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Abstract Bio-simulants and finite element (FE) models have been used to investigate
internal injuries caused by external impacts. As the collaboration between humans and indus-
trial robots increases, it is important to understand the expected injuries or damage caused by
collaborative robots. In this paper, FE models of the human chest were built to investigate inju-
ries caused by low-speed non-penetrating blunt impacts from collaborative robots. The FE
models were validated by comparing them with experimental results. The validated FE models
were then used to calculate the maximum force and deformation that would be experienced by
the human chest under different impact conditions. The results of the FE analysis were com-
pared with relevant real human test studies.

1. Introduction

Industrial robots have been used in a variety of applications for their versatility and accuracy.
Now industrial robots are very common everywhere, but many applications are still supported
or assisted partially by human workers. This is because robots are good at repetitive and
heavy-load tasks, but not good enough to handle unexpected errors or limited resources like
small workspace, where human workers show their excellence [1]. As one method to overcome
these cases, human-collaboration-robotics (HCR) [2] is utilized in various applications like fac-
tory automation [3], or medical field [4], etc.

With the improved performance, the HCR has also raised concerns about human safety [5].
As a first step for human safety in the HCR, it is important to characterize the human damages
caused by robotic arms in operation or the tools held by them. It is strictly regulated and most
often forbidden to run direct impact tests or drop tests on the human body, so bio-simulants and
the finite element (FE) models have been widely used as replacement. The bio-simulants are
hyper elastic or viscoelastic materials having similar material properties to target human tissue
[6]. The simulations based on the human tissue FE models also show their usefulness in investi-
gating the internal damage or the response of human tissue instead of forbidden human tests [7].

As human bio-simulants, a ballistic gelatin (gel or powder) is popular for its affordability and
similarity to human tissue [8, 9]. The ballistic gelatin specimen is formed by mixing gelatin pow-
der with hot water. The temperature and healing time at the post-processes can control the
specimen properties to get similar mechanical behavior to human organs or muscle. Widely
used processes are the Fackler formulation [10] and the NATO formulation [11]; the Fackler
formulation is the mixture of the gelatin power and hot water with 1:9 ratio by volume, and then
conditioned at 4 °C for two to three days [10]. The NATO formulation is the mixture of 1:4 to 1:9
ratios and cured at variable temperatures (3-20 °C) for 21 hours to 3 weeks [12]. With these
formulations, ballistic gelatin or bio-simulants are also developed to investigate the behavior of
the human body under various-velocity impacts including the deformation and underlying soft
tissue damage [13-16]. The behavior of a ballistic gelatin specimen under high-velocity impact
situations is described commonly with a hydrodynamic model [13, 14], and the quasi static and
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Table 1. The maximum speed and maximum payload of commercial collaborative robots.

Maximum tool center point Maximum reach Maximum payload | Degrees of freedom .
Manufacturer Robot (TCP) speed (m/s) (mm) (ka) (DOF) Weight (kg)
ABB' YuMi' 15 559 0.5 14 8
Bosch' APAS' 0.5 911 7 6 7
Denso' Cobotta' 15 3425 0.5 6+1 4
FANUCT CR-4iA' 1 550 6 48
CR-TiA" 1 717 6 53
1

Universal Robot' URS - ! 850 6 184

UR10 1 1300 10 6 289

Rethink robotics' | Baxter' 0.6-1 1210 2.2 14 74.8

'Certain trade names and company products are mentioned in the text or identified in an illustration to adequately specify the experimental procedure and
equipment used. In no case does such an identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor
does it imply that the products are necessarily the best available for the purpose.

low-velocity impact situations with the hyper-elastic models [15,
16].

The details and the special features for the HCR are well
summarized from biomechanical limits for power and force
limited (PFL) collaborative robot applicationsin ISO Technical
Specification - TS15066 Robots and robotic devices — collabo-
rative robots [17]. With the HCR standards,the relevant charac-
teristics for the HCR application are summarized in Table 1,
which are extracted from the popular commercial robots. The
details in Table 1 can be found on the website from each
manufacturer. In Table 1, the maximum speed ranges from 0.5
m/s to 1.5 m/s with the average of 1.02 to 1.06 m/s, and the
average maximum payload is 4.5 kg. All collaborative robots
provide at least 6 DOF motion and the average reachable
range of 804.9 mm.

Considering the maximum speed and the average force val-
ues in Table 1, the HCR environment can be categorized as
low-speed non-penetrating high inertia impact. In addition,
Table 1 can be used as a reference for the impact test simulat-
ing the HCR environments.

In this paper, the FE models are proposed to simulate the
material properties for human body, especially the chest, under
low-speed non-penetrating high inertia impact condition for the
HCR environment [18, 19]. The constructed FE models are
numerically evaluated with other studies in Sec. 2 and utilized
to investigate the damage to human chest and compared with
other studies in Sec. 3.

2. Mathematical models for the ballistic gela-
tin specimen

The FE models proposed in this paper is a stack-up struc-
ture; a hyper-elastic specimen, a ballistic gelatin is placed on
top of a spring stage. Human chest is stiffer than a ballistic
gelatin, because human chest has bone structure as well as
muscle and skin. Due to this limit, the spring stage is utilized to
result in the stiffness and the deformation similar to human
chest by adjusting its stiffness and motion range. Based on this
approach, the FE modeling of a ballistic gelatin is explained in

Sec. 2 and the whole model is described and numerically
evaluated in Sec. 3.

2.1 The Ogden and the Mooney-Rivlin model as
bio-simulant model

Two hyper-elastic models are utilized to describe the me-
chanical behavior of the ballistic gelatin specimen. The
Mooney-Rivlin model (Wyr) and the Ogden model (Wqg) strain
energy density functions are selected for their popularity and
accuracy. The Mooney-Rivlin model is based on strain invari-
ants and the Ogden model is based on principal stretches [20].
In these cases, the first-order equation of Wy and Wqg can be
expressed as:

W,

MR

Wow =240+ A 4 27 3) @

:C10(11_3)+C01(12_3) (1)

where, Cy, and Cy, are constants, and /; and /, are invariants of
Wik 7 and a; are constants, and A, A,, A; are principal stretch
of Woe. Iy and I, in Eq. (1) are defined as:

L=R+ B v B L= RE AR+ (&

The strain energy function in terms of the strain invariants in
Eq. (1) or in terms of the principal stretches in Eq. (2) should be
derived from the stress-stretch function. In this case, the
Cauchy stress tensor (0i) can be calculated by using Egs. (4)
and (5) expressed below:

M 12 Wo

= P4 QMR J2_p MR 92 4

R T T @

0= P+ Wy )
Y

d

where, P is an indeterminate multiplier and can be eliminated
because it is assumed that ballistic gelatin is incompressible
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Table 2. The drop heights (h), the impact velocities (Vimpaet) and the parameters of the corresponding mathematical models for 10 % ballistic gelatin.

Drop height (iscp) Impa\c/t velocity The Mooney-Rivlin model The Ogden model
(Virmpact) Cio Cor M1 I
20.5mm 0.59 m/s 2.78x10°* 2.83x10* 2.98x10° 3.82
30.5mm 0.70 m/s 3.20x10* 3.30x10* 3.87x10* 3.65
40.5mm 0.82m/s 4.41x10* 4.61x10°* 5.59x10* 358
50.5mm 0.89 m/s 4.29x10* 4.64x10* 7.48x10* 3.14
material [20]. Then the Cauchy stress tensor of Wyr and Wog Drop tower _
with rail T ot

in Egs. (4) and (5) can be substituted to Eq. (6).
P=0ci",icl,2,3. (6)

The stress-stretch function of Wyr and Wog can be obtained
from the uniaxial compression test of ballistic gelatin. Each
term of the stress-stretch function is based on the Ref. [21] and
its stretch terms can be expressed as Eq. (7) and the stress
terms can be as Eq. (8).

A=A, h=A=2" (7)

0,=0,,0,=0,=0. (8)

From Egs. (7) and (8), the several parameters are summa-
rized to the two parameters: A and o. To find the parameters,
the strain-stress curve is experimentally measured from the
uniaxial compression test in the following section.

2.2 Uniaxial compression test to build the mathe-
matical models

The schematic diagram of the uniaxial compression test set-
up used in this paper is shown in Fig. 1. The testing machine is
a drop tower impact machine [6], where the impact plate
moves along the vertical rail and is designed to accelerate by
gravity. The impact velocity is controlled by the drop height (h)
indicated by the caption in Fig. 1. The specimen is a ballistic
gelatin gel of cylindrical shape with a diameter of 25.4 mm and
a height of 12.5 mm following the American Society for Testing
and Materials (ASTM) standard test methods for rubber prop-
erty [22]. The impact plate is a square plate larger than the
specimen. Three sensors are also attached to the impactor to
monitor the response from a specimen: the linear variable dif-
ferential transformer (LVDT) sensor for displacement, acceler-
ometers for acceleration, and the loadcell for force.

With this experimental set-up, the impact plate hits the spec-
imen and the force, and the displacement of the impact plate
was monitored in real-time. The specimen in the test is shown
in Fig. 1(b) where the upper image is before the impact and the
lower image is after the impact. This test was repeated multiple
times to obtain the strain-stress relationship for four different
impact velocities listed in Table 2. Based on this relationship,
the two mathematical models describing the behavior of the
ballistic gelatin are built by curve fitting methods based on both
the Wy in Eq. (7) and the Wqg in Eq. (8) and iterative search-

Accelerometer
‘/’ ']

. Weight, m
___ Loadcell

___ Impact plate

Drop height, h
- Specimen

Fig. 1. The uniaxial compression test: (a) test set-up diagram; (b) the intact
shape before impact and the maximum compressed shape after impact.

ing is used to find appropriate parameters for both models. The
parameters corresponding to the mathematical models are
listed in Table 2 with the drop heights(h) and the impact veloci-
ties (Vimpaet) for 10 % ballistic gelatin. Both constants (Cyq Cor)
of the Mooney-Rivlin model increase when the impact velocity
increases. On the other hand, y; of the Ogden model increases
like the constants of the Mooney-Rivlin model, but a; of the
Ogden model decreases when the impact velocity increases.
This shows that the parameters in the Mooney-Rivlin and the
Ogden model are considerably affected by the impact velocity.

2.3 The evaluation of the mathematical models

The constructed FE models are numerically evaluated by
comparing them with the relevant uniaxial compression ex-
periments under the same experimental condition. The simula-
tion models are designed based on the parameters in Table 2
and illustrated in Fig. 2. This uniaxial compression test model
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Table 3. The maximum acceleration comparison between the experiments and the FE simulations.

Drop Impact ) The Mooney-Rivlin model The Ogden model
height velocity The measured maximum - :
acceleration (m/s?) The calculated maximum o The calculated maximum o
(mm) (m/s) acceleration (m/s?) Error (%) acceleration (m/s?) Error (%)
20.5 0.59 104.97 112.98 763 115.25 9.79
30.5 0.70 139.12 135.95 -2.28 149.46 743
40.5 0.82 161.49 179.30 11.03 183.90 13.88
50.5 0.89 180.60 205.72 13.91 207.32 14.80
Table 4. The maximum force comparison between the experiments and the FE simulations.
hDr'Oﬁ Irrllpaf;t The measured maximum The Mooney-Riviin model The Ogden model
eight | velocity force (N) The calculated maximum Error (%) The calculated maximum Ertor (%)
(mm) (m/s) force (N) ° force (N) )
20.5 0.59 343.10 368.18 7.31 379.12 10.50
305 0.70 453.88 414.81 -8.61 473.07 423
40.5 0.82 530.57 544.60 2.65 577.19 8.79
50.5 0.89 601.15 623.99 3.80 643.98 713
Impact plate

consists of an impact plate, a ground plate, and a ballistic gela-
tin specimen. All FE simulations were processed on a com-
mercial FE simulation software, LS-DYNA" [23] with explicit
dynamic condition and the mesh size of 1 mm is applied to all
elements. The impact plate is made up with a shell element
and is designed to move up and down to apply an impact on
top of the test specimen. The ground plate is also made up
with a shell element and a fixed boundary condition is applied.
The ballistic gelatin specimen is built with a solid element and-
the impact velocity (Vimpact) is applied to the impact plate, which
is set as the excitation of the simulation. The Vippaq is four im-
pact velocities listed in Table 2.

After a series of simulations, the FE simulation results were
compared with the experimental data for four different impact
velocities. Among various results, Fig. 3 shows the two accel-
eration results for the two impact velocities, where the experi-
mental data are in blue solid line, the FE simulation results
based on the Mooney-Rivlin model (FEyg) in grey dotted line,
and the FE simulation results based on the Ogden model
(FEog) in orange dotted line. Both FEyk and FEqg show very
similar trends with the experimental data from the initial contact
to the maximum deformation. The time from the initial contact
to the maximum deformation ranges from 15 ms to 25 ms.
However, the experiment shows vibrations which are not well
predicted by the FE simulations after the maximum deforma-
tion. From this comparison, it appears that the FE simulation
results are valid enough to evaluate the expected maximum
deformation, acceleration, and force, because the first impact
causes the maximum deformation and the maximum force.

For the numerical comparison, the maximum acceleration
values are extracted from the FE simulation and the experi-
ments and then summarized in Table 3 for the maximum ac-
celeration differences from four different impact velocities. In
Table 3, the FEyr has the average error of 8.71 % and the
FEqg has the average error of 11.5 % from the experiments.

V\mpact

Ground Gelatin specimen

Fig. 2. The FE model of the uniaxial compression test.

Fig. 3. Time history on the acceleration of the impact plate for four different
impact velocities: (@) Vimpact = 0.59 m/s; (b) Vimgaet = 0.89 m/s.

In a similar way, the maximum force values are also com-
pared with the experimental results and listed in Table 4 and
the maximum displacement difference in Table 5. The average
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Table 5. The maximum compression deformation comparison between the experiments and the FE simulations.

Drop Impact ) The Mooney-Rivlin model The Ogden model
height | velocity The measired maximum The calculated maximum The calculated maximum
(mm) (m/s) compression (mm) compression (mm) Error (%) compression (mm) Error (%)
20.5 0.59 8.42 8.06 -4.23 8.07 -4.18
30.5 0.70 8.71 6.59 -24.43 8.19 -6.02
40.5 0.82 8.76 6.45 -26.35 8.04 -8.21
50.5 0.89 9.24 6.71 -27.35 8.06 -12.77
force error of the FEyg is 5.6 % and that of the FEqg is 7.7 %, PrR,
the average compression deformation error of the FEyg is 2| gelatin
-20.6 % and that of the FEqg is -7.8 %. From Tables 3-5, it specimen

appears that both the FEqg model and the FEyr model show
similar error less than 10 % level in acceleration and force, but
there is a noticeable difference in compression deformation,
where the FEor model shows similar level of error compared to
acceleration or force, but the FEy is far less accurate.

3. Human chest model simulation
3.1 Human bio-simulant model

After the numerical evaluation, the two FE models were ap-
plied to the whole model to find their usability in a HRC envi-
ronment. For this purpose, a human chest affected by typical
collaborative robotis simulated by both FE models, because it
is expected to be common to expose human chest or back to
robots in the HCR environment. Among various approaches to
builda relevant human chest bio-simulant model, the stack-up
model [24] is adapted and used for its simplicity and afforda-
bility in this paper. For the stack-up model, a ballistic gelatin
sample is placed on top of one degree of freedom (DOF)
spring stage. An artificial leather is placed on top of a ballistic
gelatinas a skin simulation.

The corresponding diagram of the model used is illustrated in
Fig. 4(a), where the combination of the ballistic gelatin speci-
men indicated by the subscript 2 and the spring stage indicated
by the subscript 1. The stiffness of the spring stage is con-

trolled by the number of springs and their stiffness shown in Fig.

6(b). The thickness of the ballistic gelatin specimen and the
stiffness of the spring stage are controlled to build the load-
deformation curve close to human chest stress-strain relation-
ship [25].

Fig. 4(b) is the stress-strain curve from the layered puck
model built in this paper, which is obtained a commercial uni-
versal compression testing machine [26]. In this case, there are
three different stiffness zones indicated by the arrows:
14.54 N/mm for the AB zone, 27.00 N/mm for the BC zone,
and 36.79 N/mm for the CD zone. From the stiffness or the
slope, the ballistic gelatin specimen is dominant at the AB zone
and the spring stage play an important role at the CD zone.
The BC zone is mixed between them. From several trials-and-
errors, the ballistic gelatin thickness is decided to be 30 mm,
which was made by the Fackler formulation, and the artificial

Load-deformation curve

Load (N)

X | Spring
T stage

Position (mm)
(b)

Fig. 4. The bio-simulant: (a) the schematic model; (b) the load-deformation
curve.

Fig. 5. The FE model of human chest bio-simulant model.

leather is placed on top of the ballistic gelatin specimen as
human skin surrogate. In addition, eight to eleven springs are
installed in the spring stage to control the total stiffness of the
stage from 25 to 45 N/mm. With this set-up, the strain-stress
curve of this bio-simulant model gets closer to that of human
chest or back shoulder in Refs. [25, 27].

3.2 The FE simulations for human bio-simulant

Fig. 5 is the capture of the FE simulation model for the hu-
man chest bio-simulant model in Fig. 4(a). In the FE simulation,
the material properties of the ballistic gelatin specimen are
described by both FEyr and FEqog models. The skin is repre-
sented by the shell element with the thickness of 1.5 mm and
its material properties are listed in Table 3 in Ref. [28]. The
friction coefficients between the bio simulant and the impactor
and between the bio simulant and the stage are cited from Ref.
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“ withrail -

Accelerometer

//- Weight, m

__— Loadcell

___— Impactor
| — e

Drop height, h l

e Specimen
___— Stageplate
- Stage spring

(b)

Fig. 6. The impact test of the bio-simulant: (a) the schematic diagram and
the experimental set-up; (b) the springs installed underneath the stage.

[29]. The spring in the stage is modeled as a discrete element
in the FE simulation. The motion of the spring stage is con-
strained and allowed only to move along the impact direction.

The excitation for this FE simulation is modeled with an ex-
ternal blunt impactor; the impactor is a rectangular column with
the cross section of 19 mmx24 mm, and the length of 35 mm.
The dead weight is set to be 3.3 kg and the impact weight is
controlled to generate an impact force between 120 N and 180
N, which are in the range of the maximum permissible forces in
ISO/TS 15066 [27] and under the average force values in Table
1. The schematic diagram and the impact testing apparatus is
shown in Fig. 6(a) showing that the layered puck bio-simulant
artifact placed under a drop tower type impact machine [6]. Fig.
6(b) show the spring stage with the installed springs, which are
used to control the stiffness of the spring stage.

The multiple impact tests were performed with the equipment
shown in Fig. 6(a), and the acceleration, force, and the defor-
mation were measured in real-time for variousimpact velocities.
Fig. 7 is the comparison between the FE simulations and the
experimental impact test results, where the impact test data
are plotted in solid blue lines, the FEyrin dotted grey lines, and
the FEqgin dotted orange lines. The acceleration is in Fig. 7(a),
the force in Fig. 7(b), and the displacement of the impactor in
Fig. 7(c). The FE simulations in this paper tend to predict larger

Table 6. Material properties of the skin in the simulation [28].

Young’s modulus (MPa) 0.85
Poisson’s ratio 0.46
Density (kg/m°) 1100
Test  «eveeenes Simulation_0G - = Simulation_MR
60
& S0
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E
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2 20
©
g 10
g o
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< .10
-20
14 1.42 144 1.46 1.48 15
Time (s)
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Test ceceeceee Simulation_OG =====Simulation_MR
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-40
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14 142 144 1.46 148 15
Time (s)
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TSt ‘sascensas Simulation_0G  -- Simulation_MR
5
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£
c -5
2
®
£ -10
S
& 15
-20
14 142 144 1.46 1.48 15

Time (s)

©

Fig. 7. Comparison on results between the impact test and the FE simula-
tion with the FEygr and the FEqr models: (a) acceleration; (b) force; (c)
displacement.

maximum or peak values of the acceleration and the impact
force, than the experiments. This is partly because the FE
simulations are based on ideal cases without any friction
among the movable components. The comparison also shows
that the FEqg tends to show slightly larger values in displace-
ment than the FE\g, partly because the Ogden model is de-
signed for large deformations of 200 % to 300 % of strain rate.
Depending on the impact situation, both models can be utilized
depending on the deformation range. From this observation,
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Table 7. Comparison of the maximum impact force and the maximum compressive deformation between the test data and the FEqg.

Impactor Maximum deformation Average Maximum Minimum
(mm) and force (N) difference difference difference
Circular shape Maximum deformation (mm) -0.586 (-2.49 %) 0.268 (1.11 %) -2.033 (-8.41 %)
20 mm diameter Maximum force (N) -1.657 (-1.68 %) 1.908 (1.90 %) -4.082 (-4.06 %)
Circular shape Maximum deformation (mm) 0.021 (0.08 %) 1.376 (5.52 %) -1.535 (-6.16 %)
13 mm diameter Maximum force (N) -2.424 (-2.29 %) 8.546 (8.09 %) -13.613 (-12.88 %)
Circular shape Maximum deformation (mm) 2.809 (10.16 %) 4.055 (14.68 %) 0.429 (1.55 %)
10 mm diameter Maximum force (N) -1.144 (-1.05 %) 3.528 (3.25 %) -5.236 (-4.82 %)
Rectangular shape Maximum deformation (mm) 0.685 (3.03 %) 1.358 (6.01 %) 0.138 (0.76 %)
19 mmx24 mm Maximum force (N) 5.341 (4.98 %) 8.501 (7.92 %) -0.048 (-0.04 %)
Rectangular shape Maximum deformation (mm) 0.463 (1.56 %) 4.817 (16.17 %) -2.547 (-8.55 %)
9.5 mmx12 mm Maximum force (N) 0.988 (0.94 %) 7.133 (6.78 %) -5.321 (-5.06 %)
Table 8. Comparison on the maximum force between the FE simulation and external study.
Impactor Deformation (mm) Maximum force (N) Vimpact (M/S) Weight (kg)
Cylindrical shape of 20 mm diameter 21-26 mm 98-103 0.89 3.3
Cylindrical shape of 13 mm diameter 24-27 mm 102-106 0.89 33
Cylindrical shape of 10 mm diameter 25-30 mm 105-110 0.89 3.3
Rectangular shape of 19 mmx24 mm 20-25 mm 99-107 0.89 3.3
Rectangular shape of 9.5 mmx12 mm 27-31 mm 100-105 0.89 3.3
Disk shape at LWRIII [19] 10-13 mm 90-100 0.7
Disk shape at LWRIII [19] 15-20 mm 150-160 1
Disk shape at LWRIII [19] 15-25 mm 200-210 1.5 4
Square shape of 14 mmx14 mm [25] 12-57 mm 3.4-155 1.25 58

Fig. 7 shows that the FE simulation show similar trend line with
the experiment.

Among various FE simulation results, the maximum force or
maximum deformation are critical to human safety. Thus, the
maximum values extracted from the FEyg simulationsare com-
pared with the experiments and listed in Table 7. In Table 7,
the maximum values were measured for various impact tools
including the circular impact plates of 20 mm, 13 mm, and
10 mm diameter, and the rectangular impact plates of
19 mmx24 mm, 9.5 mmx12 mm at the impact velocity of 0.82
m/s. After the tests more than ten times,the average forces
difference ranges from -5.2 N to 4.89 N and their standard
deviation is from 0.43 N to 7.01 N. Considering that the maxi-
mum force ranges from 100 N to 120 N, their average error is
less than 5 % difference. This comparison shows that the FE
model proposed here can be used to predict the response of
the bio-simulant model.

3.3 The comparison with external research

The impact tests and the FE simulation results discussed in
this paper are also compared with independent studies. Since
it is rare to find real human test under the same test conditions
due to various social and ethical restrictions, the similar studies
on human chest or body are included with the explanation

about the difference. The details are summarized in Table 8
with the impact condition and the measured deformation and
force. In Table 8, the first five rows come from the proposed FE
models in this paper for comparison and the others from differ-
ent sources. Among them, the test by Sami et al. [19] is human
chest impact test with a robotic arm and shows similar test
condition used in this paper, based on its impact velocity rang-
ing from 0.2 m/s to 2 m/s. The details are listed in Table 8
showing that the FE models in this paper show similar values
measured from other studies, although the detail test environ-
ments are not the exact same. This comparison indicates that
the proposed FE models have the capabilities to show the
reasonable results.

4. Conclusions

In this paper, the FE models areproposedfor human body,
especially human chest under low-speed non-penetrating high
inertia impact condition to simulate the expected damages or
human injuries in the HCR environment. For the reasonable
simulation, the FE models consists of a hyper-elastic compo-
nent and a spring stage. The hyper-elastic material used in this
paper is ballistic gelatin gel for human body and is placed on a
spring stage.

The FE models for a ballistic gelatin are constructed based
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on two hyper-elastic models; the Mooney-Rivlin FE model and
the Ogden FE model to simulate the large deformation of hu-
man muscle with the difference error less than 15 %. The com-
parison with the experimental results shows that the Mooney-
Rivlin model is good at the deformation up to 100 % and the
Ogden model is better at deformation larger than 200 %.

Since it is not easy to meet the mechanical behavior of hu-
man body by a ballistic gelatin only, the spring stage is also
utilized to simulate the mechanical response of human chest,
especially the stiffness and the deformation. The spring stage
has multiple number of springs inside, so the number of
springs, the spring length, and the stiffness of each spring are
utilized to find the appropriate ratio.

After the design process, the constructed FE models are
then evaluated in two ways; the ballistic gelatin model only is
numerically evaluated by the impact tests in Fig. 6 showing that
the force and the deformation error range is less than 20 %
depending on the impact velocities. After this evaluation, the
whole model is compared with the external studies, showing
that both are in similar force and deformation level.

From this observation and the comparisons, the proposed
FE models can be one approach to investigate the internal
stress distribution or the mechanical behavior at the impact
moment carefully. Since real human impact tests are very rare,
the proposed model will be evaluated whenever new human
tests are reported. Especially, the proposed FE models can be
utilized to human head or abdomen which are also vulnerable
to external impacts in HCR environment.

Nomenclature

FE : Finite element
HRC  :Human-robot collaborative
DOF  :Degree of freedom

oG : Ogden
MR :Mooney-Rivlin
Vimpact  : Impact velocity

Hap  : Drop height

LVDT :Linear variable differential transformer
TCP  :Tool center point

PFL  :Power and force limit

ASTM : American Society for Testing and Materials
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