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Designing Optimally Safe Robot Surface Properties for Minmizing the
Stress Characteristics of Human-Robot Collisions

Jung-Jun Park, Sami Haddatlidae-Bok Song, and Alin Albu-Schaffer

Abstract— Modeling of low severity soft-tissue injury due to  between humans and robots were studied by applying various
unwanted collisions of a robot in collaborative settings isan  piomechanical severity indices [1], [2], leading to a baxfis
important aspect to be treated in safe physical Human-Robot ,man injury analysis in robotics.

Interaction (pHRI). Up to now, safety evaluations for pHRI : . .. :
were mainly conducted by using safety criteria related with In the design of a service robot, not only life-threatening,

impact forces and head accelerations. These indicate seeer but also slight injury and in the long term also human pain
injury in the robotics context and leave out low severity injury ~ should be considerédin this sense, [3] discussed the design

such as contusions and lacerations. However, for the desigf  of the minimum covering thickness of a robot arm required to

collision between a human and a robot that is based on skin . :
injury criteria is essential. In this paper, we propose a noel Pain Tolerance 060 N. In [13], skin stress due to a blunt

human-robot collision model with and without covering, which ~ impact to a human body was analyzed for the evaluation
is based on the impact stress distribution. The reliabilityof — of soft-tissue injury by considering the shape and material
the proposed collision model is verified by a comparison with properties of a robot arm. To experimentally understant sof

yarlioll_Jts c?daveé_expetrri]mentts taketr: froT exti.sting tta_iomectr;]an tissue damage pig experiments for the analysis of stab and
ICal literature. ince € Sstress characteristics acting o the cut injuries were performed recently [14]

human head can be analyzed with this new collision model, ; ..
the occurrence of certain soft-tissue injury can be estimad. [N this paper, we propose a novel collision model that
Furthermore, the method serves for selecting the appropriee IS composed of a human head covered with a multi-layer
covering parameters, as e.g. elastic modulus and thicknessy  structure and a robot arm with a soft covering. We validate
evaluating the chosen skin injury indices. this model against experimental cadaver data from the biome
chanics literature and obtain the stress characteristibsga
. ”\_ITROD.UCTION . _ on the human skin. The model is based on the Hertz contact
In the near future first service robots will work in humantheory [15] and is verified with various experimental crash-
environments. Therefore, safety issues related to phlysigast results from the biomechanical literature. The infagen
human-robot interaction (pHRI) have become increasinglyf robot parameters on the impact stress characteristics is
important and considerable research efforts were conductgsed to choose a covering design that prevents soft-tissue
in this emerging field of robotics. Several researchers haygjuries such as contusions and lacerations.
devoted considerable effort to develop safer robot arms in'The approach to achieve this result consists of following
order to guarantee human safety. Various collision experiteps. In order to predict lacerations and contusions, \ed ne
ments and safety estimations were conducted to quantify the analyze the stress distribution on the impact surface. Fo
potential danger of developed robot arms [1], [2], [3], [4],predicting this we developed a novel impact model. As the
[3], [6]. original blunt unpadded impact data in the biomechanics
The head is one of the most critical body parts to béiterature contains only impact forces and the according
protected from trauma because severe brain injury has ekperimental conditions such as impact velocity, impactor
course devastating consequences. Thus, most researchefigature, and impactor mass, we still need to verify the
focused on severe head injury in order to evaluate the impgsitoposed impact model. Then, for further comparison, we
characteristics regarding injury between a human and u&e existing padded impact experiments from literature to
robot. Among several injury criteria used in car tests andbtain covering material characteristics that are useduin a
in the standard biomechanical literature, the Head Injunomobile crash-testing for passenger protection. Basettie@n
Criterion (HIC) has been the most widely used in the roboticgeveloped model, we are now able to identify the influence
community [7], [8], [9], [10]. of particular robot design parameters on the compressigde an
However, as no current service robot exceeds the safeinsile stress, which are related to contusion and lacerati
critical thresholds of the HIC, it is not well suited to tolerance of the human. Finally, we select the accordingtrob
generate insight into low severity injury This is due to covering material parameters that minimize both, maximum
much lower collision speeds of nowadays robots comparednsile stress and energy density without leading to a bulky
to the ones in automobile crash-testing [11], [12]. Therefo desigr.
the fracture force of bones, e.g. facial and cranial bones, The paper is organized as follows. Our collision model
and the compression criterion for the chest were suggestigt physical human-robot impacts is proposed in Sec. Il.
to analyze more relevant injury mechanisms [11], [12]Section Ill describes the influence of robot design pararaete
Generally, the intrinsic blunt impact properties of cotliss on impact stress. Various evaluations of soft-tissue ynjlure
to the robot blunt impact and the determination of the design
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IHowever, it is still well suited to state the range of injury a coarser 3The recent experimental verification of our model with cetesst dum-
sense. mies will be presented in a consecutive paper that we clyrenépare.


https://core.ac.uk/display/11149728?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

[1. IMPACT MODEL BETWEENROBOT AND HUMAN HEAD  where K., K., K,, are generalized stiffness constants

In this section we develop and validate the contact mod@etween covering and scalp, covering and bone, and robot
for evaluating the impact stress during robot human colli@nd bone, respectively. The exponemts, n., and n,

sions. are determined depending on the contacting materials. For
) metallic materials, e.g. a value af5 is used [15]. In this
A. Stress analysis between human and robot paper, exponents..s, n., and n,, are set to1.65, 1.8

In this paper, we model the robot and the human head a8d 2.65, respectively. The quantitiesbs,, and b.,, are
two degrees-of-freedom (DoF) forced mass system movir{?/aXImum compression depth of the scalp and covering.
along one common aXisAs depicted in Fig. 1, the robot When the penetration depth exceetis% of the thickness
is assumed to be a spherical mass, wheréZ, R andm  Of a soft material such as covering and scalp, it is fully
are the Poisson ratio, the elastic modulus, the radius and tpompressedb(,,, = 0.8bs, be,, = 0.8bc) [16]. Therefore, the
reflected inertia of each material, respectively. Subserip ~collision force calculation has to switch at maximum scalp
¢, s and b represent the robot, the covering, the scalp andnd covering compression accordingly.
the skull bone. The Poisson ratio and the elastic modulus areThe generalized stiffness constants (2) are
material properties of the associated body part depending o
its respective density. The sphere is covered with a second 47112 N -1

( v 1 1/S> ( 1 1 ) (3a)

layer, which will later on represent the soft padding that K., = — c -
is used to reduce the impact forces and stress. In general, 3\ Ee Eq Re. R
the human head consists of multiple layers such as a scalp, 4 ( 2 g y§>_l ( 1 1 )

< (3b)

=

skull, meninges, and the brain. To estimate stress inducedK., = - 1-v R —
skin injury, we only regard the skull that is fully covered 3 Ee Ey Re Ry
by the scalp. Although diffuse injuries to the brain can be 4(1—12 1-12 -1/ 1\~
produced by high impact accelerations/forces, this islgigh Kb = 3 ( 15 o 5 ) (R— + R_)
unlikely to occur during normal speed robot motion (up to T b T b

2 m/s), [10]. Therefore, we focus only on focal injuries suctB. Verification

as contusions and lacerations that are directly causediny bl To verify the reliability of the collision model, we compare

(SE

(3¢)

impacts. various simulation results with experimental cadaver data
) from existing biomechanical literature [17], [18], [19R{],
Covering (E., v.)  Scalp (E, vs) [21]. This cited research describes numerous blunt impact

experiments with cadaver for six distinct experimentalipst
(see Fig. 2), thereby providing extensive experimentalltes
that can be used for our analysis.

O~ ® o o

Fig. 1. Robot and human head model for the performed impaalysis.
During contact of the two masses the equation of motion  Flat Plateff /;"Cim‘ﬂaf} ' /
- r

in terms of the penetration depth= x,, — x; is

F(5) @ @-'“‘
P 5> 0 (1) P @ Y
m . .
where F'(§) andm are the collision force and the effective
mass, respectively. The effective mass can be expressed by
m=1/(1/m, +1/my). Fig. 2. Collision classes described in the biomechanitaldiure. (1) head

Assuming homogeneous isotropic and frictionless bodirop-test to a fixed flat plate, (Il) head drop-test to a fixedutar plate,

. . - - N1) flat impactor drop-test to a fixed head, (V) circular pactor drop-test
ies as well as elastic deformations, Hertzian contact theoty fixed head, (V) unconstrained collision between flat patd head, and
[15] can be applied. Furthermore, we assume that collisidii!) unconstrained collision between circular plate anache

forces among all materials act according to the Hertz force

law as a nonlinear elastic element. The collision force can In order to generate a valid model for predicting impact

be expressed as stress and force, we first need to analyze the case of no
" covering such that the impact process is not only dominated
LONS 0 < bsm by the covering characteristics. This would otherwise deav
F(0) =q Kop(0 = bsm)" + F(bsm) bsm <6 <bem  (2)the correct verification of head material parameters open as
Kb (6 = bem)" + F(bem) bem <9, a wide range of values would provide a good fit for this
analysis.

4During an impact the robot can be modeled by its respectiflected

inertia and velocity in impact direction. Therefore, thigdel is sufficiently In this paper, the Welght of the human heag, the elastic

accurate if the correct configuration dependent paramerersised. modulus of the human head borg, the poison ratiov,
5This can be assumed to the fact that the radius of the contaatis
assumed to be much smaller than the radius of the robot. €hids| of 5These values are obtained from an experimental crashuesing series,

course to very small tangential velocities. which results we will present in a consecutive paper.



TABLE Il
IDENTIFIED PARAMETERS OFFIG. 5.

are set tod.5 kg, 6.5 GPa and0.22, respectively. The head
includes the weight of meninges and brain is set.fokg.
The Poisson ratios, the elastic modulu#,, and the scalp

thicknessh, are set0.42, 16.7 MPa and3 mm, respectively Exﬁg;igem Ko () R(’ﬁq) ff\,ﬁpa) ve
[22]. The Poisson ratie,. and the elastic modulus,. of the Ex 15 531 629 0077 20 0.25
impactor are0.3 and 70 GPa. Ex 17 530 733 0079 130 025
Figure 3 depicts the comparison between experimental and Ex. 19 531 7.05 0.075 70 025
simulation results for various collision cases of Fig. Zol&d Ex.26 234 38 oo78 100 023
lists the experimental conditions of the collision caseghls Ex. 31 531 7.05 0078 100 025

study, the comparison for collision case V is omitted beeaus
to our knowledge there exists no experimental data for the
unconstrained collision with a flat-plate impactor. Forecas
VI, the experimental results are described in Fig. 3 (e) a
(. In Fig. 3 (b), (e) and (f) the boxes representes the énact
force and the collision duration (only this data is avaigbl

nfﬁe used simulation parameters. Since the material piepert
of the used coveringH,., v.) were not given in [21], we
identified them based on the experimental data via optimizin
TABLE | collision force and impact duration. The results for a set of
analyzed experiments are listed in Tab. lll. The parameters
the human model are set to the same values as for the rigid
collision analysis above (without covering). For identfion

EXPERIMENTAL CONDITIONS OFFIG. 3.

No. of No. of Impact Vr0 my Ry : :

Fig. case position (mis) (k) (m) of the covering material parameters, we ggt= 0.02 m.
Fig. 3(a) | Frontal cadaver [17] 22  Fixed fla This is enough to prevent the material fror_n being fully
Fig. 3(b) I Frontal cadaver [17] 30 Fixed 008 compressed. Furthermore, the radids of the impactor is
Fig. 3(c) il Temporo cadaver [20] 4.3 12 flat  set t00.01 m. As the true radius is not known we chose the
Fo 3@ U oo catever 2L W 003 same value that was used in an impact study [19] that cited
Fig. 3(f) VI Frontal cadaver [18] 3.5 45 0008 the original work [21] by the same authors.

Figure 5 depicts the comparison of the experiment with
simulation. Both, the maximum collision force and collisio

The force/time curves obtained from the simulation matcHuration show good agreement with the experimental results
those of the cadaver experiments very well before skuf\lso the force shape is very similar. However, please note
fracture occurs, see Fig. 3. In the experimental data theslothat the collision model is not able to reproduce the energy
of the force/time curve changes abruptly after the fracturdissipation of the process. _
incident. Since our collision model assumes homogeneousTo sum up, we verified the proposed impact model by
material that satisfies Hooke’s law, the maximum force woulg@ystematically comparing it to padded and unpadded cadaver
occur at the point of the maximum penetration withougXxperiments. This enabled us to identify the appropriate
fracture. Therefore, the validity of the proposed collisio material parameters of the involved bodies.
model is verified by using the collision force profile and 1. INELUENCE OF ROBOT DESIGN
the collision duration before fracture. ‘ PARAMETERS

Figure 4 depicts the simulation results for impacts to the ) ] ] ) )
frontal bone (the collision velocity, weight, and radiustioé In this section we derive the maximum stress acting on
impactor are set according to Tab. Il). Figure 4 (a) depict$€ human head from the dynamic differential equation of
the analysis for the flat impact surface and Fig. 4 (b) show®otion of the proposed collision model. We analyze how
the result for the circular surface. Collision case Il awd | stress in influenced by the most important robot design
cause significantly higher impact forces than the otherscasd@rameters. The compressive stress applied to the human
This is of course due to the constrained head. head due to a blunt impact is given by

TABLE Il

3F(5
ANALYSIS CONDITIONS OFFIG. 4. 2755> (% + RL) 0 < bom
0o(0) =8 BT (4 )+ 0el0um) bom <O <bom (4)
No. of  No. of Impact Vr0 mr R, QF(&;’”) f L
Fig. case position (m/s) (kg)  (m) ooy (=t R_b> + 0c(bem) bem < 6,
| Frontal bone 2.0 Fixed flat . .
Fig. 4 I Frontal bone 2.0  Fixed 0.02 where the compressive stress on the human head has its
I,V  Frontal bone 2.0 10 flat maximum value at = 6,4z
IV, VI Frontal bone 2.0 10 0.02

A. Influence of rigid robot arm parameters

Typical design parameters of a robot arm are the masses,

If the curvature radius of the robot increases, so dogmoments of inertia, the radius of curvature of the robot,hull
collision force, while the impact duration again decreaseand the maximum operating velocity. The stress charaeteris
see Fig. 4 (c), (d) and (e). For the flat impactor, the cuneatutics acting on the human head can be calculated from (4). To
is set toco, while for the circular impactor, it i$.02 m, obtain the relationship between stress and robot parameter
respectively. As intuition already indicates, the con@@a no covering is used.
is a less significant factor by means of impact force. Figure 6 shows the dependency of the maximum compres-

Next, we evaluate the validity of the model for impactssive stress on the head with respect to the reflected inertia
between a soft-covered robot and a human head by compaf-the robot and parameterized by impact velocities ranging
ison with experimental results given in [21]. Table Il st from 0.5 m/s to3 m/s. The curvature radius of the robot is
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Fig. 3. Comparison between simulation and experimentalltee$or various collision cases, where Sim. and Exp. represimulation and experiment,
respectively. The robot radius is chosen tof®e = 0.01 m.
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Fig. 4. Collision simulation results according to variowdlision cases. (a) flat impactor, (b) circular impactor) fead drop to constrained impactor,
(d) impactor drop to constrained head, (e) collision betweeconstrained head and impactor.

0.05 m. Its reflected inertia is obtained via the Jacobian ancurvatures> 0.1 m 7. From these results it follows that the
inertia matrix [23]. Clearly, Fig. 6 shows that the maximumoperating velocity is the more dominant factor of maximum
compressive stress saturates for increasing reflectetibimér stress for a typical industrial robotg. > 10 kg, R, > 0.05
constant impact velocity. From a certain point on it therefo m) or the DLR Lightweight Robot Il with & kg payload
does not result in higher impact stress anymore. (m, =4+ 6 kg, R, = 0.08 m).

B. Influence of soft covering parameters
Figure 7 depicts the maximum compressive stress as apesign parameters for the soft covering are the elastic

function of the curvature radius and is parameterized by,odulus, the Poisson ratio, and the thickness. For the robot
impact velocities ranging from.5 m/s to3 m/s. The reflected \ye assumed a small scaled industrial robet. (= 10 kg,
inertia of the robot i_s set td0 .kg. The maximum stress

r_ed_uces gradua"y with '“Cfeas'ng curvature, hOW(_avery onl "Please note that (4) is only valid for radii that are largemtithe contact
limited dependency on the radius can be confirmed fairea, i.e. non-sharp contact.
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vro = 2 m/s, R, = 0.015 m). Figure 8 shows the
relationship between maximum compressive stress acting on
the head and the Poisson ratio parameterized by the covering
elastic modulus fom, = 20 mm. This thickness prevents
penetration depths that exceed the maximum compression
depth of a covering/. that ranges fronD to 0.25. This
corresponds to typical soft polymer foams. As one can see,
the Poisson ratio has only marginal effect on the maximum
compressive stress. The elastic modulus, on the other hand,
significantly changes the curve characteristics.
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Poisson ratio

Fig. 8. Resulting maximum stress as a function of coveriagtel modulus
and Poisson ratio fob. = 0.02 m, m, = 10 kg, v.0 = 2 m/s, R, =
0.015 m. The covering is not fully compressed.

Figure 9 denotes the maximum stress as a function of
cover thickness and elastic modulus for= 0.25. It rapidly
changes below a certain thickness, which is of course due to
its full compression. Before this threshold thickness,ithe
fluence of increasing elastic modulus is immanent. However,
also the effect of enlarging the elastic modulus saturates.
For zero covering thickness the maximum stress converges



for each thickness to the same valuesf12.5 MPa. To T f"“S“e stress o;

sum up, the dominant design factors of a covering are the S
elastic modulus and its thickness. For the analyzed padding

no exceedance of the fracture tolerance is observed. ; Compressive
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Fig. 10. Tensile stress due to compressive stress actingeomuman head.
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wherev is the tensile Poisson ratio of the scalp, which is set

Fig;j 9|- Redsulting _maﬁLmtll(m COﬂfWIOFESSiV% Stfgss as alfunthOBmtiC to 0.42. For estimating contusions the energy density can be
rzn?n/g.us and covering ickness for. = 0.25, R, = 0.015 m, Vp0 = expressed as fO”OWS_
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IV. DESIGN OF ROBOT COVERING €A,maz = /0 oc(d) dé (6)

In this section, we introduce skin injuries and estimate )
their magnitude by means of the introduced covering desidrPr our analysis, we assume, = 10 kg, v;o = 2 m/s,
parameters. For this we need to evaluate both compressg@d i = 0.015 m or R, = 0.08 m (Again a small-scale

and shear stress as they indicate contusion and laceratiiflustrial robot or the LWR-IIl with6 kg payload). We
chooseR, = 0.015 m as a worst-case according to Fig. 7

respectively.
o . . and R, = 0.08 as a rather moderate value.
A. Safety criterion for soft-tissue injury Figure 11, 12 depict the results for the maximum tensile
Soft-tissue injury can be generally classified as followstress and the maximum energy density as a function of the
[24]. elastic modulus and the thickness of a covering, respégtive
e Abrasions or excoriations: an ablation of parts or th&ince the maximum density energy plot is very similar to
entire epidermis from the corium. the maximum tensile stress, both have their global minimum

e Contusions or bruises: a type of relatively minorfor similar conditions £. andb,.). According to Fig. 11, 12,
hematoma of tissue in which capillaries are damaged byontusions occur before the tensile stress on the skin dgcee
trauma, allowing blood to seep into the surrounding intetthe laceration tolerance value. This can be interpreteti suc
stitial tissues. that lacerations are accompanied by contusions of the skin.

e Laceration: a tear in the tissue and irregular cuts causedin general, the tensile stress and the energy density de-
by a blunt impact to soft tissue which lies over hard tisgue.crease with increasing thickness. For preventing contusio
is wider than deep. the thickness and the elastic modulus of a covering should

e Puncture or stab: a break or opening wound in the skibe larger thari5 mm and nea7 MPa, respectively .
caused by a clean sharp edge, which is usually characterized=igure 13 shows the maximum tensile stress and the
by being deeper than wide. maximum energy density as a function of the elastic modulus

In this paper, we focus on laceration and contusiorfor a thickness ofl0 mm (upper) and5 mm (lower) (cross
Contusions are a matter of impact energy density[24].  sections of Fig. 11, 12). For the thinner solution laceraio
However, please note that the injury tolerance of haematongan be prevented, however, contusions are still possitdr ev
and suffusion are below this value. Lacerations occur Wisualfor the optimally chosen elasticity modulus. Fgr= 14 mm
where thin soft tissue layers are directly located above haboth injuries can be fully prevented for an optimal material
tissue material as e.g. the scalp. Application of tensilesst  As both energy density and tensile stress are minimize@clos
which is larger than the ultimate tensile stress of skin pote to £, = 27 MPa, polystyrene foam (No. . = 27.6 MPa)
tially leads to skin fracture. In this paper, we use the wuitien could be selected as an appropriate covering to guarantee
tensile stress of the skin, which is assumed td Pa [25], skin safety, see Tab. IV.
and the maximum energy density 2162 J/cn? as the injury
thresholds for laceration and contusion, respectively. TABLE IV

. . PROPERTIES OF COVERING MATERIALS INFIG. 12.
B. Selection of robot covering

For estimating the aforementioned skin injury types, We g i Fig. 14 Material  E.(MPa) v. Density (kg/cn?)

need to calculate the tensile stress and the energy density

s 1 Polystyrene 27.6 0.22 50
At the surface within contact area, the stress componeats ar 5 Polystyrene 183 0.25 100
all compressive by nature, except at the very edge of contact 3 Polyurethane 62.1 0.20 100
where the radial stress is tensile as shown in Fig. 10, [15]. 4 Polyurethane 1379 0.29 200

The tensile stress of the contacting material is obtained by
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Fig. 12. Impact simulation for the head (frontal). (a) Maendgile stress,

and (b) max. energy density as a function of the elastic msdahd the
thickness of covering for DLR LWR Il without load. The impaspeed is
vr,0 = 2 m/s and the radius of the robot 2, = 0.08 m.

Fig. 11. Impact simulation for the head (frontal). (a) Maendile stress,
and (b) max. energy density as a function of the elastic msdahd the
thickness of covering for DLR LWR Il with load. The impact egd is
vr,0 = 2 m/s and the radius of the robot 13, = 0.015 m.

collisions between a human head and a robot with/without

Figure 14 depicts the tensile stress/displacement cufves@@Vering. With this tool it is possible to design safer rabot
three different coverings with thicknesé mm (upper) and and determine human-friendly operating conditions unider t
15 mm (lower). For compliant coveringd, < 10 MPa), the 9given safety constraints. o _
tensile stress maintains very low value until the penatrati  2) Safety criteria for soft-tissue injuries were introddce
depthd reaches the maximum compression. When the covegstimate skin injury due to blunt head impacts. We could also
ing is fully compressed, the tensile stress abruptly inszea observe that for the given conditions lacerations are gdiyer
For the stiff covering £. > 150 MPa), even though the &ccompanied by contusions. _
covering is not fully compressed, the maximum tensile stres 3) In order to prevent skin injuries from blunt impacts the
already reaches very high values. Finally, for the polystgr appropriate elastic modulus and thickness of a covering tha
foam (E. = 28 MPa) the tensile stress is significantly lower,’S attached to a robot can be determined. As this evaluation
as the aborbed energy is fully absorbed by the well designé@n be conducted at the design stage of a manipulator,
covering without causing too high impact forces due t&onsiderable time and cost can be saved.
material property or full compression and contact with the VI. ACKNOWLEDGMENTS
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