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Preface

The project aims to analyze and test the compression factor in dampers in the
prototype figure skating runner blade, during compression tests at different
velocities, loads and compare mechanical testing result. The purpose of this study
was to investigate the effects of figure skating styles and material selection of the
prototype blade. Boots for kinematic and kinematic characteristics of landing
effects. The focus was vertical ground reaction force (VGRF) and landing effects
and material and structural differences in dampers of the FS blade.

We did the test in the Rydberg Core Laboratory using an electromechanical test
machine (MTS Exceed). E43.104 / E43.104 E edition, various capacities from 5N
to 5kN, tension, compression, shear, peeling, bending test types, plastic / rubber /
polymer service samples. Manufacturing materials used include wood and paper
products, composites, biomedical products, fibers and fibers, adhesives and
coatings, foams, and more. We also did the simulation using ANSYS workbench
for more clarity in analysis.

The MTS Exceed Series 43 device has some of the most common test equipment
to meet a wide range of monotonous production testing needs. Experiment with
load and position control over a force capacity range of 5N to 10kN using highly
reliable, easy-to-use, high-speed, low-vibration electromechanical actuators and
built-in closed-loop digital control.

This thesis can’t be done without the help from many peoples our guide and
supervisor Hans Lofgren who guided us to maintain right path on the project, Lina
Lundgren, Ondrej Speigel, Amogh Vedanth and Joakim Wahlberg helped us when
facing various challenges. And we are conveying our sincere thanks to all the
mentioned persons and to all my classmates and professors.

Halmstad, October 2022



Abstract

This thesis is primarily intended to estimate the technical feasibility of an invention
while also attaining product development as a project. A new cushioning FS blade
with an integrated damping system (FSB-IDS), developed to reduce the vibration
and acceleration of the impact. Development of FS equipment has mainly focused
on skater performance enhancement by decreasing the weight of the equipment, and
injury prevention has become a secondary objective. The product was designed and
manufactured by Ondrej Spiegel and team previously and we did test with the
sample they provided with the use of MTS Exceed machine and Finite Element
Analysis.

Our objective was to conduct compression test on the dampers in the FS blade. So,
we used MTS machine and FEA analysis to do the compression tests of dampers.
We also used Granta Edu Pack software for material selection.

The methodologies utilized in the thesis are aligned with academic and industry
procedures for carrying out this type of invention in accordance with product
development. The introduction of figure skating blade, methodology, theory, and
findings are the key sections of the thesis. Designs and calculations are part of the
results. Finally, a conclusion, critical review, and appendices are included in this
thesis.
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1. Introduction

Figure skating is one of the most popular spectator sports in the United States,
but it defies categorization. Ellyn Kestnbaum in her book (Culture on ice,
2003) investigates figure skating from a variety of viewpoints, including
sport, performance, and even spectacle, bringing the reader through both the
technical aspects of skating and the sometimes-perplexing regulations of
figure skating competition. She argues that figure skating is a language whose
meaning is inflected by culture at large through detailed analyses of skating
events from the Olympic Games in 1994 and 1998. She investigates how race,
social class, and gender all disrupt, subvert, or support figure skating
practices, as well as the role of the media in molding public perceptions of
the sport. She analyzes how race, socioeconomic class, and gender all disrupt,
subvert, or support figure skating practices, as well as the role of the media in
creating perceptions of the sport. Kestnbaum gives a unique perspective to
this research as a skater, skating enthusiast, and academic, providing not just
a history of the skating world but also a sense of what it is like to be on the
ice. Since it became an irreplaceable activity or sport item in this world, the
professional athlete or a beginner can or may face injuries like in every sport
in this world. In this paper we tried to help a team who already introduced
newly designed a FS blade with dampers. In this dissertation we analyzed the
compression of the dampers and materials can possibly applied to the
prototype blade using Granta Edu pack.

1.1 Background

Figure skating jumps are a major point of interest in biomechanical research
of the sport. As figure skating evolves, skaters continue to attempt larger,
more complex jumps in their practices and competitive programs. According
to an epidemiological study conducted by (Dubravcic Simunjak et al. 2003),
overuse injuries of the lower extremity are the most common injuries in
freestyle figure skaters.

Overuse injuries made up 78% of injuries sustained by male and female
singles figure skaters throughout the course of the study. However, research
pertaining to the biomechanics of this population is outdated. There have been
many significant changes to the sport over the last 12 years, and most research
regarding jumping biomechanics was performed and published long before
the implementation of these changes.

The structure and design of figure skates have been altered, and there are
manufacturers who now offer boots and blades made from lighter weight
materials. Another substantial difference in the sport is the implementation of
a new, more objective judging system of figure skaters® competitive
performance. These fundamental changes in the sport were implemented to



reduce figure skaters™ risk of overuse injury. To mitigate the risk of overuse
injuries in figure skating, more must be learned about the physical demands
of the sport.

There are four Fields of figure skating: single skating, pair skating, ice
dancing, synchronized skating Until 1991, skaters were trained, competitive
and free with so-called mandatory numbers. Ice skating (Stastna Konigova
1985). International Skating Union Compulsory figures, skaters have begun
to spend more time practicing freely Skating (Shulman 2002; Bruening &
Richards 2006). That is, above all Practice more jumps, one of the key
elements in both single skating and pair skating (Porter et al., 2007). Jumping
is a horizontal movement at a constant speed It moves up and down in the
vertical direction by free fall. Considering air resistance, the trajectory is in
the form of a trajectory curve. Another essential part of figure skating Jump
is the angular momentum. Jump landing should be smooth Pick your toes all
the way to the end of the blade. Properly performed jumps need to be robust.
Long with a rapid vertical twist (Dédi¢ 1979; Fassi, Smith & Stark 1980).

Figure skating is becoming more and more popular in recent years
Participation in this sport has more than doubled (Bradley 2006). Incredible
progress Element complexity was created. Triple jump enough to win the
world The senior category championships a few years ago are now run by
skaters in the lower category. category. Success in today's competitive figure
skating singles and pairs is of utmost importance Depending on the number
of triple jumps and quad jumps, the skater can normally run Country of
competition. Therefore, the pressure for solo skaters to jump higher and do it.
Increases the number of turns in the air.

1.2 Aim of The Study

Figure skater increases strength to catch up with the competition and their
training and jump more than before. Skaters can make 50100 jumps per day,
6 days a week during the season and off-season (Briining & Richards 2006).
Covered ice rink, often available all year round allows skaters to practice
uninterrupted throughout the year. Due to these challenges the number of
figure skater injuries increases. More time for free skating performs sum up
more jumping elements that apply force to the body during takeoff and
landing (Porters et.al 2007). With multiple landings of multiple spinning
jumps absorb high ground reaction forces can lead to various injuries
(Dubravcic Simunjak et al. 2003); (Fortin & Roberts 2003); (Bruning &
Richards 2006); (Ortega, et, al 2010). However, the severity and scale of the
current situation is not. Well, documented in the current literature and
research (Bradley 2006). Each time on landings, the figure skater hits the ice
with a certain weight with forces that are counteracted by equally opposite



forces applied by the ice on the skater’s legs (Larson 2011; Cong 2012). This
force is called vertical ground Reaction force (VGRF). Depending on the type
of landing (e.g., landing from toe to heel or landing on the entire foot), VGRF
may be characterized by one or two high transient peaks. This lasts only a few
milliseconds (Bruening & Richards2006). Affecting VGRF Skaters can
weigh up to 6 times their body weight on landing (Acufa et al. 2014).

Through these studies we are analyzing and supporting the prototype blade
by analyzing it using the MTS machine and FEA and suggesting new
materials that can be used to make the FS blade more agile and compatible
for the skaters.

1.2.1 Problem Definition

Figure 1: 3d model of FS blade with dampers using CATIA v5

A new cushioning FS blade with an integrated damping system (FSB-1DS)
developed to reduce the vibration and acceleration of the impact.
Development of FS equipment has mainly focused on skater performance
enhancement by decreasing the weight of the equipment, and injury
prevention has become a secondary objective. A 3d model from Catia v5
shown in figure above.

1.3 Limitations
e We are just testing the designed product not improving the design.
e The real-life testing is avoided in this test.
e We are testing for mechanical properties only.

e Limited data of exact alloys in Ansys (student version 2022) material
datasheet.



1.4 Individual responsibility and efforts during the project

We had to do programming and setting up to get desired output and to hold
the test equipment in MTS Exceed machine. Several brainstorming sessions
were conducted to decide upon the best alternative out of it. Both project
members contributed equally to this thesis. Thus, project report was prepared
by dividing topics among the team members so that the workload gets
distributed equally. We enjoyed doing the work together.

1.5 Study environment

The study environment was in several video conferences, call conversation
and email communication between our internal and external guide was very
helpful. We done test in the Rydberg Core Laboratory using an
electromechanical test machine (MTS Exceed). The details from Onrej
received via emails. Lina, Joachim and Amog helped us in managing the
machine at lab. And FEA is done in our personal computers with the support
from few friends.



2. Method

2.1 Chosen methodology for this project

The research methodology used in this project is a quantitative method.
Sogunru (2002) defined quantitative methodology as the study of a problem
based on the testing of a theory consisting of variables measured by numbers.
Since it is necessary to use fewer resources to complete the research, the
availability of numerical data is crucial. This data will be provided by the
company or be measured on-site. Figure below shows the step-by-step
process used for this project development.

Testing by
DataCollection >  ‘gergie'® > DataAnaysis >  Mechanical
Device
v
Tabulate The | Simulation | “m::;i”" S Results And
Result Analysis Improvements Conclusion

Figure 2: used step by step process of project development

However, different research has yielded varying results in terms of the
amount of the impact force. During the experiment, Charles (2015) used a
force range of 5 to 8 times body weight. The landing impact, as measured by
a specific equipment during on-ice performances featuring strain gages that
were directly mounted to the skate's blade on the contrary, In Foti's (1990)
study, the skaters had a peak vertical GRF of 4.12 0.67 times. In a
biomechanics laboratory, body weight was used to simulate figure skating
jumps. Here's where you should drop. Video cameras and a force plate were
used to examine landings from a 30 cm raised platform. Iced over with a man-
made ice surface Kho (1998), on the other hand, pointed out that the heights
were not typical of figure skaters' leap heights in past years.

2.1.1. MTS Exceed machine procedure

The MTS Test Suite file hierarchy comprises several individual components.
Each component stores a specific set of information. For example, a test
contains a set of activities (known as the procedure), and the test run contains
the data acquisition information and variable values that were obtained when



the test was run. Furthermore, each component has a relationship with at least
one other component. For example, the analysis definition uses the
information in the test run to create an analysis run in either the Fatigue
Analyzer or Fracture Analyzer applications. In the following table, each of
the main components of the MTS Test Suite structure are described. In the
following sections of this document, the data stored in these components and
the relationships between these components is described in detail.

Table 1: Components of the MTS Test Suite Architecture

Name Description

Project A project is a collection of tests and test templates. By
creating separate projects, you can organize similar tests and
test templates and various project-level settings, such as the
language or unit types used.

Test A test is the core component of MTS Test Suite software.
The test contains the test definition along with any test runs,
analysis definitions, or analysis runs that have been created.

Test Test templates eliminate the need to re-create existing

Template information and provide an easy way to run standard tests.

Test run A test run contains all data that was gathered during a single
run of the test.

Analysis The analysis definition is available in either the Fatigue

Definition Analyzer or Fracture Analyzer application as an overlay to

the information that was gathered during a test run. You can
customize the views and displays associated with an
analysis definition to manipulate how the test run data is
presented on the screen. Additionally, you can customize the
variable values, DAQ mappings, and functions to create
analysis runs and analyze various "what if" scenarios.

Analysis The analysis run uses the analysis definition and the data in
Run a test run to produce a set of analysis results.
8.1.1 FEM

The FEM is a numerical technique solver that analyzes 3D CAD models using
the partial differential equation. The domain is made up of finite elements
(lines segments) and nodes (points) that connect the elements. Subdomains
are obtained via interpolation or shape function for each element, and they
can take the form of polynomials such as linear, quadratic, and so on. The set
of polynomial functions and connections with can be used to find a solution
for a region. (Alik Ismail-Zadeh, 2010). According to O. Panagiotopoulou
(2009), Finite element analysis (FEA) solves the issues by breaking down a
complicated geometry into a finite number of elements with simple



geometries. Furthermore, FEA allows strain to be represented across the
entire building's surface as well as throughout the interior structure.

2.1.3. Material Selection

Material selection is the most important and complicated aspect in the product
design process. The life cycle of a product is heavily influenced by the
material used. Digital tools are often employed throughout the material
selection step. Due to the wide range of design attributes, selecting the best
appropriate material from a large list of accessible materials is difficult.
Manually evaluating each material and selecting the best fit materials as per
design requirements is challenging and time intensive for engineers and
designers (N. Ullah, A.A. Riaz, Shaukat, 2020). Material selection played
crucial role in this research because to perform simulation we should be able
to assign materials to the models. This ended up surfing through CES Edu
pack which is the best Material database and material choosing software
provided in Halmstad University.

2.2 Alternative methods

a) Testing the dampers by fixing it to the figure skating blades and test
them inside the room with skates while they jump measure the
readings.

b) Make a robot to test the sample dampers by fixing it to its legs.

c) Creating damper prototypes and test each through FEM simulation.

But because of the practical implementation of the test criteria and budget
we planned to go with testing using MTS exceed machine and FEM.



3.Theory

3.1. Biomechanics and figure skating

Biomechanics is the application of physical and mechanical laws to the
movement of living beings, including the execution of all elements performed
in figure skating programs. It is a strong tool for scientifically observing,
evaluating, and correcting movement to improve performance, reduce injury
risk, or during injury rehabilitation. Biomechanics is a large subject with
many sub-disciplines, and it is necessary to have a basic understanding of
structural anatomy, kinematics, and kinetics to properly integrate this tool into
the best practices of figure skating practitioners (Lee Cabell, 2018).

Skaters typically go around the ice on curves, thus we rarely see them skating
on straight lines. Figure skaters also spend more time skating backwards than
forwards. Based on these findings, there are three crucial, interrelated
biomechanical elements to consider when skating, spinning, and jumping:
radius of curvature, body lean, and horizontal velocity (Figure 3).

Where:

CG = center of gravity

BW = body weight

Fv = Vertical ground reaction Force

Fh = Horizonatl Ground Reaction Force
© =angle of lean

radius of
curvature

Figure 3: The relationship between body leans and radius of curvature, as well as speed/velocity.

Figure skating jumps are challenging technical aspects in which the height,
distance, and number of rotations determine the difficulty and, ultimately, the
score of the jump. To compete at the international, world, and Olympic levels
in figure skating, elite male and female skaters must perform quadruple and
triple jumps, respectively. Other parameters, such as angular momentum,
moment of inertia, and angular acceleration, will influence the extent to which
a bounce is successful (Lee Cabell, 2018). This is true if the frequency of
bounces, that is, the exposure to impact forces during landing, is very high.
It's a good idea to find a way to reduce the impact and risk of landing injury
(Bressel & Cronin 2005; Ortega, Rodriguez Bies & Berral De La Rosa 2010).
Shoe design, construction, and outsole materials can affect landing
biomechanics.



Skaters initiate jumps while moving backwards, with the exception of the
Axel, which is initiated while travelling forward. The take-off edge of the
blade distinguishes one jump from another. Backward skaters can take off
from the outside or inner edge of their right or left foot. Edge jumps (Waltz
jump, Axel, Loop, and Salchow) - take off from an edge - and toe jumps - toe
pick assisted take-off jumps are also options. Set-up, load, transition, pivot,
takeoff, flight, landing, and exit are the components of each jump (Figure 4).

il Landn

Setup

Load K
Transition

‘
182, \
Pivot | '

-

\ Exit
Flight *~ o _ - -

Preparation

4
v

Figure 4 The waltz jump parameters (Lee Cabell, 2018)

The range of motion of the ankle varies due to different inspection methods.
Jumps, different skaters, different skates. Therefore, it may be helpful to
understand the landing biomechanics associated with various skates helps to
improve current designs and prevent injuries or therefore, current research
focuses on finding differences in VGRF variables by producing new
prototype runner blade with dampers as shown in figure 1.

3.2. Granta Edu pack

Granta Edu Pack helps to improve undergraduate materials instruction.
EduPack comprises a materials and process information database, materials
selection tools, and a variety of supporting resources. EduP ack is separated
into three tiers so that students can access knowledge at the appropriate level
as they move through their studies (Ansys Granta Edu pack). Granta Edu Pack
has also been developed to accommodate a wide range of teaching methods,
including design- and science-led approaches as well as problem-based
learning.

Here, the FS blade consists of metal and polymer, with help of Granta Edu-
Pack we analyze suitable material regarding the mechanical properties, light
weight, and stiffness factor for the materials for each part of the FS blade. The
mechanical properties considered during material selection process for the
prototype blade with integrated dampers are:



= Density- The mass density (kg / m3) of a material is defined as its
mass per unit volume. In our scenario, significantly low-density
material should be preferred to reduce overall model weight.

* Youngs Modulus- measurement of a material's ability to endure
changes in dimension under tension or compression (Pa).

= Compressive strength- The capability of a material to endure applied
compression load (Pa).

= Tensile strength- The capability of a material to endure a tension load
(Pa).

Constraints includes: no axial failure upon landing (High strength) 65kg or
3000N (including VGRF). No breaking in the model. Level 2 of the CES
Edu Pack software is used to identify appropriate candidate materials for the
prototype FS blade and the dampers.

The above-mentioned property constraints are applied to the material
selection process, and software selects materials such as aluminum alloys,
glass ceramics, and stainless steel correspondingly. After applying
constraints, the software selected only three materials from a large list of
available materials. Manually checking property profiles and then selecting
after comparison is quite time consuming. The shortlisted materials are
subjected to additional screening based on a comparison of their various
attributes. Figure below depicts the software analysis for material selection
runner blade and their ranking; the limits were applied in the limits section
(stage 1) of CES Edu pack software.

v General properties

Minimum Maximum
Density : I kg/m*3
Price 1] [1 ] USD/kg

v Mechanical properties

Minimum Maximum
Young's modulus {CH) | ]8e13 Pa
Yield strength (elastic limit) 3] | l Pa
Tensile strength 1| | ]5.5&8 Pa
Elongation {Cd) |0.01 l strain
Hardness - Vickers {C) ISO I HV
Fatigue strength at 10°7 cycles LJ I ] Pa
Fracture toughness o | I ] Pa.m”0.5

» Thermal properties
» Electrical properties
» Optical properties

> Eco properties

Figure 5: Limits defined for blade runner in stage 1 of CES Edu Pack software for density, Tensile &
Compressive strength (Pa)



Aluminum alloys Stainless steel

Magnesium alloys

Metals and alloys

Young's modulus (Pa)

100000

10000

1000
Density (kg/m*3)

Stainless steel

Aluminum alloys

Magnesium alioys

Young's modulus (Pa)

100000

10 100 1000 10000

Density (kg/m*3)
Figure 6:Shortlisted qualified materials for UTM support columns which include Aluminum alloys,
Magnesium alloys & Stainless stee
Hence, we got final three candidate materials for the blade runner, the
aluminum alloy which is lighter than stainless steel and have higher young’s
modulus than magnesium alloys. We discovered that aluminum alloy is
excellent for runner blade since it is less in weight than steel. This enables a
skating performance. This results in shorter When compared to stainless
steel, the payback period is shorter, the annual average cost is lower, and the
net benefit is greater. As a result, aluminum alloy is more cost effective than
steel alloy (S. Gupta, 2020).

Similarly, we need to select the material for damper in order do the
simulation. We take same properties as mentioned before. But the dampers
should provide the dampening properties the constraints can be varied from
before as shown in figure 7.



Can't find the property you are looking for?

~ General properties I
Minimum Maximum
Density a2 ] | {10000 kg/m~3
Price o] | [ USD/kg
~ Mechanical properties |
Minimum Maximum
Young's modulus @ I |2e9 Pa
Yield strength (elastic limit) 1] | [ Pa
Tensile strength I |6e7 Pa
Elongation @ |1 I strain
Hardness - Vickers @ I I HV
Fatigue strength at 10~7 cycles @ I I Pa
Fracture toughness @ | I Pa.m”0.5

Figure 7: The limits defined for the dampers in stage 1.
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Figure 8:Shortlisted qualified materials dampers which include Polypropylene and polyurethane.



The material for dampers chosen is polyurethane. Polyurethanes have a
higher load-bearing capacity in compression and shear than other elastomers
of equal hardness. This is a significant advantage in many designs, and in
other cases, the increased load-bearing capacity is what allows some ideas to
be realized at all. Thermoset polyurethanes, depending on the formulation,
can stay relatively flexible even in Arctic-like conditions. Furthermore,
polyurethanes have proven to be exceptionally resistant to thermal stress,
withstanding sudden and dramatic temperature decreases without shattering.
Overall life cycle of polyurethane which is good for environment as it can be
recycled (Granta Edu Pack, 2019). Properties of each materials is shown in
appendices 3 and 4.

3.3. ANSYS

ANSYS is nearly synonymous with finite element simulations. We picked
ANSYS over alternative CAE software because of its Multiphysics features,
comprehensive online documentation, and popularity in both academia and
industry. Engineering students need to be equipped with Multiphysics
competencies. Complete documentation allows us to proceed. Popularity in
academia and industry suggests that after graduating from college,
engineering students can work with the program without any more training.
Workbench is a ANSYS platform where we did the simulations, and it adds
friendliness over other FEA software (ANSYS, 2018).

3.4. MTS machine

8

Dampers

Figure 9:Schematic diagram of MTS exceed with dampers setup

Test performed using a sample using MTS Exceed E43.104 E edition machine
and find the force when compressing at different velocities and different
deformations a schematic setup of the machine is shown in figure 9. The MTS



Exceed machine program should work like the sample is compressed at
preload of 50 N and compress the sample to from 1 mm until 5.5 mm with
increment of .5mm. The machine should do 10 repeated compressions at each
increment. So total 100 test should be done in one sample in a cycle.

Test using Finite Element Analysis is performed using ANSYS software
where we applied the force of maximum 3000N in both static structural and
in explicit dynamic. Details are given in results and analysis section.

3.5. Summary of the literature study and state-of-the-art

There are a bunch of studies and research have conducted regarding the figure
skating injuries. A study (Sanda Dubravcic et. al, 2003) says It is critical to
emphasize that there is an increasing occurrence of overuse injuries in junior
singles skaters and acute injuries in couples’ skaters. In this study, 79.5% of
the 469 junior figure skaters suffered acute injuries, overuse syndromes, or
low back disorders over their skating careers. Stress fractures were the most
common overuse injury in single female skaters (19.8%), followed by
jumper's knee (14.9%). Jumper's knee was the most common ailment in single
male skaters (16.1%), followed by Osgood-Schlatter disease (14.2%).
Overuse syndromes were involved in more than half of the injuries sustained
by singles figure skaters. Acute injuries were more common than overuse
syndromes among pairs skaters and ice dance skaters, with the cause being
falls from lifts and throw jumps. Except for one stress fracture of the lumbar
spine in a male skater, almost all overuse injuries occurred in the lower limbs.
Acute injuries to the head, upper and lower extremities were sustained
(Sanda Dubravcic et. al, 2003).

To have a long-term good impact on development, competitive sports for
children must incorporate both safety and fun. Thus, having a safe equipment
that not only protects the injuries but improves the over all agility of the
performance is needed in the market.



4. Results and Analysis

In order to study the differences in boot stiffness, a flex test was performed
and carried out before the installation of the blades. A skater performed a
lunge test in a skating boot to assess the maximal dorsiflexion range of motion
(measured by measuring the angle the skater's ankle can flex). From the
(O.Spiegl et, al 2022) they introduced this prototype blade, in the theoretical
displacement range of the blade-runner, the damping blade assembly contains
two damping units, one in the front and one in the back, the maximum
displacement occurs when the full load is delivered only to the rear damping
unit when the load is shared between the damping units (front and rear) in
such a way that both deflect equally The sum of the maximal and minimal
displacements yielded the total. The smallest displacement for a given weight
was discovered using

d (X) rear = d (y)front 1)

when the displacement d with respect to the forces x and y was the same in both
damping units Using the force-displacement data, a polynomial fit was used to find
a continuous displacement.

P:X2+paX+pPs= Quy2+02y+0s )
Here, p and q are coefficients of fitting. Equation (2) becomes-
(P:x"2-0.y"2) +(p=X-Q:y) +(p--q) =0 ®)

The average displacement is calculated by taking mean of minimum
displacement and maximum displacement

dmintdmax = dmean 4
2

The equations are thus used at the results after analyzing from the different
test that performed in this research.

4.1 FEM Analysis

In this section we show the FEM analysis of two dampers applying certain
force load within a short duration of impact and analyze the effects of forces
on the dampers when a skater lands.

The the maximum force acting while standing could be equals to 600N when
the weight of skater is 60kg.

But when the skater completes their rotations in air, and he impacts while
landing on ice with a force five to eight times the weight of the skater (Nathan
Chen, 2022) rection force from the ground (VGRF) adds up the force.



Thus, rection force from the ground (VGRF) adds up the force and the force
become 3000N and in the worst scenario it can become 30000N (see appendix
5).

4.1.1 Damper 1 analysis with 3000N

Figure 10:Maximum Total deformation= 0.89067 mm

When the load of 3000N is acted the deflection of 0.89067mm had occurred
shown in figure 10. Since we had affected by the material limitations, we had
to apply high impact plastic full report of the analysis is in the appendix 5.
The linear spring (force-displacement) graph is shown in figure 11.

Graph v I X

2800. > i
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total deformation [mm]

Figure 11: Linear spring graph of front damper.



Force and displacement are proportionate to one another. A force-
displacement graph for a linear spring will always be a straight line with a
constant slope.

4.1.2 Damper 2 analysis with 800N

.
0,000 15.000 30,000 (mm) L‘ X
_ — )

7.500 22.500

Figure 12: Maximum total deformation occurred is 0.021mm

The same procedures and boundary conditions as of the first damper
regardless of the force because when on landing the skater tends have his front
blade contact with the ice so the impact while landing is possibly affected at
the front damper.so when 800N applied here and the total deflection occurred
in Y axis is 0.0211mm shown in figure 12. Detailed analysis report for this
damper is attached to the appendix.
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Figure 13:Force displacement graph of back damper

The liner spring graph is obtained in the back damper analysis is shown in
figure 13.



4.1.3 Full assembly under FEM analysis when on sliding

Figure 14:The average of total deformation including the blade runner setup is
6.2672mm

When the setup with dampers is allowed to do FEA the material for the frame
is aluminum alloy which is lightweight metal thus provides the total
deformation in Y axis direction is 6.2672 when force of 3000 N is applied on
both faces of the blade runner shown in figure 14.

4.2 Setup and Test using MTS Exceed

e The damping unit is placed between a fitted form for the compression
tests (larger form for the front dampener (left) and smaller for the back
dampener (right))

—_— e ——————————
This side face camera

_This side face camera

Figure 15:View of damper and the holder

To study the behavior of the damping unit during the compression tests,
capture (video record) the sagittal plane of the damping units (minimum 60



FPS or higher at good light conditions, resolution 1080 px). The open side of
the damping unit A, B and C is captured and the enclosed side of the D unit.

Compression
platens of
the test rig
Camera positioned to capture
the sagital plane of the dampener

e To accurately measure the displacement, before the start of the test the
compression plates must be in tight contact with the fitted form and
the fitted form with the dampener placed between the required
accuracy for the force-displacement curves is 0,1 mm. To ensure good
contact between the plates and the fitted form a preloading of 10 N or

50 N are applied. Visually checked the contact between the
compression platens and the fitted form throughout the tests.

Figure 16: Camera position

e To evaluate the compression set (the ability of the damping unit to
return to its original shape after loading), measured the vertical and
horizontal distance between the points embossed into the TPU case
(as illustrated below). Take the measurements before and after the
compression tests as well as 24 hours after the compression tests.
Measurements taken by caliper (required accuracy is 0,1 mm)

e The compression tests are defined by a specific displacement, loading
speed and number of compressions. Report the load (N) required for
the specific compression. The compression tests include the following
steps (see the protocol in a separate Excel file appendix):

1. 50 loadings at 100 mm/min, displacement 1,5 mm (report the load (N) for
the 1st, 10th, 20th... 50th compression)

2. 10 loadings at 100 mm/min, displacements from 1 mm to 5,5 mm- increase
the displacement by increments of 0,5 mm (one compression per
displacement, total of ten compressions), report the load (N) required for the
specific displacement

3. 50 loadings at 100 mm/min, displacement 1,5 mm (same as 1st step for a
reference measure) (report the load (N) for the 1st, 10th, 20th... 50th
compression)

4. 10 loadings at 500 mm/min, displacements from 1 mm to 5,5 mm- increase
the displacement by increments of 0,5 mm (one compression per



displacement, total of ten compressions), report the load (N) required for the

specific displacement

5. 50 loadings at 500 mm/min, displacement 4 mm (report the load (N) for

the 1st, 10th, 20th... 50th compression)

6. 50 loadings at 100 mm/min, displacement 1,5 mm (same as 1st step for a
reference measure) (report the load (N) for the 1st, 10th, 20th... 50th

compression).
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Figure 17: Front damper sample Tensile load results.
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From the point of view of injury. In addition to the peak force, the load factor
(gradient of the second peak) is also important which can cause acute and
chronic injuries. Important future applications investigate the relationship
between load factor and injury in figure skating jump landing. With those
timings, the charge rate can be quantified. Fitted displacement curves of
individual damping units in the dampers is shown in figures above. During
mechanical compression tests the damping units compressed to a greater
extent (4 mm and 5 mm respectively) under the load of 3000 N as shown in
figures 17 and 18.

The compression tests of two dampers have been done using MTS machine
and Finite Element Analysis. Both the test attained different results because
of the few factors. The material used for dampers in both tests were different
though we could possibly see that there is no big difference in deflection in
both analyses irrespective of the loads applied, but in this paper, we also
suggested the suitable lightweight materials in for the prototype type which
possibly give better outcomes and environmentally friendly.



5.Conclusions

In the conceptual design phase, CAD (Computer Aided Design) and
FEM (Finite Element Analysis) software solutions are critical
instruments for bringing a concept to life. They save time while also
validating your manual calculations and designs.

The worst-case scenario indicates there more than 8mm deflection in
front damper which is when the force of 30000N / 30KN is applied,
which is shown in the appendix while using the FEM analysis when
the material is high impact plastic.

An experimental test is required to validate the computation and
design.

Material selection is the most important and complicated aspect in the
product design process. The life cycle of a product is heavily
influenced by the material used.

Following technical feasibility, the economy is a critical factor that
can either confirm or reject any proposal.

This study suggests that using a controlled drop method to calibrate
the strain sensors against a load cell mounted above the skate blade
provides the most representative force data during off-ice jump
landings.

There is a wide range of estimating outcomes in the literature and
comparisons based on other valid justifications in books, papers,
articles, and so on in the study test.

5.1 Recommendation to future activities

Creating different prototype designs and compare with current design
to provide better feedbacks.

Integrate testing with biomechanics: with added sensors to study the
effects in human body.

By adding the above recommendations and it is very good to add a person
with software skills and one another person from biomechanical background
to develop more on this thesis.



6. Critical Review

6.1 Standard and safety

EN 15638:2009 -This standard applies to ice skates designed for users
weighing up to 100 kg for ice skating, excluding sports events. It sets the basic
safety requirements for ice skates, as well as the requirements for test
methods, marking, and information provided by the manufacturer, in order to
decrease the risk of injury to both third parties and the user during normal
usage. It is common practice to lengthen a blade so that the blade plates do
not overhang the boot heel. The toe blade plate should be approximately 1/16"
back from the front of the sole when mounting a blade. Because blades are
available in 14" increments, the greatest space between the heel plate and the
back of the boot heel should be no more than 14" (EN 15638, 2009).

6.2 Health and society

Occupational health and safety are two things the organization gives
importance to. The organization provides all the safety equipment and makes
sure that the employees are using it properly. The management considers the
employees' health highly valuable since a healthy employee can only
contribute to the organization's development. The toolbox talks and training
make the employees more knowledgeable about the machine and the work
environment. The organization not only cares for physical health but also
mental health too.

6.3. Environment and Economy

According to the project, there are various environmentally friendly factors
to consider, such as 1. Using lighter materials with sufficient strength and
fewer energy consumption. 2. contemplating more efficient modified blades
and dampers in terms of design. 3. Using standard parts to conserve energy
during manufacture. 4. Using fewer components, fewer interfaces, and less
material as needed. 5. Paying attention to the project's life cycle in accordance
with lean management and recycling in order to reduce waste in the
environment.

Although economy is not part of the project scope, but it describes the method
of assessing investment and predicting risks, fixed and variable expenses, and
a graph of return on investment over time. Part list expenses, man-hour effort,
material price comparison, and so on are all examples of technical terms.
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8. Appendix
Load

Appendix 1
MTS machine used at the lab

Holding plates



Appendix 2

@ Plastic, PS (high impact) > o

HIPS, High Impact Polystyrene

Data compiled by the Granta Design team at ANSYS, incorporating various sources including JAHM and MagWeb.
ANSYS Inc. provides no warranty for this data.

Density 1.045e-06 kg/mm?®

Structural L

“Isotropic Elasticity

Dersive from Young's Modulus and Poisson's Ratio
Young's Modulus 1720 MPa
Poisson’s Ratio 0.4074
Bulk Modulus 30958 MPa
Shear Modulus 611.06 MPa
ic Secant C ient of Thermal i 7.954e-05 1/°C
Tensile Ultimate Strength 29.22 MPa
Tensile Yield Strength 2805 MPa

Thermal ~

Isotropic Thermal Conductivity
Specific Heat Constant Pressure

0.0001572 W/mm-"C
1.399e+06 mJ/kg-"C

Mechanical properties of high impact plastic used for simulation in Ansys

Appendix 3

Mechanical Properties of Aluminum alloy

Mechanical properties
Young's modulus

Specific stiffness

Yield strength (elastic limit)
Tensile strength

Specific strength

Elongation

Compressive strength

Flexural modulus

Flexural strength (modulus of rupture)
Shear modulus

Bulk modulus

Poisson's ratio

Shape factor

Hardness - Vickers

Elastic stored energy (springs)
Fatigue strength at 107 cycles

Impact & fracture properties
Fracture toughness
Toughness (G)

CACHCICICHICICICHCHCICHCHCUCHCHS)

©o

*

5.37
0.239
15
152
9.25

404
19.1

0.27

168
13.4
432

53.1
324

106 psi
Ibf.f/Ib
ksi

ksi
Ibf_ft/Ib
% strain
ksi

106 psi
ksi

106 psi
106 psi

HV
ft.Ibf/in?3
ksi

ksi.in"0.5
ft.Ibf/in"2



Appendix 4
Mechanical properties of polyurethane

Mechanical properties

Young's modulus ® 3.63e-4 - 0.00435 1046 psi
Specific stiffness ® 696 - 8.36e3 Ibf.ft/Ib
Yield strength (elastic limit) ® 58 - 74 ksi
Tensile strength ® 58 =t ksi
Tensile stress at 100% strain @ *0435 - 058 ksi
Tensile stress at 300% strain @ =087 - 174 ksi
Specific strength ® 1.11e4 - 1424 Ibf.f/Ib
Elongation ® 500 - 750 % strain
Elongation at yield ® 500 — 750 % strain
Compressive modulus @ * 363e-4 - 0.00435 106 psi
Compressive strength @® *696 - 888 ksi
Flexural modulus ® 3.63e-4 - 0.00435 106 psi
Flexural strength (modulus of rupture) ® *943 - 138 ksi
Shear modulus ® *121e4 - 0.00145 106 psi
Bulk modulus ® *0218 - 029 1016 psi
Poisson's ratio ® *047 - 049

Shape factor ® 15

Hardness - Vickers ® =12 - 14 HV
Hardness - Shore D ® 12 - 4

Hardness - Shore A ® *50 - 92

Elastic stored energy (springs) ® 410 - 496e3 ft.Ibf/inA3
Fatigue strength at 107 cycles ® =232 - 296 ksi
Compression set at 23°C ® 7 - 15 %
Compression set at 70°C @ =35 - 45 %
Compression set at 100°C @® =30 - 60 %

Tear strength ® *343 - 514 Ibf/in

Appendix 5

Worst case scenario (30000N at front damper) deflection of 8.9mm is shown
in figure below.

Appendices 6 and 7 includes Analysis reports for dampers from Ansys
2022 student version.
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uUnits

TABLE 1
Unit System | Metric (mm, kg, N, s, mV, mA) Degrees rad/s Celsius
Angle Degrees
Rotational Velocity rad/s
Temperature Celsius
Model (A4)
TABLE 2

Model (A4) > Geometry Imports
Object Name | Geometry Imports
State Solved

TABLE 3
Model (A4) > Geometry Imports > Geometry Import (A3)

Object Name Geometry Import (A3)
State Solved
Definition
Source C:\Users\anant\OneDrive\Desktop\fs bade analysis\dampl analysis\damp

1 files\dpO\SYS-1\DM\SYS-1.agdb




Type DesignModeler

Parameters Independent
Parameter Key

Compare Parts On

Update No
Analysis Type 3-D
Geometry
TABLE 4
Model (A4) > Geometry
Object Name Geometry
State Fully Defined

C:\Users\anant\OneDrive\Desktop\fs bade analysis\dampl analysis\damp

o 1_files\dpO\SYS-1\DM\SYS-1.agdb
Type DesignModeler
Length Unit Meters
Element Control Program Controlled
Display Style Body Color
. BoundingBox
Length X 64.35 mm
Length Y 30.437 mm
Length Z 20. mm
. propetes
Volume 24878 mm3
Mass 2.5997e-002 kg
Scale Factor Value 1.
. osafsies
Bodies 1
Active Bodies 1
Nodes 40836
Elements 27304
Mesh Metric None
Parameters Independent
Parameter Key
Attributes Yes
Attribute Key
Named Selections Yes
Named Selection Key
Material Properties Yes
.~ Advanced Geometry Options
Use Associativity Yes
Coordinate Systems Yes




Coordinate System Key

Reader Mode Saves

Updated File No
Use Instances Yes
Smart CAD Update Yes
Compare Parts On No
Update
Analysis Type 3-D
Import Facet Quality Source
Clean Bodies On Import No
Stitch Surfaces On Import None
Decompose Disjoint
P Geomjetry Yes
Enclosure and Symme_try Yes
Processing
TABLE5
Model (A4) > Geometry > Parts
Object Name PartBody
State Meshed
Graphics Properties
Visible Yes
Transparency 1
Definition
Suppressed No
Stiffness Behavior Flexible

Coordinate System

Default Coordinate System

Reference Temperature

By Environment

Treatment None
Material
Assignment| Plastic, PS (high impact)
Nonlinear Effects Yes
Thermal Strain Effects Yes
Bounding Box
Length X 64.35 mm
Length Y 30.437 mm
Length Z 20. mm
Properties
Volume 24878 mm3
Mass 2.5997e-002 kg
Centroid X -75.605 mm
Centroid Y -0.70083 mm
Centroid Z 6.489e-004 mm

Moment of Inertia Ip1

2.5458 kg-mm2

Moment of Inertia Ip2

8.9924 kg-mm2

Moment of Inertia 1p3

9.8801 kg-mm2

Statistics
Nodes 40836
Elements 27304




Mesh Metric| None

TABLE 6
Model (A4) > Materials
Object Name| Materials
State | Fully Defined

Materials 2
Material Assignments 0
Coordinate Systems
TABLE 7

Model (A4) > Coordinate Systems > Coordinate System
Object Name | Global Coordinate System
State Fully Defined

Type Cartesian
Coordinate System ID

Origin X 0. mm
Origin Y 0. mm
Origin Z
X Axis Data 0.]
Y Axis Data [0.1.0.]
Z Axis Data [0.0.1.]
Mesh
TABLE 8
Model (A4) > Mesh
Object Name Mesh
State Solved
Display Style| Use Geometry Setting
Physics Preference Mechanical
Element Order| Program Controlled
Element Size Default
Use Adaptive Sizing Yes
Resolution Default (2)
Mesh Defeaturing Yes
Defeature Size Default
Transition Fast
Span Angle Center Coarse
Initial Size Seed Assembly




Bounding Box Diagonal

73.942 mm

Average Surface Area

136.95 mm2

Minimum Edge Length

Check Mesh Quality

3.9719e-002 mm

Yes, Errors

Error Limits| Aggressive Mechanical
Target Element Quality Default (5.e-002)
Smoothing Medium
Mesh Metric None

Number of CPUs for Parallel Part Meshing

Use Automatic Inflation None
Inflation Option|  Smooth Transition
Transition Ratio 0.272
Maximum Layers 5
Growth Rate 1.2
Inflation Algorithm Pre
View Advanced Options No

Program Controlled

Straight Sided Elements

No

Rigid Body Behavior

Dimensionally Reduced

Triangle Surface Mesher

Program Controlled

Topology Checking Yes
Pinch Tolerance Please Define
Generate Pinch on Refresh No

Nodes 40836
Elements 27304
TABLE 9

Model (A4) > Mesh > Mesh Controls

Object Name

Automatic Method | Body Sizing

State

Scoping Method

Fully Defined

Geometry Selection

Geometry

Suppressed No

1 Body

Method Automatic

Element Order

Use Global Setting

Type

Element Size

Element Size

Defeature Size

1

2.0 mm

Default

Behavior

Soft

Static Structural (A5)




Model (A4) > Static Structural (A5) > Analysis Settings

TABLE 10
Model (A4) > Analysis
Object Name | Static Structural (A5)
State Solved
Physics Type Structural
Analysis Type| Static Structural
Solver Target| Mechanical APDL
Environment Temperature 22.°C
Generate Input Only No

TABLE 11

Object Name Analysis Settings
State Fully Defined
—
Number Of Steps
Current Step Number 1.
Step End Time 1.s
Auto Time Stepping On
Define By Substeps
Initial Substeps 30.
Minimum Substeps 30.

Maximum Substeps

Coriols Effect

Generate Restart Points

Solver Type Program Controlled
Weak Springs Off

Solver Pivot Checking Program Controlled
Large Deflection Off
Inertia Relief Off
Quasi-Static Solution Off

Program Controlled

Retain Files After Full
Solve

No

Combine Restart Files

Newton-Raphson
Option

Program Controlled

Program Controlled

Force Convergence

Program Controlled

Moment Convergence

Program Controlled

I(D:'(S)fll\? ggz(;zg Program Controlled
Rotation Convergence Program Controlled
Line Search Program Controlled
Stabilization Program Controlled




Inverse Option No

Contact Split (DMP) Off

Stress Yes

Surface Stress No

Back Stress No

Strain Yes

Contact Data Yes

Nonlinear Data No

Nodal Forces No

Volume and Energy Yes

Euler Angles Yes

General Miscellaneous No

Contact Miscellaneous No
Store Results At All Time Points

Result File
Compression

Solver Files Directory

Program Controlled

1_files\dpO\SYS-1\MECH\

C:\Users\anant\OneDrive\Desktop\fs bade analysis\dampl analysis\damp

Future Analysis None
Scratch Solver Files
Directory
Save MAPDL db No

Contact Summary

Program Controlled

Delete Unneeded Files

Yes

Nonlinear Solution

No

Solver Units

Active System

Solver Unit System

nmm

TABLE 12

Model (A4) > Static Structural (A5) > Analysis Settings

Step-Specific "Step Controls"

Model (A4) > Static Structural (A5) > Loads

Object Name | Fixed Support|

Force

State

Scoping Method

Fully Defined

Geometry Selection

Geometry

2 Faces

Type | Fixed Support Force

Ste Step End Auto Time Define Initial Minimum Maximum
P Time Stepping By Substeps Substeps Substeps
1 1.s On Substeps 30. 30. 100.
2 2.s Program
3 3.s Controlled
TABLE 13




Suppressed No
Define By Components
Applied By Surface Effect
Coordinate System Global Coordinate System

X Component 0. N (ramped)

Y Component Tabular Data

Z Component 0. N (ramped)

Tabular Data
Independent Variable | | Time
FIGURE 1

Model (A4) > Static Structural (A5) > Force

-1200.

-1600.

-2000.

-2400,

-2800.
-3000.

TABLE 14
Model (A4) > Static Structural (A5) > Force

Steps | Time [s] X [N]| Y [N] |[Z [N]
1 0. =0. 0. =0.
1. 0. [-3000.| O.
2 2. 0.
3 3. =0 -3000. =0.
Solution (A6)
TABLE 15

Model (A4) > Static Structural (A5) > Solution
| Object Name | Solution (A6) |




State Solved
Adaptive Mesh Refinement

Max Refinement Loops 1.
Refinement Depth 2.
Information
Status Done

MAPDL Elapsed Time| 1mb51s
MAPDL Memory Used| 219. MB
MAPDL Result File Size| 332.38 MB
Post Processing

Beam Section Results No
On Demand Stress/Strain No
TABLE 16

Model (A4) > Static Structural (A5) > Solution (A6) > Solution Information
Object Name | Solution Information
State Solved
Solution Information
Solution Output Solver Output
Newton-Raphson Residuals 0
Identify Element Violations 0
Update Interval 25s
Display Points All
FE Connection Visibility
Activate Visibility Yes
Display| All FE Connectors
Draw Connections Attached To All Nodes
Line Color| Connection Type
Visible on Results No
Line Thickness Single
Display Type Lines

TABLE 17
Model (A4) > Static Structural (A5) > Solution (A6) > Results
Maximum Maximum
Principal Principal Elastic
Stress Strain
State Solved

Scope

Directional Total

ObjectName ¢ ation

Scoping
Method
Geometry All Bodies
Definition
Maximum Maximum
Principal Principal Elastic
Stress Strain

Geometry Selection

Directional Total

e Deformation
Orientation Y Axis

By Time

Display Time Last

Directional

Deformation Deformation 2

Directional

Deformation Deformation

X Axis



Coordinate Global Global
Svstem Coordinate Coordinate
y System System
Calculate Time
History Yes
Identifier
Suppressed
5.1016e-006
Minimum| -0.89028 mm -52.956 MPa mm/mm 0. mm -0.10801 mm
Maximum| 4.892¢-002 mm | 32121 Mpa | 08026002 | eq067 mm | 0.2753 mm
mm/mm
Average -0.26347mm | 3.3465Mpa | 7921003 14 50595 mm | 4.39726-002 mm
mm/mm
Minimum
Occurs On PartBody
Maximum
Occurs On PartBody
Minimum| -0.89028 mm -52.956 MPa 0. mm/mm -0.10801 mm
5.1016e-006
Maximum 0. mm 0. MPa mm/mm
Minimum 0. mm 0. MPa 0. mm/mm
Maximum| 4.892¢-002 mm | 32.121 Mpa | 06026002 4 85067 mm | 0.2753 mm
mm/mm
Time 3.s
Load Step 3
Substep 1
Iteration
Number 32
Display Option Averaged
Average Across
Bodies

FIGURE 2
Model (A4) > Static Structural (A5) > Solution (A6) > Directional Deformation



4,892e-2

0.125

0.25

T 0375
E

0.5

0.625

-0.75

-0.89028

Model (A4) > Static Structural (A5) > Solution (A6) > Directional Deformation

0.4

0.8 1.2 1.6

TABLE 18

2.4

Time [s] | Minimum [mm] | Maximum [mm] | Average [mm]
3.3333e-002| -2.9676e-002 | 1.6307e-003 |-8.7822e-003
6.6667e-002 | -5.9352e-002 | 3.2613e-003 |-1.7564e-002

0.1 -8.9028e-002 | 4.892e-003 | -2.6347e-002
0.13333 -0.1187 6.5227e-003 | -3.5129e-002
0.16667 -0.14838 8.1533e-003 | -4.3911e-002

0.2 -0.17806 9.784e-003 | -5.2693e-002
0.23333 -0.20773 1.1415e-002 | -6.1476e-002
0.26667 -0.23741 1.3045e-002 | -7.0258e-002

0.3 -0.26709 1.4676e-002 | -7.904e-002
0.33333 -0.29676 1.6307e-002 | -8.7822e-002
0.36667 -0.32644 1.7937e-002 | -9.6604e-002

0.4 -0.35611 1.9568e-002 -0.10539
0.43333 -0.38579 2.1199e-002 -0.11417
0.46667 -0.41547 2.2829e-002 -0.12295

0.5 -0.44514 2.446e-002 -0.13173
0.53333 -0.47482 2.6091e-002 -0.14052
0.56667 -0.50449 2.7721e-002 -0.1493

0.6 -0.53417 2.9352e-002 -0.15808
0.63333 -0.56385 3.0983e-002 -0.16686
0.66667 -0.59352 3.2613e-002 -0.17564

0.7 -0.6232 3.4244e-002 -0.18443
0.73333 -0.65287 3.5875e-002 -0.19321

2.8

3




[MPa]

0.76667 -0.68255 3.7505e-002 -0.20199
0.8 -0.71223 3.9136e-002 -0.21077
0.83333 -0.7419 4.0767e-002 -0.21956
0.86667 -0.77158 4.2397e-002 -0.22834
0.9 -0.80126 4.4028e-002 -0.23712
0.93333 -0.83093 4.5659e-002 -0.2459
0.96667 -0.86061 4.7289e-002 -0.25468
1. -0.89028 4.892e-002 -0.26347
2. 0. 0. 0.
3. -0.89028 4.892e-002 -0.26347
FIGURE 3

Model (A4) > Static Structural (A5) > Solution (A6) > Maximum Principal Stress

32121

25,

12.5

-12.5

-37.5

-52.956

2.8

04 0.8 1.2 1.6 2 24
[s]
1 2
TABLE 19
Model (A4) > Static Structural (A5) > Solution (A6) > Maximum Principal Stress
Time [s] | Minimum [MPa]  Maximum [MPa] | Average [MPa]

3.3333e-002 -1.7652 1.0707 0.11155
6.6667e-002 -3.5304 2.1414 0.2231
0.1 -5.2956 3.2121 0.33465
0.13333 -7.0607 4.2829 0.4462
0.16667 -8.8259 5.3536 0.55774
0.2 -10.591 6.4243 0.66929
0.23333 -12.356 7.495 0.78084
0.26667 -14.121 8.5657 0.89239
0.3 -15.887 9.6364 1.0039




Model (A4) > Static Structural (A5) > Solution (A6) > Maximum Principal Elastic Strain

[mmfmm]

3.0602e-2

2.5e-2

1.5e-2

0.33333 -17.652 10.707 1.1155
0.36667 -19.417 11.778 1.227
0.4 -21.182 12.849 1.3386
0.43333 -22.947 13.919 1.4501
0.46667 -24.713 14.99 1.5617
0.5 -26.478 16.061 1.6732
0.53333 -28.243 17.131 1.7848
0.56667 -30.008 18.202 1.8963
0.6 -31.773 19.273 2.0079
0.63333 -33.539 20.344 2.1194
0.66667 -35.304 21.414 2.231
0.7 -37.069 22.485 2.3425
0.73333 -38.834 23.556 2.4541
0.76667 -40.599 24.626 2.5656
0.8 -42.364 25.697 2.6772
0.83333 -44.13 26.768 2.7887
0.86667 -45.895 27.839 2.9003
0.9 -47.66 28.909 3.0118
0.93333 -49.425 29.98 3.1234
0.96667 -51.19 31.051 3.2349
1. -52.956 32.121 3.3465
2. 0. 0. 0.
3. -52.956 32.121 3.3465
FIGURE 4

3.

0.4

0.8

1.2

1.6
[s]

2.4

2.8

3




TABLE 20

Model (A4) > Static Structural (A5) > Solution (A6) > Maximum Principal Elastic Strain

Time [s] |Minimum [mm/mm] Maximum [mm/mm] | Average [mm/mm]
3.3333e-002 1.7005e-007 1.0201e-003 1.234e-004
6.6667e-002 3.4011e-007 2.0402e-003 2.4681e-004

0.1 5.1016e-007 3.0602e-003 3.7021e-004
0.13333 6.8022e-007 4.0803e-003 4.9362e-004
0.16667 8.5027e-007 5.1004e-003 6.1702e-004

0.2 1.0203e-006 6.1205e-003 7.4042e-004
0.23333 1.1904e-006 7.1406e-003 8.6383e-004
0.26667 1.3604e-006 8.1607e-003 9.8723e-004

0.3 1.5305e-006 9.1807e-003 1.1106e-003
0.33333 1.7005e-006 1.0201e-002 1.234e-003
0.36667 1.8706e-006 1.1221e-002 1.3574e-003

0.4 2.0407e-006 1.2241e-002 1.4808e-003
0.43333 2.2107e-006 1.3261e-002 1.6043e-003
0.46667 2.3808e-006 1.4281e-002 1.7277e-003

0.5 2.5508e-006 1.5301e-002 1.8511e-003
0.53333 2.7209e-006 1.6321e-002 1.9745e-003
0.56667 2.8909e-006 1.7341e-002 2.0979e-003

0.6 3.061e-006 1.8361e-002 2.2213e-003
0.63333 3.231e-006 1.9382e-002 2.3447e-003
0.66667 3.4011e-006 2.0402e-002 2.4681e-003

0.7 3.5711e-006 2.1422e-002 2.5915e-003
0.73333 3.7412e-006 2.2442e-002 2.7149e-003
0.76667 3.9113e-006 2.3462e-002 2.8383e-003

0.8 4.0813e-006 2.4482e-002 2.9617e-003
0.83333 4.2514e-006 2.5502e-002 3.0851e-003
0.86667 4.4214e-006 2.6522e-002 3.2085e-003

0.9 4.5915e-006 2.7542e-002 3.3319e-003
0.93333 4.7615e-006 2.8562e-002 3.4553e-003
0.96667 4.9316e-006 2.9582e-002 3.5787e-003

1. 5.1016e-006 3.0602e-002 3.7021e-003

2. 0. 0. 0.

3. 5.1016e-006 3.0602e-002 3.7021e-003

FIGURE 5

Model (A4) > Static Structural (A5) > Solution (A6) > Total Deformation




[mm]

0.89067

0.75

0.625

0.5

0.375

0.25

0,125

0.4

0.3 1.2 1.6
[s]
2
TABLE 21

Model (A4) > Static Structural (A5) > Solution (A6) > Total Deformation

Time [s] | Minimum [mm] | Maximum [mm] | Average [mm]
3.3333e-002 2.9689e-002 | 9.4316e-003
6.6667e-002 5.9378e-002 | 1.8863e-002

0.1 8.9067e-002 | 2.8295e-002
0.13333 0.11876 3.7726e-002
0.16667 0.14845 4.7158e-002

0.2 0.17813 5.659e-002
0.23333 0.20782 6.6021e-002
0.26667 0.23751 7.5453e-002

0.3 0.2672 8.4884e-002
0.33333 0.29689 9.4316e-002
0.36667 0.32658 0.10375

0.4 0. 0.35627 0.11318
0.43333 0.38596 0.12261
0.46667 0.41565 0.13204

0.5 0.44534 0.14147
0.53333 0.47503 0.15091
0.56667 0.50472 0.16034

0.6 0.5344 0.16977
0.63333 0.56409 0.1792
0.66667 0.59378 0.18863

0.7 0.62347 0.19806
0.73333 0.65316 0.2075

2.8




Model (A4) > Static Structural (A5) > Solution (A6) > Directional Deformation 2

02753
0.25

0.2

-5.8-2

-0.10801

Model (A4) > Static Structural (A5) > Solution (A6) > Directional Deformation 2

0.76667 0.68285 0.21693
0.8 0.71254 0.22636
0.83333 0.74223 0.23579
0.86667 0.77192 0.24522
0.9 0.80161 0.25465
0.93333 0.8313 0.26408
0.96667 0.86099 0.27352
1. 0.89067 0.28295
2. 0. 0.
3. 0.89067 0.28295
FIGURE 6

0.4

0.8 1.2 1.6

TABLE 22

2.4

Time [s] | Minimum [mm] | Maximum [mm] | Average [mm]
3.3333e-002| -3.6003e-003 | 9.1767e-003 | 1.4657e-003
6.6667e-002| -7.2006e-003 | 1.8353e-002 | 2.9315e-003

0.1 -1.0801e-002 | 2.753e-002 | 4.3972e-003
0.13333 | -1.4401e-002 | 3.6707e-002 | 5.8629e-003
0.16667 | -1.8002e-002 | 4.5884e-002 | 7.3287e-003

0.2 -2.1602e-002 | 5.506e-002 | 8.7944e-003
0.23333 | -2.5202e-002 | 6.4237e-002 | 1.026e-002
0.26667 | -2.8803e-002 | 7.3414e-002 | 1.1726e-002

0.3 -3.2403e-002 | 8.259e-002 | 1.3192e-002

2.8

3




0.33333 -3.6003e-002 | 9.1767e-002 | 1.4657e-002
0.36667 -3.9604e-002 0.10094 1.6123e-002
0.4 -4.3204e-002 0.11012 1.7589e-002
0.43333 -4.6804e-002 0.1193 1.9055e-002
0.46667 -5.0405e-002 0.12847 2.052e-002
0.5 -5.4005e-002 0.13765 2.1986e-002
0.53333 -5.7605e-002 0.14683 2.3452e-002
0.56667 -6.1205e-002 0.156 2.4917e-002
0.6 -6.4806e-002 0.16518 2.6383e-002
0.63333 -6.8406e-002 0.17436 2.7849e-002
0.66667 -7.2006e-002 0.18353 2.9315e-002
0.7 -7.5607e-002 0.19271 3.078e-002
0.73333 -7.9207e-002 0.20189 3.2246e-002
0.76667 -8.2807e-002 0.21106 3.3712e-002
0.8 -8.6408e-002 0.22024 3.5178e-002
0.83333 -9.0008e-002 0.22942 3.6643e-002
0.86667 -9.3608e-002 0.23859 3.8109e-002
0.9 -9.7209e-002 0.24777 3.9575e-002
0.93333 -0.10081 0.25695 4.1041e-002
0.96667 -0.10441 0.26612 4.2506e-002
1. -0.10801 0.2753 4.3972e-002
2. 0. 0. 0.
3. -0.10801 0.2753 4.3972e-002
TABLE 23
Model (A4) > Static Structural (A5) > Solution (A6) > Probes

Object Name Force Reaction
State Solved
Definition
Type Force Reaction

Location Method

Boundary Condition

Boundary Condition

Fixed Support

Orientation | Global Coordinate System
Suppressed No
Options
Result Selection All
Display Time End Time
Results
X Axis 1.9343e-006 N
Y Axis 3000. N
Z Axis -1.3373e-006 N
Total 3000. N

Maximum Value Over Time

X Axis 1.9343e-006 N

Y Axis 3000. N

Z AXis O0.N
Total 3000. N

Minimum Value Over Time

X Axis|

0.N




Y Axis 0.N
Z AXxis -1.3373e-006 N
Total 0.N
Information

Time 3.s
Load Step 3
Substep 1
Iteration Number 32

FIGURE 7

Model (A4) > Static Structural (A5) > Solution (A6) > Force Reaction

3000.
2800,
2400.
2000.
z 1600.
1200.
800.
400.
-1.3373e-6
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TABLE 24
Model (A4) > Static Structural (A5) > Solution (A6) > Force Reaction
Time [s] Force Reaction (X) | Force Reaction (Y) | Force Reaction (Z) | Force Reaction (Total)
[N] (N] [N] (N]
3'3(?0323 € 6.2865e-008 100. -4.3795e-008 100.
6'6(?(?27 e 1.2584e-007 200. -8.762e-008 200.

0.1 1.9195e-007 300. -1.3306e-007 300.
0.13333 2.5267e-007 400. -1.7575e-007 400.
0.16667 3.1554e-007 500. -2.1931e-007 500.

0.2 3.7732e-007 600. -2.6278e-007 600.
0.23333 4.4037e-007 700. -3.0658e-007 700.
0.26667 5.0481e-007 800. -3.5145e-007 800.




0.3 5.6577e-007 900. -3.9419e-007 900.
0.33333 6.2708e-007 1000. -4.3812e-007 1000.
0.36667 6.9144e-007 1100. -4.8173e-007 1100.

0.4 7.583e-007 1200. -5.2688e-007 1200.
0.43333 8.2311e-007 1300. -5.7244e-007 1300.
0.46667 8.8607e-007 1400. -6.163e-007 1400.

0.5 9.4293e-007 1500. -6.5697e-007 1500.
0.53333 1.0069e-006 1600. -7.0101e-007 1600.
0.56667 1.0774e-006 1700. -7.4763e-007 1700.

0.6 1.1369e-006 1800. -7.9126e-007 1800.
0.63333 1.1905e-006 1900. -8.3504e-007 1900.
0.66667 1.2657e-006 2000. -8.8042e-007 2000.

0.7 1.3224e-006 2100. -9.2026e-007 2100.
0.73333 1.3872e-006 2200. -9.6463e-007 2200.
0.76667 1.4764e-006 2300. -1.0224e-006 2300.

0.8 1.5324e-006 2400. -1.0598e-006 2400.
0.83333 1.5716e-006 2500. -1.0951e-006 2500.
0.86667 1.6439e-006 2600. -1.1438e-006 2600.

0.9 1.705e-006 2700. -1.1867e-006 2700.
0.93333 1.7753e-006 2800. -1.2329e-006 2800.
0.96667 1.8303e-006 2900. -1.2723e-006 2900.

1. 1.8905e-006 3000. -1.3151e-006 3000.
2. 0. 0. 0. 0.
3. 1.9343e-006 3000. -1.3373e-006 3000.
Chart
FIGURE 8

Model (A4) > Chart




] E Force Reaction [¥)

0. 1.e-2 2.e-2 J.e-2 4.e-2 4.892e-2

Displacement [mm]

TABLE 25
Model (A4) > Chart
Steps| Time [s] |Directional Deformation (Max) [mm] | [C] Force Reaction (Y) [N]
3.3333e-002 1.6307e-003 100.
6.6667e-002 3.2613e-003 200.
0.1 4.892e-003 300.
0.13333 6.5227e-003 400.
0.16667 8.1533e-003 500.
0.2 9.784e-003 600.
0.23333 1.1415e-002 700.
0.26667 1.3045e-002 800.
0.3 1.4676e-002 900.
0.33333 1.6307e-002 1000.
0.36667 1.7937e-002 1100.
1 0.4 1.95686-002 1200.
0.43333 2.1199e-002 1300.
0.46667 2.2829e-002 1400.
0.5 2.446e-002 1500.
0.53333 2.6091e-002 1600.
0.56667 2.7721e-002 1700.
0.6 2.9352e-002 1800.
0.63333 3.0983e-002 1900.
0.66667 3.2613e-002 2000.
0.7 3.4244e-002 2100.
0.73333 3.5875e-002 2200.




0.76667 3.7505e-002 2300.
0.8 3.9136e-002 2400.
0.83333 4.0767e-002 2500.
0.86667 4.2397e-002 2600.
0.9 4.4028e-002 2700.
0.93333 4.5659e-002 2800.
0.96667 4.7289e-002 2900.
1. 4.892e-002 3000.

2 2. 0. 0.
3 3. 4.892e-002 3000.

Chart 2
FIGURE 9

Model (A4) > Chart 2

| E Maximum Principal Stress [Mazx]

] E Maximum Principal Elastic Strain (Min)
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TABLE 26
Model (A4) > Chart 2
Steps| Time [s] [B] Maximum Principal [C] Maximum Principal Maximum Principal Elastic
P Stress (Max) [MPa] Elastic Strain (Min) [mm/mm] Strain (Max) [mm/mm]
3'303323 € 1.0707 1.7005e-007 1.0201e-003
1 6'6(?(?276' 2.1414 3.4011e-007 2.0402e-003
0.1 3.2121 5.1016e-007 3.0602e-003
0.13333 4.2829 6.8022e-007 4.0803e-003




0.16667 5.3536 8.5027e-007 5.1004e-003
0.2 6.4243 1.0203e-006 6.1205e-003
0.23333 7.495 1.1904e-006 7.1406e-003
0.26667 8.5657 1.3604e-006 8.1607e-003
0.3 9.6364 1.5305e-006 9.1807e-003
0.33333 10.707 1.7005e-006 1.0201e-002
0.36667 11.778 1.8706e-006 1.1221e-002
0.4 12.849 2.0407e-006 1.2241e-002
0.43333 13.919 2.2107e-006 1.3261e-002
0.46667 14.99 2.3808e-006 1.4281e-002
0.5 16.061 2.5508e-006 1.5301e-002
0.53333 17.131 2.7209e-006 1.6321e-002
0.56667 18.202 2.8909e-006 1.7341e-002
0.6 19.273 3.061e-006 1.8361e-002
0.63333 20.344 3.231e-006 1.9382e-002
0.66667 21.414 3.4011e-006 2.0402e-002
0.7 22.485 3.5711e-006 2.1422e-002
0.73333 23.556 3.7412e-006 2.2442e-002
0.76667 24.626 3.9113e-006 2.3462e-002
0.8 25.697 4.0813e-006 2.4482e-002
0.83333 26.768 4.2514e-006 2.5502e-002
0.86667 27.839 4.4214e-006 2.6522e-002
0.9 28.909 4.5915e-006 2.7542e-002
0.93333 29.98 4.7615e-006 2.8562e-002
0.96667 31.051 4.9316e-006 2.9582e-002
1. 32.121 5.1016e-006 3.0602e-002
2 2. 0. 0. 0.
3 3. 32.121 5.1016e-006 3.0602e-002
Chart 3
FIGURE 10

Model (A4) > Chart 3
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TABLE 27
Model (A4) > Chart 3
Steps| Time [s] |Directional Deformation 2 (Max) [mm] | [E] Force Reaction (Total) [N]
3.3333e-002 9.1767e-003 100.
6.6667e-002 1.8353e-002 200.
0.1 2.753e-002 300.
0.13333 3.6707e-002 400.
0.16667 4.5884e-002 500.
0.2 5.506e-002 600.
0.23333 6.4237e-002 700.
0.26667 7.3414e-002 800.
0.3 8.259e-002 900.
0.33333 9.1767e-002 1000.
0.36667 0.10094 1100.
1 0.4 0.11012 1200.
0.43333 0.1193 1300.
0.46667 0.12847 1400.
0.5 0.13765 1500.
0.53333 0.14683 1600.
0.56667 0.156 1700.
0.6 0.16518 1800.
0.63333 0.17436 1900.
0.66667 0.18353 2000.
0.7 0.19271 2100.
0.73333 0.20189 2200.




0.76667 0.21106 2300.
0.8 0.22024 2400.
0.83333 0.22942 2500.
0.86667 0.23859 2600.
0.9 0.24777 2700.
0.93333 0.25695 2800.
0.96667 0.26612 2900.
1. 0.2753 3000.
2 2. 0. 0.
3 3. 0.2753 3000.
Chart 4
FIGURE 11
Model (A4) > Chart 4
] Force Reaction (Total)
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total deformation [mm]

TABLE 28
Model (A4) > Chart 4

Steps| Time [s] |Total Deformation (Max) [mm] | [E] Force Reaction (Total) [N]
3.3333e-002 2.9689e-002 100.
6.6667e-002 5.9378e-002 200.

1 0.1 8.9067e-002 300.
0.13333 0.11876 400.
0.16667 0.14845 500.

0.2 0.17813 600.




0.23333 0.20782 700.

0.26667 0.23751 800.

0.3 0.2672 900.
0.33333 0.29689 1000.
0.36667 0.32658 1100.
0.4 0.35627 1200.
0.43333 0.38596 1300.
0.46667 0.41565 1400.
0.5 0.44534 1500.
0.53333 0.47503 1600.
0.56667 0.50472 1700.
0.6 0.5344 1800.
0.63333 0.56409 1900.
0.66667 0.59378 2000.
0.7 0.62347 2100.
0.73333 0.65316 2200.
0.76667 0.68285 2300.
0.8 0.71254 2400.
0.83333 0.74223 2500.
0.86667 0.77192 2600.
0.9 0.80161 2700.
0.93333 0.8313 2800.
0.96667 0.86099 2900.
1. 0.89067 3000.

2 2. 0. 0.

3 3. 0.89067 3000.

Material Data

Plastic, PS (high impact)

TABLE 29
Plastic, PS (high impact) > Constants

Density| 1.045e-006 kg mm~-3

Tensile Yield Strength 28.05 MPa
Tensile Ultimate Strength 29.22 MPa
Coefficient of Thermal Expansion 7.954e-005 C™-1

Thermal Conductivity | 1.572e-004 W mm~-1 C"-1

Specific Heat| 1.399e+006 mJ kg”~-1 C”-1

TABLE 30

Plastic, PS (high impact) > Opacity
Red| Green Blue
0 153 | 255
Opacity

0.9
Metallic Finish

0




TABLE 31

Plastic, PS (high impact) > Isotropic Elasticity

Young's Modulus MPa

Poisson's Ratio

Bulk Modulus MPa

Shear Modulus MPa

Temperature C

1720

0.4074

3095.8

611.06

23

TABLE 32

Plastic, PS (high impact) > Isotropic Secant Coefficient of Thermal Expansion

Zero-Thermal-Strain Reference Temperature C

23
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Report Not Finalized

Not all objects described below are in a finalized state. As a result, data may be incomplete, obsolete
or in error. View first state problem. To finalize this report, edit objects as needed and solve the analyses.

Units

TABLE 1
Unit System | Metric (mm, kg, N, s, mV, mA) Degrees rad/s Celsius
Angle Degrees
Rotational Velocity rad/s
Temperature Celsius
Model (A4)
TABLE 2

Model (A4) > Geometry Imports
Object Name | Geometry Imports
State Solved

TABLE 3
Model (A4) > Geometry Imports > Geometry Import (A3)



Object
Name

Geometry Import (A3)

State

Solved

Source | C:\Users\anant\AppData\Local\Temp\WB_anant_7952_2\wbnew_files\dpO\SYS\DM\SYS.agdb
Type DesignModeler
Parameters Independent
Parameter
Key
Compare
Parts On No
Update
Analysis
Type 3D
Geometry
TABLE 4
Model (A4) > Geometry
Qe Geomet
Name ry
State Fully Defined

Source | C:\Users\anant\AppData\Loca\Temp\WB_anant_7952_2\wbnew_files\dpO\SYS\DM\SYS.agdb
Type DesignModeler
Length Unit Meters
Element
Control Program Controlled
Display
Style Body Color
Length X 47.504 mm
Length Y 31.652 mm
Length Z 20. mm
Volume 19059 mm3
Mass 1.9917e-002 kg
Scale
Factor 1.
Value
Bodies 1
Active L
Bodies
Nodes 30044
Elements 20363
Mesh Metric None




Assign
Default No
Material

Parameters Independent
Parameter
Key
Attributes Yes
Attribute
Key
Named
Selections
Named
Selection
Key
Material
Properties

Use
Associativity
Coordinate
Systems
Coordinate
System Key
Reader
Mode
Saves No
Updated
File

Use
Instances
Smart CAD
Update
Compare
Parts On No
Update
Analysis
Type
Import
Facet Source
Quality
Clean
Bodies On No
Import
Stitch
Surfaces None
On Import
Decompose
Disjoint Yes
Geometry
Enclosure
and

3-D




Symmetry
Processing

TABLE5
Model (A4) > Geometry > Parts
Object Name PartBody
State Meshed
Visible Yes
Transparency 1
Suppressed No
Stiffness Behavior Flexible

Coordinate System

Default Coordinate System

Reference Temperature

By Environment

Treatment

None

Assignment| Plastic, PS (high impact)
Nonlinear Effects Yes
Thermal Strain Effects Yes

Length X 47.504 mm
Length Y 31.652 mm
Length Z 20. mm
.~ Properies

Volume 19059 mm3

Mass 1.9917e-002 kg
Centroid X 101.32 mm
Centroid Y -2.6982 mm

Centroid Z 5.5961e-004 mm

Moment of Inertia Ip1

1.9834 kg-mm?2

Moment of Inertia 1p2

3.8222 kg-mm?2

Moment of Inertia 1p3

4.5574 kg-mm?2

Nodes 30044

Elements 20363

Mesh Metric None
TABLE 6

Model (A4) > Materials

Object Name| Materials

State | Fully Defined

Materials 2

Material Assignments 0

Coordinate Systems




TABLE 7
Model (A4) > Coordinate Systems > Coordinate System
Object Name | Global Coordinate System

State Fully Defined
Type Cartesian
Coordinate System ID 0.
Origin X 0. mm
Origin Y 0. mm
Origin Z 0. mm
X Axis Data [1.0.0.]
Y Axis Data [0.1.0.]
Z Axis Data [0.0.1.]
Mesh
TABLE 8
Model (A4) > Mesh
Object Name Mesh
State Solved

Display Style| Use Geometry Setting

Physics Preference Mechanical
Element Order| Program Controlled
Element Size Default

Use Adaptive Sizing Yes
Resolution Default (2)
Mesh Defeaturing Yes
Defeature Size Default
Transition Fast
Span Angle Center Coarse
Initial Size Seed Assembly
Bounding Box Diagonal 60.485 mm
Average Surface Area 171.29 mm2

Minimum Edge Length 1.8977 mm

Check Mesh Quality Yes, Errors
Error Limits| Aggressive Mechanical
Target Element Quality Default (5.e-002)
Smoothing Medium
Mesh Metric None

Use Automatic Inflation None
Inflation Option|  Smooth Transition
Transition Ratio 0.272




Maximum Layers 5

Growth Rate 1.2
Inflation Algorithm Pre
View Advanced Options No

Number of CPUs for Parallel Part Meshing| Program Controlled
Straight Sided Elements No
Rigid Body Behavior | Dimensionally Reduced
Triangle Surface Mesher| Program Controlled
Topology Checking Yes
Pinch Tolerance Please Define
Generate Pinch on Refresh

Nodes 30044
Elements 20363
TABLE 9

Model (A4) > Mesh > Mesh Controls
Object Name  Automatic Method | Body Sizing
State Fully Defined

Scoping Method Geometry Selection
Geometry 1 Body
Suppressed No
Method Automatic
Element Order | Use Global Setting
Type Element Size
Element Size 2.0 mm
Defeature Size Default
Behavior Soft

Static Structural (A5)

TABLE 10
Model (A4) > Analysis
Object Name | Static Structural (A5)

State Solved
Physics Type Structural

Analysis Type| Static Structural

Solver Target| Mechanical APDL

Environment Temperature 22.°C
Generate Input Only No




TABLE 11
Model (A4) > Static Structural (A5) > Analysis Settings

Object Name Analysis Settings
State Fully Defined
Number Of 3
Steps .
Current Step 2
Number .
Step End Time 3 s
Auto Time
Stepping Program Controlled

Solver Type Program Controlled
Weak Springs Off
Sl P Program Controlled
Checking 9
Large
Deflection off
Inertia Relief Off
Quasi-Static
Solution off

Coriolis Effect

Generate
Restart Points Program Controlled
Retain Files No
After Full Solve
Combine
Restart Files Program Controlled
Newton-
Raphson Program Controlled
Option
Force
Convergence Program Controlled
Moment
Convergence Program Controlled
Displacement
Convergence Program Controlled
Rotation
Convergence Program Controlled
Line Search Program Controlled
Stabilization Program Controlled

Inverse Option No
Contact Split

(DMP) Off

Stress Yes




Surface Stress No
Back Stress No
Strain Yes
Contact Data Yes
Nonlinear Data No
Nodal Forces No
Volume and Yes
Energy
Euler Angles Yes
General No
Miscellaneous
_ Contact No
Miscellaneous
Sitore Resul}g\st All Time Points
Result File

Compression

Program Controlled

Analysis Data Management

Sogﬁ:ac':tl(l)?; C:\Users\anant\AppData\Local\Temp\WB_anant_7952_2\wbnew_files\dpO\SYS\MECH\
Future Analysis None
Scratch Solver
Files Directory
Save MAPDL No
db
Sfrr?rr:::f; Program Controlled
Delete Yes
Unneeded Files
Nonlinear No
Solution
Solver Units Active System
Solver Unit amm
System
TABLE 12
Model (A4) > Static Structural (A5) > Analysis Settings
Step-Specific "Step Controls"
Step Step End Auto Ti_me Define Initial Minimum Maximum
Time Stepping By Substeps Substeps Substeps
1 1l.s On Substeps 30. 30. 100.
2 2.s Program
3 3.s Controlled
TABLE 13

Model (A4) > Static Structural (A5) > Loads

Object Name | Fixed Support| Force

. Displacement

State Fully Defined

Scope

Scoping Method Geometry Selection

Geometry 1Face | 2Faces |

29 Faces




-125,

-250,

-375.

Definition

Type| Fixed Support| ~ Force | Displacement
Suppressed No
Define By Components
Applied By Surface Effect|
Coordinate System Global Coordinate System
X Component 0. N (ramped) | 0. mm (ramped)
Y Component Tabular Data Free
Z Component 0. N (ramped) | 0. mm (ramped)
Tabular Data
Independent Variable . Time |
FIGURE 1

Model (A4) > Static Structural (A5) > Force

TABLE 14
Model (A4) > Static Structural (A5) > Force

Steps | Time [s] | X [N]| Y [N]| Z [N]
1 0. =0.| 0. |=0.
1. 0. |-800.| O.
2 2. 0.
3 3. =0. -800. =0.
FIGURE 2

Model (A4) > Static Structural (A5) > Displacement
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Solution (A6)
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TABLE 15

Model (A4) > Static Structural (A5) > Solution

Object Name

Solution (A6)

State Obsolete
Adaptive Mesh Refinement
Max Refinement Loops 1.
Refinement Depth 2.
Information
Status| Post-processing Required
MAPDL Elapsed Time Im2s
MAPDL Memory Used 178. MB
MAPDL Result File Size 255.31 MB
Post Processing
Beam Section Results No
On Demand Stress/Strain No

TABLE 16

Model (A4) > Static Structural (A5) > Solution (A6) > Solution Information

Object Name

Solution Information

State

Solved

Solution Information

Solution Output

Solver Output

Newton-Raphson Residuals

0




Identify Element Violations 0
Update Interval 25s
Display Points All
.~ FEConnection Visibility
Activate Visibility Yes
Display| All FE Connectors
Draw Connections Attached To All Nodes
Line Color| Connection Type
Visible on Results No
Line Thickness Single
Display Type Lines
TABLE 17

Model (A4) > Static Structural (A5) > Solution (A6) > Results

Object Name

Total Deformation |

Directional Deformation

State

Scoping Method

Solved

Geometry Selection

Geometry

All Bodies

Type| Total Deformation| Directional Deformation
By Time
Display Time Last
Calculate Time History Yes
Identifier
Suppressed No
Orientation Y Axis

Coordinate System

Minimum

0. mm

Global Coordinate System

-2.1171e-002 mm

Maximum

2.1171e-002 mm

5.5551e-004 mm

Average

6.9379e-003 mm

-6.8753e-003 mm

Minimum Occurs On

PartBody

Maximum Occurs On

PartBody

Minimum 0. mm -2.1171e-002 mm
Maximum 0. mm
Minimum 0. mm
Maximum| 2.1171e-002 mm 5.5551e-004 mm
Time 3.s
Load Step 3
Substep 1
Iteration Number 32

Model (A4) > Static Structural (A5) > Solution (A6) > Total Deformation

FIGURE 3




[mm]

2117 e-2

1.6e-2

1.2e-2

g.e-3
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0.8
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[s]

TABLE 18
Model (A4) > Static Structural (A5) > Solution (A6) > Total Deformation

2.4

Time [s] | Minimum [mm] | Maximum [mm] | Average [mm]
3.3333e-002 7.0571e-004 | 2.3126e-004
6.6667e-002 1.4114e-003 | 4.6253e-004

0.1 2.1171e-003 | 6.9379e-004
0.13333 2.8228e-003 | 9.2506e-004
0.16667 3.5285e-003 | 1.1563e-003

0.2 4.2342e-003 | 1.3876e-003
0.23333 4.94e-003 1.6188e-003
0.26667 5.6457e-003 | 1.8501e-003

0.3 6.3514e-003 | 2.0814e-003
0.33333 7.0571e-003 | 2.3126e-003
0.36667 7.7628e-003 | 2.5439e-003

0.4 0. 8.4685e-003 | 2.7752e-003
0.43333 9.1742e-003 | 3.0064e-003
0.46667 9.8799e-003 | 3.2377e-003

0.5 1.0586e-002 | 3.469e-003
0.53333 1.1291e-002 | 3.7002e-003
0.56667 1.1997e-002 | 3.9315e-003

0.6 1.2703e-002 | 4.1627e-003
0.63333 1.3408e-002 | 4.394e-003
0.66667 1.4114e-002 | 4.6253e-003

0.7 1.482e-002 | 4.8565e-003
0.73333 1.5526e-002 | 5.0878e-003

2.8 3.



[mm]

Model (A4) > Static Structural (A5) > Solution (A6) > Directional Deformation

5.5551e4

4.e-3

-8.e-3

-1.2e-2

-1.6e-2

-21171e-2

Model (A4) > Static Structural (A5) > Solution (A6) > Directional Deformation
Minimum [mm] | Maximum [mm]

0.76667
0.8
0.83333
0.86667
0.9
0.93333
0.96667
1.

2.

3.

1.6231e-002
1.6937e-002
1.7643e-002
1.8348e-002
1.9054e-002
1.976e-002
2.0466e-002
2.1171e-002
0.
2.1171e-002

FIGURE 4

0.4

Time [s]

3.3333e-002
6.6667e-002

0.1
0.13333
0.16667

0.2
0.23333
0.26667

0.3

0.8

1.2

1.6
[s]

TABLE 19

-7.0571e-004
-1.4114e-003
-2.1171e-003
-2.8228e-003
-3.5285e-003
-4.2342e-003
-4.94e-003
-5.6457e-003
-6.3514e-003

1.8517e-005
3.7034e-005
5.5551e-005
7.4068e-005
9.2586e-005
1.111e-004
1.2962e-004
1.4814e-004
1.6665e-004

5.3191e-003
5.5503e-003
5.7816e-003
6.0129e-003
6.2441e-003
6.4754e-003
6.7067e-003
6.9379e-003
0.
6.9379e-003

Average [mm]
-2.2918e-004
-4.5835e-004
-6.8753e-004
-9.167e-004
-1.1459e-003
-1.3751e-003
-1.6042e-003
-1.8334e-003
-2.0626e-003




0.33333 -7.0571e-003 | 1.8517e-004 |-2.2918e-003
0.36667 -7.7628e-003 | 2.0369e-004 | -2.5209e-003
0.4 -8.4685e-003 | 2.2221e-004 | -2.7501e-003
0.43333 -9.1742e-003 | 2.4072e-004 | -2.9793e-003
0.46667 -9.8799e-003 | 2.5924e-004 | -3.2085e-003
0.5 -1.0586e-002 | 2.7776e-004 | -3.4376e-003
0.53333 -1.1291e-002 | 2.9627e-004 | -3.6668e-003
0.56667 -1.1997e-002 | 3.1479e-004 | -3.896e-003
0.6 -1.2703e-002 | 3.3331e-004 | -4.1252e-003
0.63333 -1.3408e-002 | 3.5183e-004 | -4.3543e-003
0.66667 -1.4114e-002 | 3.7034e-004 | -4.5835e-003
0.7 -1.482e-002 | 3.8886e-004 |-4.8127e-003
0.73333 -1.5526e-002 | 4.0738e-004 |-5.0419e-003
0.76667 -1.6231e-002 | 4.2589e-004 | -5.271e-003
0.8 -1.6937e-002 | 4.4441e-004 | -5.5002e-003
0.83333 -1.7643e-002 | 4.6293e-004 | -5.7294e-003
0.86667 -1.8348e-002 | 4.8145e-004 |-5.9586e-003
0.9 -1.9054e-002 | 4.9996e-004 |-6.1877e-003
0.93333 -1.976e-002 | 5.1848e-004 |-6.4169e-003
0.96667 -2.0466e-002 5.37e-004 -6.6461e-003
1. -2.1171e-002 | 5.5551e-004 | -6.8753e-003
2. 0. 0. 0.
3. -2.1171e-002 | 5.5551e-004 | -6.8753e-003
TABLE 20
Model (A4) > Static Structural (A5) > Solution (A6) > Probes

Object Name Force Reaction
State Solved
Definition
Type Force Reaction

Location Method

Boundary Condition

Boundary Condition

Fixed Support

Orientation | Global Coordinate System
Suppressed No
Options
Result Selection All
Display Time End Time
Results
X Axis 33.57N
Y Axis 800. N
Z Axis 0.47102 N
Total 800.7 N
Maximum Value Over Time
X Axis 33.57N
Y Axis 800. N
Z Axis 0.47102 N
Total 800.7 N

Minimum Value Over Time

X Axis|

0.N




Y Axis O.N
Z Axis O0.N
Total O.N
Information
Time 3.s
Load Step 3
Substep 1
Iteration Number 32

FIGURE 5

Model (A4) > Static Structural (A5) > Solution (A6) > Force Reaction

800.7
750,
B25.
500.
Zz
= 375
250,
125,
W
0.
0. 04 0.3 1.2 1.6 2. 24 28 3.
[s]
| 1 | 2 | 3 |
TABLE 21
Model (A4) > Static Structural (A5) > Solution (A6) > Force Reaction
Time [s] Force Reaction (X) | Force Reaction (Y) | Force Reaction (Z) | Force Reaction (Total)
[N] (N] [N] [N]
3'3(?0323& 1.119 26.667 1.5701e-002 26.69
6'6(?(?27& 2.238 53.333 3.1401e-002 53.38
0.1 3.357 80. 4.7102e-002 80.07
0.13333 4.4759 106.67 6.2803e-002 106.76
0.16667 5.5949 133.33 7.8503e-002 133.45
0.2 6.7139 160. 9.4204e-002 160.14
0.23333 7.8329 186.67 0.1099 186.83
0.26667 8.9519 213.33 0.12561 213.52




0.3 10.071 240. 0.14131 240.21
0.33333 11.19 266.67 0.15701 266.9
0.36667 12.309 293.33 0.17271 293.59
0.4 13.428 320. 0.18841 320.28
0.43333 14.547 346.67 0.20411 346.97
0.46667 15.666 373.33 0.21981 373.66
0.5 16.785 400. 0.23551 400.35
0.53333 17.904 426.67 0.25121 427.04
0.56667 19.023 453.33 0.26691 453.73
0.6 20.142 480. 0.28261 480.42
0.63333 21.261 506.67 0.29831 507.11
0.66667 22.38 533.33 0.31401 533.8
0.7 23.499 560. 0.32971 560.49
0.73333 24.618 586.67 0.34541 587.18
0.76667 25.737 613.33 0.36111 613.87
0.8 26.856 640. 0.37682 640.56
0.83333 27.975 666.67 0.39252 667.25
0.86667 29.094 693.33 0.40822 693.94
0.9 30.213 720. 0.42392 720.63
0.93333 31.332 746.67 0.43962 747.32
0.96667 32.451 773.33 0.45532 774.01
1. 33.57 800. 0.47102 800.7
2. 0. 0. 0. 0.
3. 33.57 800. 0.47102 800.7
Directional Deformation
TABLE 22
Model (A4) > Static Structural (A5) > Solution (A6) > Directional Deformation > Results
.| Directional | Directional | Directional | Directional | Directional | Directional | Directional | Directional | Directional | Directional
'e Deformation | Deformation | Deformation | Deformation | Deformation | Deformation | Deformation | Deformation | Deformation | Deformation | D
2 3 4 5 6 7 8 9 10 11
e Not Solved
Scope
g Geometry Selection
y All Bodies
Definition
Directional Deformation
Y Axis
Result Set
1. 2. 3. 4. 5. 6. | 7. 8. 9. 10.

Global Coordinate System

Yes

O =< ®OD® S0 =< |35 D

No




||

e
p 0
p 0
n
r
TABLE 23
Model (A4) > Static Structural (A5) > Solution (A6) > Directional Deformation > Results
.| Directional | Directional | Directional | Directional | Directional | Directional | Directional | Directional | Directional | Directional
’e Deformation |Deformation |Deformation | Deformation | Deformation |[Deformation | Deformation |Deformation | Deformation | Deformation | D
13 14 15 16 17 18 19 20 21 22
Not Solved

eometry Selection

! G

All Bodies

e Directional Deformation
n Y Axis

y Result Set

r 12. 13. 14. 15. 16. 17. 18. 19. 20. 21.
© Global Coordinate System
n

e

e Yes

y

r

d No

||

©

o

©

(@)




TABLE 24
Model (A4) > Static Structural (A5) > Solution (A6) > Directional Deformation > Results
Object Directional Directional Directional Directioqal Directioqal Directior)al Directional Directional Directional Directic
Name Deformation | Deformation | Deformation | Deformation | Deformation | Deformation | Deformation | Deformation | Deformation | Deforme
24 25 26 27 28 29 30 31 32 33
State Not Solved
. scope
Scoping .
Method Geometry Selection
eometry All Bodies

Type

Directional Deformation

entation

Y Axis

By

Result Set

Number

23. | 6. | 27. | 28 | 29. | 32.

ordinate
System

Global Coordinate System

alculate
Time
History

Yes

dentifier

pressed

No

inimum

aximum

Average

inimum
curs On

aximum
curs On

Time

ad Step

Substep

lteration
Number

Chart

FIGURE 6
Model (A4) > Chart



] Force Reaction (Totall

800.7
720,63
£40.56
5E0.49
2450.42
@
g 400.35
o
L 320,28
240,21
160,14
80.07
0.
0. 5.5557e-5 1.6665e-4 2.7776e4 3.5886e4 5.5551e-4
Displacment [mm]
TABLE 25
Model (A4) > Chart
Steps| Time [s] |Directional Deformation (Max) [mm]|[E] Force Reaction (Total) [N]
3.3333e-002 1.8517e-005 26.69
6.6667e-002 3.7034e-005 53.38
0.1 5.5551e-005 80.07
0.13333 7.4068e-005 106.76
0.16667 9.2586e-005 133.45
0.2 1.111e-004 160.14
0.23333 1.2962e-004 186.83
0.26667 1.4814e-004 213.52
0.3 1.6665e-004 240.21
0.33333 1.8517e-004 266.9
1 0.36667 2.0369e-004 293.59
0.4 2.2221e-004 320.28
0.43333 2.4072e-004 346.97
0.46667 2.5924e-004 373.66
0.5 2.7776e-004 400.35
0.53333 2.9627e-004 427.04
0.56667 3.1479e-004 453.73
0.6 3.3331e-004 480.42
0.63333 3.5183e-004 507.11
0.66667 3.7034e-004 533.8
0.7 3.8886e-004 560.49
0.73333 4.0738e-004 587.18




0.76667 4.2589e-004 613.87
0.8 4.4441e-004 640.56
0.83333 4.6293e-004 667.25
0.86667 4.8145e-004 693.94
0.9 4.9996e-004 720.63
0.93333 5.1848e-004 747.32
0.96667 5.37e-004 774.01
1 5.5551e-004 800.7
2 2. 0. 0.
3 3. 5.5551e-004 800.7
Material Data
Plastic, PS (high impact)
TABLE 26

Plastic, PS (high impact) > Constants

Density, 1.045e-006 kg mm~-3
Tensile Yield Strength 28.05 MPa
Tensile Ultimate Strength 29.22 MPa

Isotropic Secant Coefficient of Thermal Expansion

7.954e-005 CM-1

Isotropic Thermal Conductivity

1.572e-004 W mm”-1 C/-1

Specific Heat Constant Pressure

1.399e+006 mJ kg™-1 C~-1

TABLE 27
Plastic, PS (high impact) > Appearance

Red

Green

Blue

0

153

255

Opacity

0.9

Metallic Finish

0

TABLE 28
Plastic, PS (high impact) > Isotropic Elasticity

Young's Modulus MPa | Poisson's Ratio

Bulk Modulus MPa

Shear Modulus MPa

Temperature C

1720

0.4074

3095.8

611.06

23

TABLE 29
Plastic, PS (high impact) > Isotropic Secant Coefficient of Thermal Expansion

Zero-Thermal-Strain Reference Temperature C

23
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