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SUMMARY
The safety analysis of human–robot collisions has recently drawn significant attention, as robots
are increasingly used in human environments. In order to understand the potential injury a robot
could cause in case of an impact, such incidents should be evaluated before designing a robot arm
based on biomechanical safety criteria. In recent literature, such incidents have been investigated
mostly by experimental crash-testing. However, experimental methods are expensive, and the design
parameters of the robot arm are difficult to change instantly. In order to solve this issue, we propose a
novel robot-human collision model consisting of a 6-degree-of-freedom mass-spring-damper system
for impact analysis. Since the proposed robot-human consists of a head, neck, chest, and torso, the
relative motion among these body parts can be analyzed. In this study, collision analysis of impacts
to the head, neck, and chest at various collision speeds are conducted using the proposed collision
model. Then, the degree of injury is estimated by using various biomechanical severity indices. The
reliability of the proposed collision model is verified by comparing the obtained simulation results
with experimental results from literature. Furthermore, the basic requirements for the design of safer
robots are determined.

KEYWORDS: Physical human–robot interaction; Collision analysis and model; Safe robots; Human
injury analysis.

1. Introduction and Background
SINCE the introduction of service robots in human environments, safety issues related to
physical human–robot interaction have become increasingly important. Collision analysis and
safety evaluations of physical interactions between humans and robots have been investigated
extensively.1–10 To quantify the potential danger of robot arms for blunt contact, real impact tests
have been conducted using a Hybrid III dummy. The intrinsic properties of the collisions between
humans and robot arms were studied by applying various biomechanical severity indices.1,2 For safety
evaluation, several collision studies used reduced collision models composed of a human head mass
and a robot mass, whose motions were converted into translations.3–5 Recently, impact simulations
with robot arms used the head and chest of a clamped human dummy.6 In addition to the direct impact
consequences at the primary location of impact, neck bending during a head impact posed only very
limited potential of injury for collision speeds under 2 m/s.1,2

However, in order to support these findings and generalize them to any kind of robot, the bonding
effects between the head, neck, and torso should be simulated but not using only simplified models
of body parts. Furthermore, there is no consensus on the sufficient set of safety criteria or on the
standard experimental setup for the simulation of safety critical situations in physical human–robot
interaction. An obvious problem with safety evaluation based on real crash-tests is the substantial
amount of time and expense needed to construct experimental setups, conduct experiments, and
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analyze data. Furthermore, to evaluate the collision safety of a robot arm in the design stage, realistic
collision experiments should be conducted, although this is not easy.

To generalize the findings in the literature to be applicable to any robot-human impact cases, we
propose a collision model composed of multiple body parts and a robot arm, which will give reasonably
accurate simulation results. The proposed collision model is verified with the experimental crash-test
results obtained from.1,2 This model is considered a simple yet sufficient model for fast intrinsic
safety evaluation during the robot design stage. The proposed human frontal model consists of a
head, neck, chest complex, and a torso, so it can be used for impact analysis of various collision
situations. Head, neck, and chest injuries are estimated by calculating a set of severity indices, which
were used in the robotics literature. The robot model can be used for a general type of robot. Various
dynamic collisions were simulated using the proposed collision model, and the results were evaluated
according to injury indices for the head, neck, and chest. Moreover, important robot design parameters
are determined according to the presented collision analysis.

In contrast to existing work, the present study introduces a collision model with multiple human
body parts. The model can be used to evaluate collision safety according to various injury criteria of
different body parts. Therefore, a full analysis can be conducted without the expensive, real collision
tests. Of course, the real robot design needs to be analyzed experimentally; however, the proposed
methodology allows the use of simulation insights early in the design stage, making it possible to
design safer robot arms and to determine safe operating conditions before real testing. This shortens
development cycles significantly.

This paper is organized as follows. Injury criteria for physical human–robot interaction mainly
adopted from biomechanics are discussed in Section 2. Section 3 describes our collision conditions.
Various impact evaluations and the identification of important robot design parameters for design of
safer arms are provided in Section 4. Finally, Section 5 concludes the paper.

2. Injury Criteria for Physical Human–Robot Interaction
Several types of safety criteria for physical human–robot interaction have been suggested up to
now,7,8 which seem to be rather conservative compared to that reported in existing literature. To
resolve the imposed limitations of these safety criteria, the injury assessment from automobile crash-
testing, which evaluated the collision characteristics between humans and robots, was applied to
human–robot interaction.5

Contacts upon human–robot impacts can generally be divided into unconstrained impacts,
constrained impacts, and partially constrained impacts, which include both blunt impacts and sharp-
edge impacts. Of course, sharp-edge impacts can cause severe injury to a human. However, in this
paper we focus on blunt impact to a human as a beginning stage of collision analysis. Next, we briefly
review head, neck, and chest injury criteria for blunt impact analysis, which are widely used in the
literature on crash testing.

2.1. Head injury
The head is one of the most critical body parts to be protected from impact trauma, as the consequent
injury can be devastating. The brain may be injured by two major types of processes: first, excessive
acceleration of the head and second, a fracture of a cranial bone by direct impact to the head. In order
to cover the wide range of blunt head injuries, various injury criteria for the head were developed.
Among several injury criteria used in automobile crash-testing, the Head Injury Criterion (HIC) is
most widely used in the robotics community. HIC36 is defined as

HIC36ms = max

{
(t2 − t1)

[
1

t2 − t1

∫ t2

t1

‖ẍH‖dt

]2.5
}

for t2 − t1 ≤ 36 ms, (1)

where ‖ẍH‖ is the resulting head acceleration expressed in g ( = 9.8 m/s2) during the time interval
(t2 - t1). HIC can then be converted into an injury scale as the Abbreviated Injury Scale.11 An HIC
value below 650, for instance, represents a probability of serious injury (AIS ≥3) being less than 5%.

Table I lists fracture tolerances of cranial and facial bones including the impactor sizes used in
their respective collision experiments. An impact test with differently sized impactors verified that
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Table I. Facial impact tolerances of human cadaver heads.

Cranial bone Fracture force Impactor size

Frontal bone21 4.0 kN φ 0.02 m
Temporoparietal bone22 3.12 kN φ 0.029 m
Maxilla bone23 0.66 kN φ 0.029 m
Nasal bone24 0.34 kN φ 0.023 m

Table II. Injury tolerances of the human neck.

Indirect impact Injury tolerance

Shear18 3.1 kN@0 ms, 1.5 kN@30 ms, 1.1 kN@45 ms
Tension18 3.3 kN@0 ms, 2.9 kN@35ms, 1.1 kN@60 ms
Compression18 4 kN @ 0 ms, 1.1 kN @ 30ms
Extension19 57 Nm
Flexion19 190 Nm
Direct impact Injury tolerance
Thyroid and cricoids20 0.337–0.810 kN

Fig. 1. Descriptions of head loading and anatomy of neck.

both the maximum pressure12 and the maximum contact force13 acting on the bone are related to
bone fracture. Thus, we discuss the fracture force of each part with the information on the impactor
size to consider simultaneously both the force and the pressure in this study.

2.2. Neck injury
Neck injuries can occur by direct or indirect impacting. An indirect impact denotes a collision force
or acceleration acting on the head that affects the spinal column of the neck. In automobile collisions,
neck injuries often occur as a result of bending due to inertial loading of the head.18,19 When the
body is violently accelerated or decelerated, potentially injurious neck loads and large deflections are
generated by the inertia and motion of the head. For instance, if an external force is applied to the
human head in the x-y plane as shown in Fig. 1, an extension/flexion moment, a compression/tension
force in the direction of the y-axis, and a shear force in the direction of the x-axis occur at the occipital
condyle.

Table II lists the injury tolerance values of the neck according to the neck loading type. The injury
tolerances due to shear force, tension force, and compression force are given as time-dependent
curves. As the impact duration increases, the tolerance values of the neck decreases; this means the
neck injury risk increases with impact duration.

Upon direct frontal impact to the neck, in the anterior portion of the neck, two stiff tissues - thyroid
cartilage and cricoid cartilage - may be hit. These stiff tissues are found at the upper end of the airway
passage in the neck, and are delicate and vital because their collapse may obstruct airflow (the tissue
itself is non-vital). When an impact is applied to the thyroid and cricoid simultaneously, the dynamic
fracture load is about 0.34 kN.
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Fig. 2. Robot arm model for collision analysis. (a) n-link robot model, and (b) connection between link i and
link i − 1.

2.3. Chest injury
The chest contains internal organs such as the heart and lungs, which are protected and supported by
the sternum, rib cage, and spine. The maximum tolerable contact force to the chest with respect to
pain lies in the range from 1.15 kN to 1.7 kN.21 The compression criterion (CC)22 and the viscous
criterion (VC)23 were found to overcome this limitation. For the CC, the thoracic deflection should
be less than 22 mm. The VC, also known as the soft tissue criterion, can be expressed as

VC = cc ‖�ẋc‖2
‖�xc‖2

lc
≤ 0.5 m/s, (2)

where �ẋc is the compression velocity of the chest and �xc is the thoracic deflection. The scaling
factor cc and the initial torso thickness lc depend on the dummy used.

3. Collision Model for Human and Robot

3.1. Modeling of human and robot
The consideration of collision safety in the design stage of a robot is highly desirable because the
time and cost involved in real collision tests can be significantly be reduced or at some point even be
eliminated. As previously mentioned, isolated collision models for each body part have been typically
considered up to now. In this study, we propose a more complex human model consisting of a head,
neck, chest, and torso. The robot is modeled as an articulated chain of rigid bodies that interact with
the environment via contact forces that are projected via their respective Jacobian into the joints.
Generally, a robot manipulator consisting of n-links is considered, see Fig. 2. The position of joint
i is uniquely denoted by θri , so we do not consider elastic manipulators. During impact this n-link
manipulator can be interpreted as a one-dimensional reflected mass model,24 which value depends
on the relevant Cartesian translational direction of the reflected robot inertia tensor Mc ∈ R3×3 at the
robot collision location. Generally, the joint space mass matrix of a robot can be transformed into
its Cartesian equivalence via equivalence of kinetic energy. The reflected Cartesian mass matrix is
defined as

Mc = (
Jr,v(θ)Mr (θ)−1Jr,v(θ)T

)−1
, (3)

where θ is the link angle of the robot, Mr (θ)∈ Rn×n is the link mass matrix, and Jr,v(θ)∈ R3×n is
the manipulator Jacobian matrix associated with the linear velocity at the end-point of the robot arm.

In this paper, we consider the seated human model, consisting of a head, neck, chest, and torso,
modeled as a 5-DOF mass-spring-damper system rotating about the z-axis, as shown in Fig. 3(b).
The head, modeled as link 3, rotates around the occipital condyle (O.C.) where the base of the skull
is connected to the C1 vertebra. The cervical spine, which consists of seven vertebrae from C1 to C7
as shown in Fig. 1, is the most important part of the neck. Therefore, the neck is modeled as link 2,
which is able to rotate around the C7 vertebra. Rotary springs and dampers are inserted at the occipital
condyle and the C7 vertebra of the neck model. Since we assume a human to sit on a chair without
a backrest, the torso was assumed to rotate only around the hip joint (H-point). The parameters of
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Fig. 3. Seated human model for collision analysis. (a) seated Hybrid-III dummy, and (b) side view of 5-DOF
human model.

the human model were set to the same values as those of the seated Hybrid III 50th percentile male
dummy, which is the most widely used dummy for a crash test.

For the head, neck and torso, the following numerical values hold: mh3 = 4.5 kg, mh2 = 1.4 kg,
mh1 = 40.2 kg, Ih3 = 0.024 kgm2, Ih2 = 0.003 kgm2, lhc3 = 0.0508 m, lh2 = 0.124 m, and lh1 =
0.528 m,25 where mhi and Ihi are the mass and the moment of inertia of link i, respectively and the link
lengths, and the lengths of the center of mass of the links, are represented by lhi and lhci , respectively.
Since neck stiffness varies depending on the direction of rotation of the head (i.e., extension or
flexion), the stiffness and damping of a dummy neck according to the angular velocities of the head
and the neck are described by

k3n =
{

4.51 Nm/◦, θ̇3 ≥ 0

1.89 Nm/◦, θ̇3 < 0
(4a)

k2n =
{

4.51 Nm/◦, θ̇2 ≥ 0
1.89 Nm/◦, θ̇2 < 0

(4b)

where the neck stiffness for extension and flexion are the values used for a Hybrid III’s neck.25 The
damping coefficient is obtained from cn = 2ζn

√
Ihkn. Therefore, when the damping ratio of a neck ζ n

is set to 0.2, the resulting damping values are 0.22 Nm.s/◦ and 0.19 Nm.s/◦ according to the direction
of rotation, respectively.

For the chest model, a lumped-mass model developed by Lobdell26 is used in this paper. To obtain
the definite form of the inertia matrix, Lobdell’s chest model is modified according to Fig. 3(b).
The sternum mass mh4 is connected to the torso mass mh1 by a parallel Voigt element (kr , cb) and a
Maxwell element (kve, cve). For the Voigt element, the spring kr represents the elasticity of the rib
cage and the directly coupled viscera, and the damper cb represents the air in the lungs and blood in
the vessels. The Maxwell element represents viscoelastic tissues such as the thoracic muscle tissue.
A small dummy mass (mh5) was added between the spring and the damper of the Maxwell element
to obtain the definite form of the inertia matrix. The viscoelastic components kve and cve were set to
13.12 kN/m and 175 Ns/m, respectively. Because the parameters of the Voigt element vary depending
on the sternal deflection, the stiffness kr and damping value cb are expressed as

kr =
{

26.25 kN/m, xh5 − xh4 < 38mm

78.75 kN/m, xh5 − xh4 ≥ 38mm
(5a)

cb =
{

525 Ns/m, ẋh5 ≥ ẋh4

1225 Ns/m, ẋh5 < ẋh4
(5b)

where all parameters for the chest are taken from Ref. 26.
The contact force relationship between the human body and the robot arm is modeled by a simple

spring element, which represents the contact elasticity of the respectively touched body parts. In the
following section, we introduce the contact force relationship according to the contacting part of
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Fig. 4. (a) Top view, and (b) Side view of impact to unconstrained human, and (c) constrained human.

the human body. The stiffness of the spring element is obtained by considering existing data from
collision experiments in the literature.

3.2. Equation of motion of collision model
In this section, we derive the dynamic equations of motion for the proposed collision model. A
Lagrangian formulation is used to develop the equations of motion. For a general mechanical system
consisting of a multi DOF mass - spring - damper system, the dynamic differential equation of motion
can be obtained by

[
fr,in + fr,ex

τh,ex

]
=

[
Mc 0
0 Mh

] [
ẍr

θ̈h

]
+

[
0
Ch

]
+

[
0

Kh

]
+

[
0

Dh

]
+

[
0

Gh

]
, (6)

where Mh, Ch, Kh, Gh, Dh and τh,ex are the inertia matrix, centrifugal and Coriolis vector, stiffness
vector, gravity vector, damping vector, and external torque vector of the human model, respectively.
Moreover, Mc, xr , θh, fr ,in and fr,ex are the reflected mass of the robot, the displacement vector of the
robot’s reflected mass model, the angular displacement vector of the human model, the input force
generated by the input torque of each robot joint and the external force acting on the end-point of the
robot, respectively.

Figure 4 depicts the robot model and human model according to the contact position of the human
body. We assume that the robot end-point only moves in the direction of the x-axis(1). The position
vectors of the end-point of the robot arm pe and the contact points at the human pi are obtained from
forward kinematics.

As mentioned, the contact force due to impact in multi-body systems can be described by

|Fc| =
{

kc δ, δ ≥ 0

0, δ < 0
(7)

where kc is the stiffness constant between the body part and the impactor, and δ is the relative
penetration depth, which is given as δ = Re + Ri − |pi − pe|. Re and Ri are the radii of the end-
effector and the human body part, respectively.

For the collision force between the robot arm and each body part, the stiffness constants for a
collision with the frontal bone and nasal bone of the head, with the larynx and with the sternum of
the chest are set to 1.0 × 106 N/m,14 3.8 × 104 N/m,27 2.2 × 104 N/m,20 and 2.8 × 105 N/m,26

respectively. These values can be obtained from the slope of the force/displacement curves from
each reference. These collision conditions are more conservative because the impactor sizes used for

(1) In many experiments using cadavers, the impactor collided with a human body part in the vertical direction.
Therefore, in this paper, to compare the proposed model with experimental results according to the same collision
condition, we considered only the frontal robot-human impact in the direction of x-axis.
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collision experiments listed in Table I are very small for the blunt impact. The contact force vector
can be obtained by

Fc = |Fc| pi − pe

|pi − pe| . (8)

3.2.1. Impact to the human head. First, consider a collision with the human head, see Fig. 4. The
external force vector of the robot and the external torque vector of the human for the head impact can
be expressed as

fr,ex = −Fc (9.a)

τh,ex = J T
h,vFc, (9.b)

where Fc is the contact force between the head and the robot arm, and Jh,v represents the Jacobian
matrix associated with the linear velocity at the contact point of the human head. Note that the external
torque vector of the human model changes depending on the contacting part of the human body.

The input force vector at the end-point of the n-link manipulator can be obtained by

fr,in =
{

(J T
r,v)−1τr,in, n = 3

Jr,v(J T
r,vJr,v)−1τr,in, n > 3

(10)

where τr,in ∈ Rn×1 is the input torque applied to joint i, and Jr,v represents the Jacobian matrix
associated with the linear velocity at the end point of the robot. The joint torque is defined via a
PD-control law τr,in = kpi(θdi − θri) − kvi θ̇ri where θdi is the desired angle of joint i, and kpi and kvi

are the proportional and derivative gains of joint i for position control of the robot arm. In this study,
the selection of the feedback controller of the robot arm did not affect the analysis results.

3.2.2. Impact to neck of human. Next, consider an impact acting directly on the neck of a human, as
shown in Fig. 4. Since only the contact position of the neck changes, Mh, Kh, Ch, Gh, and Dh remain
unchanged. The external torque vector can now be expressed as

τh,ex =

⎡
⎢⎢⎢⎢⎢⎣

−Fcx(lh1sinθh1 + lc2sinθh12) + Fcy(lh1cosθh1 + lc2cosθh12)

−Fcxlc2sinθh12 + Fcylc2 cos θh12

0

0

0

⎤
⎥⎥⎥⎥⎥⎦ , (11)

where the link lengths of the human model are represented by lhi , and θhi and θh12 represent θh1 and
θh1+θh2, respectively.

3.2.3. Impact to the human chest. For the case of a robot arm directly colliding with the human chest,
the collision model is shown in Fig. 4. Since only the generalized force term of eq. (6) is changed,
the matrices Mh, Kh, Ch, Gh, and Dh (except τ ) are the same as those of the two previous cases. The
external torque vector is given by

τh,ex =

⎡
⎢⎢⎢⎢⎢⎣

−Fcxlc1 sin θh1 + Fcylc1 cos θh1

0

0

|Fc|
0

⎤
⎥⎥⎥⎥⎥⎦ . (12)
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Fig. 5. Configurations of 1-link manipulator. (a) Before the collision, and (b) at the collision instant and
afterwards.

Fig. 6. Comparison between simulation and experimental results. (a) Collision force to head, and (b) head
acceleration for collision velocity of 2.0 m/s and reflected inertia of 67 kg.

4. Impact Simulation, Safety Evaluation, and Safe Arm Design

4.1. Collision simulation
The collision analysis of an impact to the frontal bone, nasal bone, neck, and chest of an unconstrained
and constrained human is carried out. For this, we used KUKA KR 6, which is a typical standard
medium-scale industrial manipulator. The reflected mass perceived at the end-point of KR6 along the
x-axis is 67 kg5 for the stretched-out impact configuration. The lengths from the occipital condyle to
the contact point of the frontal bone and the nose lc1 are set to 0.12 m and 0.09 m, respectively. The
contact position of the neck from the C7 vertebra lc2 is chosen to be 0.07 m and the distance between
the contact position of the chest and the H-point lc1 is 0.36 m.

Since eq. (6) is a coupled second-order nonlinear differential equation for the displacement vector
θh and xr , it has to be solved numerically. In case of the unconstrained human model, the initial
position of the reflected mass of the robot arm is –0.75 m in the x-axis direction and this mass is
forced to collide with the human head at –0.3 m with a predefined velocity. Then, the robot stops at
0.25 m in the x-axis direction, see Fig. 6. Note that no safe reaction control is used for the unconstrained
impact.

On the other hand, in case of the impact to a constrained human, the human body parts (head, neck
and torso, except chest) are fully constrained, as shown in Fig. 4(c). The angular displacements of
the head, the neck, and the torso are set to fixed values (θh3 = θh2 = 0◦ and θh1 = 90◦). Therefore,
the collision with the constrained head and neck can be regarded as an impact to a fixed wall having
infinite mass. We utilized the robot impact reaction strategy stop category 0,6 in which the motor
drives of the robot arm are immediately switched off and the brakes engage at the same time as soon
as collision is detected.

4.2. Verification of proposed collision model against experimental results
To verify the reliability of the proposed collision model, the simulation results are compared with
experimental results from Ref. 1. In this work, various experiments with blunt impacts were performed
using the industrial robots KUKA KR6, KR500, and LWRIII for blunt impacts to the head and chest
of a frontal Hybrid III crash test dummy.
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Table III. Comparison between simulation and experimental results unconstrained head impacts.

Ff rontal (kN) HIC amax (g) Fshear (kN) Mf lexion (Nm)
vend (m/s) Sim./Exp. Sim./Exp. Sim./Exp. Sim./Exp. Sim./Exp.

0.2 0.33/0.12 0.2/0.03 6.7/1.6 0.06/0.09 2.8/1.9
0.7 1.17/0.78 4.7/2.2 23.6/13.4 0.21/0.18 9.7/7.8
1.0 1.67/1.31 11.2/6.7 33.7/23.5 0.30/0.32 13.8/13.7
1.3 2.17/1.88 22.1/16.7 43.9/37.8 0.39/0.47 17.9/25.3
1.5 2.51/2.21 31.2/25.5 50.6/45.6 0.45/0.48 20.6/29.0
2.0 3.34/3.43 64.2/64.4 67.5/77.2 0.59/0.71 27.2/43.0

Table IV. Sample conditions of real facial impact tests36.

No. of Exp. Impactor Mass (kg) Collision Speed (m/s) Fracture parts

20 32 4.75 Nasal bone
25 32 4.47 Nasal bone
29 32 6.33 Nasal, maxillary bone
34 32 7.14 Nasal, maxilla, zygomatic bone
42 64 3.44 Nasal bone

Fig. 7. Comparison of simulation and experimental results for nose impact with reflected inertia described in
Table IV.

First, KR6 impacts to the forehead of the Hybrid III dummy are compared. As shown in
Table III, these simulation results, including the maximum collision force to the head, HIC, maximum
resultant head acceleration, neck force, and neck moment show reasonably good agreement with the
experimental results from real collisions. Furthermore, as shown in Fig. 6, the shapes of the collision
force and head acceleration curves in the simulation results are very similar to those of the experimental
results.

Second, to evaluate the validity of the nose impact of the proposed model, the simulation results
are compared with the experimental results using cadavers27 because the Hybrid-III dummy does not
guarantee the biofidelity for nasal bone impacts. Figure 7 shows the relationship between the impactor
penetration depth into the face and the collision force of experimental and simulation results according
to experimental conditions in Table IV. When the collision force is below the fracture tolerance of the
nasal bone, the stiffness between experiment and simulation is similar. In real facial impact tests, the
fracture of the nasal bone occurs relatively easily, but the slope of the curve dramatically increases
after the nasal bone fracture incident because one or more of the maxilla, zygoma, sphenoid, and
frontal bones sustain the large collision force. Therefore, the proposed collision model for evaluation
of the nasal bone fracture is verified.
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Table V. Comparison between simulation and experimental results for impact to chest of unconstrained human.

Fchest (N) CC (mm) VC (m/s) a3ms−chest (g)
vend (m/s) Sim./Exp. Sim./Exp. Sim./Exp. Sim./ Exp.

0.2 0.15/0.22 4.6/2.7 0.00/0.00 0.17/0.41
0.7 0.48/0.69 14.1/7.6 0.02/0.00 0.66/1.50
1.0 0.68/0.88 19.9/10.6 0.03/0.01 0.95/1.73
1.5 1.02/1.16 29.6/14.0 0.07/0.02 1.45/2.51
2.0 1.36/1.53 39.1/19.1 0.13/0.04 1.94 /3.80
4.2 3.09/3.28 58.7/51.3 0.49/0.41 4.07/8.99

Fig. 8. Comparison between simulation and experimental results for neck impact with reflected inertia of 12 kg.

Third, to evaluate the validity of the proposed model for the evaluation of a direct neck impact, the
simulation results are compared with the experimental results20(2) using large larynges of cadavers in
the same manner as the nose impact. The collision speed between the human neck and the robot is
set to 3 m/s. The force/penetration slopes obtained from the simulation match those of the cadaver
experiments very well before the fractures of the thyroid and cricoids cartilages, see Fig. 8.

Finally, to evaluate the validity of the proposed model for the evaluation of a chest impact,
the simulation results are compared to the experimental results of the DLR Crash Report, see
Table V. Simulation results according to all criteria related to chest injury, except the chest compression
criterion, are very similar to those of the real collision experiments. At low impact velocities in the
range from 1.0 m/s to 2.0 m/s, the chest compression values of simulation results are larger than
those of experimental results. However, when the collision velocity is 4.2 m/s, both the maximum
value and the curve shape of the chest compression and collision force show good agreement with
the experimental results, see Fig. 9.

These results may come from the Lobdell chest model, which provides a relatively good collision
response of a dummy at a high impact condition such as a car-crash test. Figure 10 shows recommended
response guidelines for a dummy design, impact responses of the Hybrid-III dummy, and simulation
results of impact response using the proposed collision model.29 The simulated dummy thorax
responses show a good fit with recommended corridors at high collision speed. In this study, we use
the Lobdell chest model, because we are not aware of the existence of a more accurate chest model
for low collision velocities below 2.0 m/s.

As shown in the preceding comparison of results, the simulation results using the proposed
collision model matched the experimental results with sufficient accuracy. This enables us to evaluate
the collision safety of a robot arm according to various injury criteria of body parts.

(2) In the paper, compressive strain–load behavior curves were represented, with no notes on the sizes of the
larynges used for the experiments. Thus we applied the average size of an adult male larynx (A-P diameter =
36 mm29) to obtain the deformation–load curve.
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Table VI. EuroNCAP injury severity and corresponding
color code.

Color code Color Injury potential
Red Very High

Brown High
Orange Medium
Yellow Low
Green Very Low

Table VII. Simulation results for collision with frontal bone.

vend
(m/s)

Unconstrained Constrained
Ffrontal
(kN) HIC a3ms

(g)
Fcomp.
(kN)

Fshear
(kN)

Mflexion
(Nm)

Ffrontal
(kN)

0.5 √ 0.83 2.2 14.8 0.34 0.20 √ 6.9 x 4.63
1.0 √ 1.67 11.9 30.2 0.62 0.30 √ 13.8 x 9.25
1.5 √ 2.51 31.4 45.2 0.90 0.45 √ 20.6 x 13.87
2.0 √ 3.34 65.1 60.2 1.17 0.59 √ 27.2 x 18.50

Fig. 9. Comparison between simulation results and experimental results. (a) Chest collision force, and (b) chest
compression for a collision velocity of 4.2 m/s and reflected inertia of 4.25 kg.

Fig. 10. Blunt frontal thoracic impact response results of Hybrid III dummies and simulation results. Collision
speeds are (a) 4.3 m/s, and (b) 6.7 m/s.

4.3. Safety evaluation using the proposed model
4.3.1. Human head impact (Indirect neck impact). In this study, to represent the injury potential of
simulation results, a standardized color code in Table VI was utilized (EuroNCAP 2003). This is
directly related to the AIS. For indices not included in the EuroNCAP, the injury tolerance values
from the literature are evaluated. In Tables VII–X, we used

√
to denote the value which is not critical,

∼ value which is in a tolerance band, and x value which is critical according to the injury tolerance.1

First, KUKA KR6’s collision impact to the frontal bone of the head is simulated for collision
speeds between 0.5 m/s and 2.0 m/s. This range corresponds to the normal operating speed of a robot
arm in human–robot interaction. Table VII represents the simulation results for the head and neck
severity indices introduced in Section 2.
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Table VIII. Simulation results for collision with nose.

vend
(m/s)

Unconstrained Constrained
Fnose
(kN) HIC a3ms

(g)
Fcomp.
(kN)

Fshear
(kN)

Mflexion
(Nm)

Fnose
(kN)

0.5 √ 0.21 0.3 3.5 0.10 0.07 √ 6.7 x 0.93
1.0 x 0.41 1.5 7.1 0.15 0.11 √ 13.5 x 2.06
1.5 x 0.61 4.4 10.8 0.20 0.15 √ 20.0 x 3.18
2.0 x 0.81 9.3 14.5 0.24 0.19 √ 26.4 x 4.30

Table IX. Simulation results on collision with neck.

vend
(m/s)

Unconstrained Constrained
Fneck
(kN) HIC a3ms

(g)
Ftension
(kN)

Fshear
(kN)

Mextension
(Nm)

Fneck
(kN)

0.5 √ 0.29 0.2 2.1 0.05 0.20 6.5 x 0.62
1.0 x 0.56 0.6 4.2 0.06 0.38 12.0 x 1.38
1.5 x 0.83 3.2 6.3 0.06 0.56 17.6 x 2.13
2.0 x 1.09 6.9 8.5 0.06 0.73 23.1 x 2.88

For a collision velocity smaller than 2 m/s, the collision force, the HIC, the maximum average
head acceleration for 3 ms, the neck force, and the neck moment do not exceed their respective injury
thresholds. The HIC values calculated from Eq. (1) are much lower than 650, which indicates a very
low injury possibility. Furthermore, the results indicate that head loading due to impact to the frontal
bone at the considered speed does not cause neck injury. This confirms the statements from Ref. 5,
where it is argued that a normal range of collision velocities lead to very low intrinsic head injury
severity by the HIC and the neck injury criterion. This enables us to limit our analysis to low severity
collisions, or other body parts that have not yet been discussed in the robotics literature. In contrast to
the unconstrained collision, in case of a constrained impact, a velocity larger than 0.5 m/s is enough
to cause fracture of the frontal bone(3).

Next, an impact with the human nose is considered. Table VIII represents the simulation results
for the injury criteria of the head and neck.

When the robot arm moving at an end-point velocity of 1.0 m/s collides with an unconstrained
human, the peak value of the collision force increases to 0.4 kN, which is significantly higher than
the fracture tolerance of the nasal bone (0.34 kN). Although there is very low probability of injuries
related to head acceleration, neck force, and moment in the normal operation of the robot arm, there
is probability of fractures of the nasal bone. As a result, in case of unconstrained impacts, the fracture
tolerance of the nasal bone can be regarded as a suitable indicator for a full set of metrics defining the
collision safety of robots that work in human environments. Therefore, a robot arm with a reflected
inertia of 67 kg (KR6) has to operate below 1.0 m/s

4.3.2. Direct neck impacts. In the collision simulations of direct impact to the neck, the simulation
conditions are the same as those for the head impacts. Table IX shows the simulation results for the
severity indices related to head and neck injuries including direct neck impacts.

As shown in Table IX, the head acceleration due to a direct impact to the neck leads to very low
head injury severity such as HIC and a3ms. This is similar to the case of a direct head collision even
for speeds of up to 2 m/s. The shear force, tension force, and extension moment caused by a direct
impact to the neck are much lower than injury tolerances.

However, even for impacts to unconstrained humans at these low collision velocities (e.g., 1.0 m/s),
the collision force to the neck exceeds the fracture tolerance of the thyroid and cricoid cartilages.
Since the obstruction of the airflow due to the collapse of these cartilages is a life-threatening injury,15

fracture tolerances should also be used to evaluate the collision safety of physical human–robot
interaction. Based on the injury tolerance of these cartilages (which is similar to that of the nasal

(3) In real collision experiments, the force profile does not increase further after a bone fracture incident because
the stiffness of the human head is dramatically lowered. However, in the simulation, since the contact model in
Eq. (6) satisfies Hooke’s law which has a constant stiffness, the collision force exceeds the fracture tolerance of
the frontal bone with the increase of the penetration depth between the impactor and the frontal bone.
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Table X. Simulation results for collision with chest.

U
nc

on
st

ra
in

ed

vend
(m/s)

Fchest
(kN)

CC
(mm)

VC
(m/s)

a3ms-chest
(g)

0.5 √ 0.35 10.3 0.01 √ 0.46
1.0 √ 0.68 19.9 0.03 √ 0.95
1.5 √ 1.02 29.6 0.07 √ 1.45
2.0 ~ 1.36 39.1 0.13 √ 1.94

C
on

st
ra

in
ed

vend
(m/s)

Fchest
(kN)

CC
(mm)

VC
(m/s)

0.5 √ 0.46 16.5 0.01
1.0 √ 1.01 36.2 0.06
1.5 x 2.00 50.1 0.13
2.0 x 2.99 62.2 0.23

Fig. 11. Simulation results of impact to nasal bone of unconstrained human. (a) collision force versus reflected
inertia of robot, and (b) collision force versus collision velocity.

bone), the safe operation condition of a robot arm with a reflected inertia of 67 kg (KR6) requires a
maximum velocity smaller than 1.0 m/s in free space.

4.3.3. Human chest impact. Table X summarizes the simulation results for the chest injury criteria.
When the robot arm collides with the unconstrained human at 2.0 m/s, the collision force is in the
tolerable range of the chest pain, and the compression criterion exceeds 31 mm, which represents
medium injury. However, the values of the viscous criterion and the 3 ms criterion are far below their
respective injury tolerances, which are 0.2 m/s30 and 60 g.23 For a conservative analysis, the chest
compression should serve as the appropriate metric, as proposed in ref. [1].

4.4. Design of safer robot arm using collision simulation
Most service robots used in human environments are designed to conduct given tasks such as carrying
an object or lifting a heavy load. Therefore, design parameters of an intrinsically safer robot arm
should be determined according to given tasks. Typical parameters are the mass moment of inertia,
link length of the robot arm, joint stiffness, and operating velocity. In this study, the design parameters
of the robot arm were determined based on safety criteria, which are appropriate measures in physical
human–robot interaction mentioned in Section 4.3.

Figure 11 shows the collision simulation results for nose impacts as a function of collision velocity
and reflected inertia of the robot. If the operating velocity of the robot is set to 1.0 m/s, the reflected
inertia of the robot link with a load should be less than 7 kg if nasal bone fracture is to be avoided.
Therefore, in the case of the LWR III robot (reflected inertia: 4kg) moving at 1.0 m/s, the desired
payload of the robot should be less than 3 kg. For the same operating speed, KR3 (12 kg) and KR6
(67 kg) robots cannot avoid the fracture of the nasal bone, as shown in Fig. 11(a). On the other hand,
if the reflected inertia of the robot arm is around 12 kg, which it is for the one of the KR3s, the
end-point velocity must not exceed 0.94 m/s, see Fig. 11(b).

In the case of the simulation-based safety estimation, once the collision model is verified by
comparing simulation results with experimental results, the collision safety of the robot according to
various design parameters can be evaluated by using the collision model in the design stage without

https://doi.org/10.1017/S0263574714000137 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574714000137


Collision analysis and safety evaluation for robot–human impact 1549

constructing prototypes and conducting experiments repeatedly. Therefore, considerable time and
cost can be saved compared to the experiment-based safety estimation.

5. Conclusion
In this study, a novel collision model consisting of a 5 DOF human model and n-link robot arm model
was proposed. Various verifications and safety investigations were conducted with this model. The
proposed collision model can be applied to estimate injury severity due to robot-human collisions
and may serve as a valuable tool for design of human-friendly robots. The following conclusions can
be drawn:

1) Simulation analysis of human–robot collisions based on biomedical modeling and validation
against several experimental data sets was found to be reliable. Therefore, robot collision safety
can be evaluated in the robot design stage to save time and cost, which are associated with real
collision tests. Passive safety mechanisms as well as active safety oriented control schemes can
be investigated with this tool.

2) Appropriate safety criteria for physical human–robot interaction were suggested using the
proposed collision analysis approach. The results showed that fractures of the nasal bone, fractures
of the thyroid and cricoid cartilage, and chest injury could occur during normal operation of general
industrial robot arms, except a light weight robot arm which is below the reflected mass of 4kg.

As our future research work, we will develop the human model that has multi-directional joints to
obtain more reliable results of the collision simulation according to various impact conditions.
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