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FEM Model of Structure for Weightlifting in CrossFit in Terms of Material Parameters
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The paper deals with problem of construction for Weightlifting in CrossFit from point of view of material para-
meters. The specific structure has to withstand repeated impact loads. Therefore it is also necessary to deal with
stress-strain states. Because of behavior of impact loading and elastomers used in FEM computational model,
explicit integration scheme and material constitutive models have to be included. To use constitutive models, ma-
terial parameters have to be well known. In this paper, the 2-parameter Mooney-Rivlin model is used. That is
the reason, why this article is focused on obtaining material parameters of elastomers for FEM computational
modeling based on their hardness. Mooney-Rivlin parameters can be determined on the basis of the Shore A hard-
ness. There are exist equations which can be used conversion of the mentioned hardness to material parame-
ters of elastomers. The procedure is such that the Shore A hardness is converted to the elastic or shear modulus
and then Mooney-Rivlin material parameters are determined from the modulus. But these equations can lead to
different results for the same hardness. In this paper, these results are comparison. For create a 3D model the
SolidWorks software is used and for FEM analyses well-known the ANSYS Workbench software is used.
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1 Introduction Based on the prescribed phases of lift and techniques,
the principle of the training procedure is that the trainee
has to lift the barbell with the maximum possible weigh
from the ground to overhead. In the case of the weight-
lifting, which is one of the training procedures in Cross-
Fit, there are two specific techniques, such as “technical
snatch® and “technical clear and jerk“. The given tech-
niques are mutually different from the aspect of individ-
- ual phases or movements of lift to overhead. In commu-
nity of sportsmen, it is the well known fact that the
weight which can be lifted to overhead is generally
higher than the weight which is lifted from ground to be
in front of the neck and on the shoulders. Based on the
mentioned fact, the metal jerk blocks are commonly used
as useful workout aid equipment [1]. After the perfor-
mance of the training or workout activity, the used barbell
is dropped onto the given metal jerk blocks. To avoid any
injury of trainee as well as to simplify the repeated per-
formance of the training activity, the construction of
metal jerk block should be designed with regard to the
requirements and needs of trainee.

The design for geometry of construction (metal jerk
block) was based on the utilisation of the 3D modeling in
SolidWorks software. The construction of metal jerk
block consists of frame with the bracing, matting part
with bent lip to keep the plates from rolling off after a
drop of barbell plates and finally, there are the legs with
adjustable height and they are joined with the frame by
help of locking pin. The metal jerk block construction is
designed in such a way to be adjustable to the needed
height in order to be comfortably used by any trainee or
weightlifter with the different height (see Fig. 2). More-
over, using the hollow construction profiles, the design

The construction for weightlifting in CrossFit exer-
cises has to be able to withstand the repeated impact
loads of barbell with the weight up to 160 kg while the
given barbell can fall down from the height of 1 300 mm
(Fig. 1) in dependence on built physique body construc-
tion of trainee (weightlifter).

-

Fig. I Image of impact loading as a result of dropped
barbell [1]

indexed on: http://www.scopus.com 321



April 2019, Vol. 19, No. 2

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

of the metal jerk block construction with designation of
used materials can be seen in Fig. 3.

1110

S60

Fig. 2 Design of metal jerk block - minimum height (on
the left) and maximum height (on the right) [1]
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Fig. 3 Final design of metal jerk block [1]

2 Proposal of computational model from the
aspect of material parameters

Computational model for stress-strain analyses is
created in student's version of ANSYS Workbench
software because this model was created as a part of the
Diploma thesis [1]. The solution of the given problem
was based on the proposed algorithm, which is shown in
the Fig. 4. The main objective was to analyse and evaluate
the metal jerk block construction from the aspect of the
stress-strain states and therefore, it was necessary to use
explicit dynamic analysis to solve the impact barbell pla-
tes loading on the metal jerk block construction.

Barbell weight plates, which are used for weightlifting
in CrossFit, are on the basis of elastomeric materials and
it means that the hyperelasticity has to be applied in com-
putational model for the correct or even accurate data
collection relating to interaction between dropped barbell
or barbell weight plate and the metal jerk block. After the
production, the weight of the weight plates can be 5, 10,
15,20 and 25 kg. In CrossFit, so called Bumper plates are
used as training weight plates and in comparison with
weight plates which are used by Olympic weightlifters,
the CrossFit weight plates are based on the higher thic-
kness. Using the combination of the individual training
weight plates can lead to the achievement of the ma-
ximum 220 kg weight of barbell. In relation to the perfor-
mance of CrossFit trainees, the best results in weight-
lifting are commonly not comparable with the results

obtained by Olympic weightlifters. The maximum per-
formance of the best CrossFit trainees is about 160 kg and
based on the specifications of producer, the CrossFit
weight plates exhibit Shore A hardness of 88. During in-
vestigation, there was the problem with the preparation of
the samples for testing procedures, which had been con-
sidered to be used in order to obtain stress-strain curves
for weight from experimental data and it led to the utili-
sation of the constitutive two parameter Mooney-Rivlin
model, the parameters of which can be determined on the
basis of the hardness, using Shore A durometer.
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Fig. 4 Algorithm for creation of FEM computational
model for construction

3 Determination of Mooney-Rivlin parameters
on the basis of Shore A hardness

The procedure is such that the Shore A hardness (it
is expressed as 4 in equations) is converted to the elastic
modulus E or shear modulus G and then Mooney-Rivlin
(MR) parameters are determined from the modulus.
Following equations can be used conversion of the men-
tioned hardness:

e  Gent equation [2]:

~ 0.0981-(56+7.62336- 4)

= [MPa] (1)
0.137505-(254 - 2.54- 4)
e cquation [3]:
E =exp(0.0235- 4 - 0.6403)[MPa], (2)
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e cquation [4], but the elastic modulus is expres-
sed in [psi]:

E=11.427-4-0.4445- 4% +0.0071- 4*[MPa], (3)

e  Batterman/Kohler equation [5] is based on expres-
sion dependence between shear modulus and
Shore A hardness:

G =0.086-1.045" [MPa]. “4)
These equations can lead to different results of moduli
for the same Shore A hardness.
Mooney-Rivlin parameters, such as Cip and Cpiare
calculated according to:

G =2-(C,y+Cy)[MPa], Cp =(from 0.2 t0 0.25)-C,, . (5)

The parameter of incompressibility d can be calcula-
ted as:

2-(1-2-v)

= 1, (6
= e G (M ©

Where:
v...Poisson's ratio [-].

Poisson's ratio has values close to 0.5 for incompres-
sible elastomers and it is commonly considered to be
0.4995 for better convergence of calculations.

Tab. 1 and Tab. 2 show the calculated moduli for
Shore A hardness of 80 and for Shore A hardness of
90, MR parameters as well as parameter of incompressi-
bility. It is important to point out that Cy; parameter is
0.2 multiple of Cyo parameter.

Tab. 1 Shore A hardness of 80, Poisson's ratio v = 0.4995, Co; = 0.2-Cjy

Equation E [MPa] G [MPa] K [MPa] Cio[MPa] | Co [MPa] C[II{’/['PS]‘” d [MPa™']
1 9.3513 3.1181 3117 1.5590 03118 1.2472 0.00064
2 3.4545 1.1519 1151 0.5759 0.1151 0.4607 0.00173
3 11.7525 3.9188 3917 1.9594 0.3918 1.5675 0.00051
4 8.7252 2.9093 2909 1.4546 0.2909 1.1637 0.00068

Tab. 1 Shore A hardness of 90, Poisson's ratio v = 0.4995, Co; = 0.2-Cjy

Equation E [MPa] G [MPa] K [MPa] Cio[MPa] | Co [MPa] C[II{’/['PS]‘” d [MPa™']
1 20.8439 6.9503 6 947 3.4751 0.6950 2.7801 0.00028
2 43697 1.4570 1456 0.7285 0.1457 0.5828 0.00137
3 17.9531 5.9863 5984 2.9931 0.5986 2.3945 0.00033
4 13.5500 45181 4518 2.2590 0.4518 1.8072 0.00044

Based on the values in Tabs. 1 and 2, it can be stated
that there is also influence of hardness change because
one equation can be suitable for hardness of 80 and any
other can be suitable for hardness of 90. The resulting MR
parameters have to be verified because this is the only one
possible way how to find out the most suitable equation
for the given application. The mentioned fact is the reason
for creation of FEM computational model of interaction
between indenter and elastomeric material. The given mo-
del is used for simulation of hardness testing process by
Shore A method.

4 Verification of Mooney-Rivlin parameters

Verification of MR parameters is on the basis of com-
putational model of interaction between indenter of Shore
A durometer and elastomer samples. The nodes or nodal
points in number of 30 551 as well as created simple com-
putational model can be seen in the Fig. 5. The problem
is modelled as planar stress (with type of element PLANE
182) because student's version of ANSYS Workbench is
used. Therefore the thickness of the sample could not be
considered in the calculation. The detailed image of mesh
in contact area between indenter and tested elastomeric
sample is reflected in Fig. 6.

The common construction steel is specified to be
material for indenter, the elastic modulus is 200 000

MPa and Poisson's ratio is 0.3. The model of tested elasto-
meric sample is based on the two parameter MR model.
The parameters, which can be found in Tabs. 1 and 2,
were used in relation to the computational modeling.
Non-linear contact is used between indenter and tested
elastomeric sample. In the Fig. 7, there is an example of
the strain of tested elastomeric sample and it is based on
definition of MR parameters, which were calculated by
help of equation with designation as (1) and it was for
hardness of 80.

Static Structural

JIndenter (steel) il
58 =«
0500 1500
Fig. 5 Computational model for verification of calcu-

lated MR parameters [1]

Tab. 3 reflects the forces in the spring during experi-
mental measurement as well as there are resulting reaction
forces corresponding to indenter displacement by 0.5 and
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0.25 mm in relation to the predetermined equations
(equations with designation from 1 to 4). The preload or
prestress of spring is 0.55 N. In the case of calculated re-
action forces, the given preload or prestress has to be also
taken into account.

Fig. 7 Displacement filed of the tested sample after in-
denter displacement by 0.5 mm [1]

Fig. 6 Detailed image of contact area between indenter
and tested elastomeric sample [1]

Tab. 3 Calculated reaction forces with corresponding Shore A hardness

Shore A hardness of 80 —indenter shift by 0.5 mm
Equation Spring force with preload Resulting reaction force Optimized reaction force Hardness
(prestress) [N] [N] by preload (prestress) [N] [HSA]
1 6.55 5.77 6.32 77
2 6.55 - - -
3 6.55 7.25 7.80 97
4 6.55 - - -
Shore A hardness of 90 — indenter shift by 0.25 mm
1 7.3 6.31 6.86 84
2 7.3 1.32 1.87 17
3 7.3 - - -
4 7.3 4.10 4.65 55

- it was not determined because there was not convergence of calculation

Considering the results, it can be stated that more ac-
curate results for hardness of 80 and 90 are obtained by
help of equation, which is designated as 1 because after
comparison of experimental results with the calculated re-
sults (using equation with designation as 1), the diffe-
rence is 3.5 % for hardness of 80 and 6 % for hardness of
90. Based on the mentioned fact above, MR parameters
for the range of hardness from 80 to 90 are recommended
to be obtained from equation with designation as 1.

5 Computational model of “metal jerk block —
barbell*

The mesh was created from four nodal (linear) shell
elements — SHELL181. The critical conditions were de-
fined for leg of construction, which is fastened with an-
chor bolts to the floor. The anchor bolt was replaced with
the springs with stiffness of 245.19x10° N-m"! to the be-
cause it roughly corresponds to stiffness of anchor bolt
fastening or screw fastening [1]. Cowper-Symonds and
Johnson-Cook models for elasto-plastic materials were
also involved into computational modelling with parame-
ters for steels S355J2H and S355J2+N: D =5 000 s and
q = 2.5 for Cowper-Symonds model [9] and 4 =450 MPa,
B =782 MPa, n = 0.562 (which representing the strain
hardening effects of the material in quasistatic conditions)
and ¢ = 0.0247 (which representing the strain rate sensitiv-
ity) for Johnson-Cook model [10]. Static analysis was per-
formed for the given model in order to determine stress
and strain for surface of drop or impact after the loading

of construction with static force that corresponds to the
weight of barbell. Based on the stress-strain analyses, it
was possible to conclude that the designed construction
was suitable and therefore, it was possible to create the
computational model for dynamic analyses. The given
model vas created on the basis of extension of the static
model with model of dropping barbell. The resulting
computational model can be seen in Fig. 8.

The calculation was made for 160 kg dropping or
falling barbell (estimated maximum in-service loading)
and for 220 kg dropping barbell (overloading). The con-
struction steel with elastic modulus of 210 000 MPa and
Poisson's ratio of 0.3 was selected for computational mo-
deling of weightlifting axle. Computational modeling of
elastomeric material was based on utilisation of hypere-
lastic two parameter MR model, the parameters of which
were calculated by help of Shore A hardness of 88: Cjo =
2.2692 [MPa], Co; = 0.56729 [MPa] and d = 0.00035267
[MPa'].

For weight plates (weight loading) and weightlifting
axle, the 8-node hexahedral elements are used. The pre-
defined calculated initial velocity (speed) for weight pla-
tes (weight loading) and weightlifting axle was 5424.94
mm-s™! and it corresponds to velocity or speed during the
free fall (drop) after the overcoming of 1500 mm
distance. The calculation of the impact of barbell (weight
of weight plates along with weightlifting axle) onto con-
struction was solved with Autodyn explicit integration
scheme.
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Fig. 8 Computational model of “construction — bar-
bell* system for dynamic analysis [1]

Evaluation of stresses and strain was performed for
the area under the impact loading. The maximum von-
Mises stress is 485.7 MPa. The stress-strain analyses of
the metal construction led to findings that after impact lo-
ading, the yield point exceeded the limit in relation to the
given material and the given fact was also confirmed due
to high strain, which is 6.9 mm. Based on the dynamic
analysis results, it can be stated that the design of the
construction is not suitable and therefore the construction
in the area under impact loading was strengthened with
bracing as it can be seen in Fig. 9. The additional bracing
was included into the computational model to be and it
can be seen in the Fig. 10.

Fig. 9 Strengthening of the construction with bracing
[1

000 50.00 100.00 (mm)
— ——

Fig. 10 Optimised computational model for the area of

construction under the impact loading [1]

The maximum von-Mises stress for 160 kg barbell is
421.3 MPa (see Fig. 11).

Fig. 11 Image of von-Mises stresses [MPa] for the area
of construction under the impact loading

6 Conclusion

Based on the obtained results, it can be concluded that
we recommend to use Gent equation (with designation as
1) [2] for calculation of MR parameters for hardenss of
80 and 90.

The evaluation of the stress-strain states for the de-
signed construction was based on the computational mo-
del in explicit dynamics with utilisation of Mooney-Ri-
vlin model for elastomeric material and constitutive mo-
dels for elasto-plastic materials while the effect of strain
velocity (speed) was also taken into account.
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From the aspect of stress-strain analysis results, it can
be concluded that after optimisation of the construction
for training purposes, the yield point of materials was
not beyond the limit for any area under the impact loa-
ding during in-service loading conditions. The maximum
calculated von-Mises stress for the S355J2H steel profiles
is lower about by 10.4% in comparison with yield point
for the mentioned material and it is 470 MPa.
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