuroNCARssessment Protocol And Biomechanical Limits maxt M Mok Level of the LWRII

Very high
Resulting neck force Fr’glng 57[Nm] Lower performance limit 12 Caused by increasing load
800 T T T T T T B
—0:2m/s £ High 10
—0:7m/s 3L )
700  impact —150m/s B 22 Medium s
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200 : | < Verylow et
Al\e i
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: " — Fig. 9. Resultingmaxf M Neck g values for varying impact velocities, rated
100k NS fme [ i according to the EuroNCARssessment Protocol And Biomechanical Limits
00 0.005 0.01 0.(;15 O.‘OZ X 0.(;25 0.‘03 0.&35 0.64 O.CLAS 0.05 ) . . ) .
time [s] speci ed in the EuroNCAP, but according to [26] tension is
Fig. 7. Resulting impact force during head impacts. more critical than compression and thus applying available
limits to both, tension and compression seems to be a reason-
able choice.

stops it because the specied maximum joint torques arde '_[olerance values for ne(_:k forces are not constant, bl_Jt a
exceeded. Therefore, thmaximumneck force/torque during function of the exceedance time (see Sec.ll-D). The remylti
the entire collision is determined by thjzeak force/torque forces are labeled with the corresponding TCP velocity. A
occurring within the rst5 20ms of the impact. On the other™ indicates the forces caused by the impact andhe ones
hand, if the impact velocity is very lowo(2m/s), theimpact by continuous bending, if they were nally larger than the
force is reduced dramatically and does not trigger the lewell impact forces. In order not to break the dummy neck the robot
stopping mechanism. Consequently, steadily growing neglepped a prede ned distance after the collision occurred.
bending can take place, increasing neck forces to evenrlarg8is of course limits the bending forces & torques which
values than the ones caused by the original impact becaase@Herwise would further increase. In Fig.9 the results & th
robot still follows its desired trajectory. This becomesarlif €Xtension torque are visualized. As for the previous head
the neck forces for the impact velociti@2m/s andL:0m/s are Severity Indices, the occurring neck forces/torques atalyo
plotted for a longer time period (see Fig.7): After20ms both subcritical, i.e. pose no threat to the human.
impactmaxima are over and dm/s the low-level stop of the
robot is triggered because the impact forces (ugkil were C- Results for the Chest
measured at the aluminum impactor) cause extremely highAccording to [27] a 5%-probability of serious chest injury
joint torques. In contrast @:2m/s the neck force is steadily (AIS 3) corresponds to a compression2gimm and50% to
increasing and might become even larger than impact forc&@nm. In Fig.10 the resulting compression values are plotted
at higher velocities. with respect to the impact velocity of the robot. Again, the
In Fig.8 the occurring upper neck shearing and temsjury potential is very low, as the values range in the lawes
sion/compression forces are plotted with respect to thigipes quarter of thegreenarea.
cumulative exceedance time. Actually, only tension lingite The results of the Viscous Criterion are not presented



COLLISION@2m/s Resulting neck forceF Neo

injury max xcg e |
k with collision detection
Level Level ; :
maxf Xxcg-Level of the LWRIII
Very high . Z
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Low O g Fig. 11. Impact characteristics &m/s. All values are scaled to t into
swAals 3 O 22[mpmi] one plot (left). The plot is mainly to show the timing of the sim While
acceleration and impact force are simultaneous, the joirgutorand the
E 0 05 10 15 20 25 additional external torque estimation react delayed to theact. Resulting
Very low TCP-Velocity [m/s] neck force with and without collision detection and reactgirategy (right).

Fig. 10. Resultingnaxf xc g values for varying impact velocities, rated  Qne clearly can see that before the joint torque starts

according to the EuroNCARssessment Protocol And Biomechanical L|m|tsincreasing the relevant force/acceleration peak pesqutac-
tically over. Thus, during this particular time interval top

i . and link inertia are decoupled by the intrinsic joint eleiyi

because the resulting values were located within the ranggy only the link inertia is involved into the impact. Themes

of noise and thus this criterion is not well suited, nor sévesi decreasing joint stifiness e.g. via antagonistic actunatiould

enough for our evaluation. This is related to the r'elatl\lew not have any effect on a hard contact head impact with link

velocities, compared to the ones encountered in automotigrtias similar or higher than the ones of the LWRIII. For

crashes. collisions with softer body parts (e.g. the arm) the impact
duration is lower and decreasing joint stiffness might medu

V. EVALUATION & DISCUSSION contact forces.
A collision detection and reaction scheme, based on the
quarter of thegreenindicated area, i.e. the potential dange) Isturbance observer developed in [28], is used and ireficat

emanating from the LWRIII is intrinsically very low by means'r} Fri]g.ll(tl)eft)._ It. utilizes onlydthe proprioc_e_ptive Czpﬁﬁes.d
of injury measurable by automobile crash-test facilitiestsas 0 It € :jo ot (_Jomt ]Eorhque an rr|10tor posmoR) and provides
the ADAC. These are surprising and gratifying results and b tered version of the external torquée . As soon as a

our knowledge, they represent the rst systematic expeniale collision hasl been dgte.cted (after a Qetection delay 6f_ns)
evaluation of possible injuries during robot-human im;sac{he robot switches W'th'n o_ne_cycle time ms_from position
using standardized testing facilities to torque control with gravitation compensation [29]. Itert

The low values of the Severity Indices are a direct cons@'—orqs’ .the commande;d torque ig = g( ), where.g IS a
vitation compensation based on the motor position

guence of the much lower speeds of the robot tip, comparedgtr ) ) L
velocities of cars involved in crash-tests. There, impastd at he d|sturbance_ o_bser_ver highly depe_n(_ds on the J_omt torque
velocities starting at0m/s, which is equivalent t8km/h, are measurement. This implies that the collision detectiomoan
carried out. At such high velocities Severity Indices pholssi b.e. “?ed to decre.ase the resultl_ng Injury severity caused by
rigid impacts at high robot velocities, since the impacelits

exceed the de ned limits. . o : ) e
passed before the joint torques start increasing signitly.

Apartfrom the directly measured results one is able to drdﬁms using this collision detection mechanism does noifgla
fundamental implications to physical human-robot int&oax ’ 9 . L
whether one could potentially decrease the resulting ynjur

which now shall be outlined. by a faster detection mechanism. Therefore, the accealarati
signal of the impactor was used as well to trigger the reactio
strategy of the robot. Although one could now detect the
In order to illustrate certain problems and rst implicatio collision within 1ms, the resulting injury criteria did not differ
resulting from the dynamics of a rigid head impact, a dumnfyom the ones obtained with the previous collision detectio
head crash aPm/s shall be evaluated. In Fig.11(left) thescheme or even without any reaction strategy. This is expthi
measured joint torque of théth axis 4, the contact force by the fact that, even if a collision is detected timely, the
Fext » and impactor accelerationy, are visualized. Such a fastmotors cannot revert their motion suf ciently fast.
impact is characterized by a very high acceleration/foeskp  Another fundamental injury source is quasistatic loading
lasting6é 10ms and highly depending on the impact velocityoccurring at lower velocities (see Sec.IV-B), or if no low-
The maximum measured contact force and acceleration of theel stop in case of maximum joint torque exceedance would
aluminum impactor wer@kN and35g, respectively. Actually, occur and the robot continued to follow its desired trajgcto
this very short part of the impact is the relevant one for thafter the impact. Especially if a human body part is clamped
evaluation of head Severity Indices, since here they rdaah t or lacks somehow in mobility, this could become a very
maximum value. dangerous injury source. In Fig.11(right) the effect of the

All evaluated severity measures range within the lowe

A. Typical Impact Characteristics



collision detection is visualized which proves to be a vergnd useful implications can be extracted from it. In Fig.12

fast and ef cient way to handle quasistatic loadings. the Head Injury Criterion was evaluated for robot masses
) up to 50kg and graphs were obtained for impact velocities
B. Protecting The Robot of ji Xjtcp 2 f 0:2;0:5; 1:0; 1:5; 2:0; 2:5; 3:0gm/s. They show

Another very important observation, already made at dhat the HIC saturates for increasing robot mass at eachcimpa
impact velocity oflm/s, is that the speci ed maximum joint velocity. This on the other hand indicates that at some point
torques of the robot were exceeded for several milliseconiereasing robot mass does not result in higher HIC. In Big.1
during the impact (see Fig.11(left)). the vast effect of impact velocity is shown and additionally

A mechanical end stop in the robot limits the de ectiorone can see the decreasing robot mass dependency. The
range of the torque sensor which then goes into saturatisn. ifnpacts were simulated with robot velocities up 16m/s
already mentioned, a low-level emergency stop is initediz and the graphs were obtained for re ected robot inertias of
as soon as this event is triggered. It has been explained that4; 10; 50; 100 500gkg.
even an ideally fast collision detection is not able to rediine Additionally, a very intuitive and afterwards obvious inte
impact forces. Therefore, such dynamic loads pose a seriqustation of the saturation effect can be drawn: If we think
threat, potentially causing mechanical damage to the robof a very massive industrial robot, colliding am/s with a
This necessitates to think about how to prevent the robat frchuman head it is nearly the same as if the human runs with
being damaged during such an impact, directly leading to tBm/s, which is equivalent t@:2km/h, against a rigid wall.
requirement of reducing the robot speed to subcriticalaaluThis is at least true for the short duration of the impact Wwhic
from the robot's point of view. One could even say that & relevant for the HIC. Already intuitively it becomes dea
rigid impact with the LWRIII poses a disproportionally highe that one would not be seriously injured by such an impact at

threat to the robot than to the human. walking speed.
) Consequently, no robot whatever mass it has could become
C. Inuence of Robot Mass & Velocity dangerous am/s by means of the presented criteria as long
HICo(mesn) HICas(Mroer) as clamping and impacts with sharp surfaces can be excluded.

In fact, even in case of clamping the Head Injury Criterion
and the3ms-Criterion would not indicate any potential injury.
This is because they are determined within the $st 10ms

of the impact and during this extremely short time interve t
head does not move noticeable.

Generally speaking increasing robot mass and loads pose
a threat if there is any chance a human body part could be
clamped. Because of the higher inertias it would take the
robot longer to decelerate and thus fatal injuries, e.geeding
Fig. b12t. dHICdvaIues rr}tzs;(letirr:%dfgcl)ngggrl:eijmtp))ac(tja?;mLtlgﬁltiortls rt;eatlwiﬁqen chest de ection limits could be the consequence. This gield
?négsgre?r?entas. 'Il'JrT(]en::)(Jrves show the depender?/cy of HIC (an the rnzb?.\xpa{:0 ar.wth_er advantage of the LWRIII: By its ”g_htW.Eight d.es.ign
and are parameterized by the impact velocity. the inertias are low enough not to cause this kind of injury.

In order to verify that statement, impact tests with indastr
HICs5(kroner) HICs6(Xroor ) robots are going to be carried out, which probably yield Emi
= —i HIC values as the ones obtained with the LWRIII, but the
— 1ok -t guasistatic contact force and penetration depth are gang t
increase signi cantly.

HIC =650 for LWRII =

HIC36
8

Robot massmyopor [kg] Robot massMionot [kg]

g

HIC36
HIC36

D. Consequences for Standards & Norms

The presented results imply that typical Severity Indices,
such as the Head Injury Criterion are not applicable to
| = - robot-human impacts occurring at much lower velocitiesitha

Robat velocity X [m/s) Robot velocity Xiove [M/s] the ones evaluated in the automobile industry. Actually, it
has been shown in [31] that the mechanical response of a

Fig. 13. HIC values resulting froniDOF impact simulations between indi i ini i
a robot and a dummy head model obtained by data tting to real impagummy indicates even higher injury severity than would occu

measurements. The curves show the dependency of HIC on thetivepacity N rea”t)_/- Therefore, new C_riteria fOCU_Sing on other injur
and are parameterized by the robot mass. mechanisms, such as clamping, lacerations and fractuxes ha

to be investigated. These statements do not directly amply t
In Fig.12,13 the simulation results of a robot collidingobots operating at much higher velocities but it is questive
with a dummy head model, which was extracted from thenyway whether it is desirable for a humanimeract with
real impact data, are plotted. A Hunt-Crossley model [3@ robot moving at velocities considerably higher thHam/s.
was used to cope with the discontinuity in the classical ma8d course, another potential injury source still has to be
spring damper approach caused by the damping element atitivestigated: Tools mounted on the robot can be arbitrarily
moment of impact. Although some variations between redangerous and need to be investigated separately (what if th
experiments and this simulation may exist, very intergstimobot moves a knife).




In the beginning of this paper the 1SO-10218 was intro{4]
duced, de ning new collaborative operation requiremeinrs.
our experiments we were able to drive eight times faster and
cause thirteen times higher dynamical contact forces than a
suggested by the norm for the static case (Severity Indices &bl
usually de ned for impacts in the range of milliseconds but[e>
static tolerance is usually higher than dynamic [26]).] Stilr
impact experiments yielded such low injury risks raising th
guestion whether this standard is not too conservative. [7]

(8]

The motivation of this work was to investigate the potential
danger emanating from the LWRIII with respect to physical[g]
human-robot interaction. Severity Indices were introdiice
which are biomechanically motivated quantities indicgitine
injury severity of various human body parts. In this papé}o]
we focused on the blunt unexpected impact with the human
standing still at the moment of impact. The important isstie 611
tools still has to be investigated. [12

Impact tests were carried out using standard crash-test
facilities, whereas numerous Severity Indices were etatla
according to the standardized EuroNCAP. The resultingasaldls]
proved that a blunt impact between a human and the LWRIII
does not cause serious hatmAdditionally it has been shown,
that the results concerning the HIC can be generalized (331
robots of arbitrary mass. [15]

Another major conclusion is that classical Severity Indjce
established in the automobile industry cannot be traredeio
the eld of robotics because operating velocities are tmdhic
far too low to have any signi cant impact on them. Thereford17]
new criteria have to be proposed focusing on relevant injupy;
mechanisms. Based on our results the adjustment or ey
rede nition of the automotive injury scaling system to raico
purposes will be of major importance.

A video illustrating and supporting the key aspects
proposed and explained in the paper can be found [&}
www.robotic.dlr.de/safe-robot [22]

[23]

VI. CONCLUSION& OUTLOOK

(16]

(20]
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