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Preface

The 29" Symposium on Experimental Mechanics was held October 19-22, 2022 in Warsaw. It
was organized on behalf of the Institute of Aeronautics and Applied Mechanics, Warsaw
University of Technology; Committee on Mechanics of the Polish Academy of Sciences and
Polish Association for Experimental Mechanics. The conference is organized every 2 years,
since 2006 it is in memory of prof. Jacek Stupnicki - one of the most known polish scientists in
the field of experimental mechanics. Due to the epidemiological situation, the Symposium was
not held in 2020.

The main purpose of the Symposium is to enable researchers to present their latest experimental
achievements in mechanics of solids, machine design, mechanical engineering, biomechanics.
Starting from 2022, the Symposium's topics have also included issues related to fluid mechanics.

In 2022 the conference was attended by 58 participants including 17 students and PhD students.
The participants came from Poland, Slovakia, the Czech Republic and France. Best papers were
selected by the Scientific Committee for full-length publication.
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Optimization of parameters during filament extrusion
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Abstract. This scientific study brings new insights into the field of optimization of parameters in
the extrusion of filaments from biodegradable materials. Extrusion is a production process in
which metal or plastic materials are pushed through a rigid cross-sectional profile or matrix to
form a continuous strip of shaped product (filament). The extrusion process begins by bringing the
material in the form of granules, pellets or powders from the hopper to the extruder zone. One of
the chapters contains a detailed description of the extrusion of filaments and optimization of
parameters. Optimization of parameters consists of real designs and devices designed by the
authors of this publication themselves. This study has a significant contribution in the field of
material extrusion.

Introduction

Natural and synthetic polymers are considered biodegradable materials. Polymers can be broadly
defined as macromolecules composed of covalently bonded monomers. Natural-based polymers
include starch, chitosan, hyaluronic acid derivatives, collagen, fibrin gels, and silk. Undesirable
properties of these polymers include low mechanical strength, unknown degradation rate,
repellency and high physiological activity [1-4]. Various scientific studies show that synthetic
polymers have a wide range of uses and satisfactory properties compared to natural polymers. An
overview of biodegradable materials used in the extrusion of filaments and their possible
applications is given in table 1.

Synthetic biodegradable polymers Application
Poly(amino acids) Medical products, tissue engineering, orthopaedic applications
Polymlinic acid (PLA), polyglycollic acid (PGA) and Barrier membranes, controlled tissue regeneration (in dental
copolymers applications), orthopaedic applications, stents, clamps, stitches,

tissue engineering

Polyhydroxy butyrate (PHB), polyhydroxyvalerate Long-term drug administration, orthopaedic applications, stents
(PHV) and copolymers

Polydioxanone (PDO) Fracture fixation, stitches

Table 1. Applications of biodegradable polymers

Extrusion is a manufacturing process in which metal or plastic materials are forced through a
solid cross-sectional profile or die to form a continuous strip of shaped product (filament). The
extrusion process begins with the introduction of material in the form of granules, pellets or
powders from the hopper into the extruder zone. The melting process then begins through the heat
generated by the mechanical energy supplied by the rotation of the screw and the heaters located

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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along the head. The molten materials are then pressed into a die, which structures the materials
into a hard pipe during the cooling process [5, 6].

Extrusion systems for the production of bioresorbable materials for clinical use

The extrusion manufacturing process is widely used for mixing polymeric materials. The process
is highly flexible and enables a high degree of personalization of production. In twin-screw
extrusion, the screws can be, for example, parallel or counter-current, interlocking or vice versa.
In addition, the configurations of the augers themselves can be changed using various elements,
blocks, to achieve specific mixing characteristics. In this extrusion process, raw materials can be
solid substances (granules, powders). Large companies use industrial filament makers (extrusion
systems), which excel in the large volume of extruded material and its precision. But in my
research I will be using desktop extrusion systems at a good level. The desktop extrusion systems
mentioned below are getting closer and closer in terms of quality to industrial extrusion systems.
The Filabot EX2 extrusion system has a maximum extrusion temperature of 450°C, which means
that all kinds of materials can be extruded, including high-temperature ones such as polycarbonate
and even PEEK. Filament maker from 3devo company is an available extruder with a maximum
extrusion temperature of 300°C and an extrusion speed of 250-600 mm per minute. We chose this
extruder as the best option for extruding materials PLA/PHB/Thermoplastic starch and different
concentrations of plasticizer, due to the precise composition of this extruder, the quality of the
extruded materials and the extrusion temperature [7-10]. I am researching these materials as part
of my dissertation. Extruder with high precision and maximum extrusion temperature of 300°C.
Extrusion systems are mentioned in the following Fig. 1.

= —

Fig. 1. Extrusion systems [10]

In industrial production, which uses more complex extrusion systems, unlike single-screw
extrusion, a number of materials, both solid and liquid, are extruded by parallel two-screw
extrusion (Fig.2). This provides maximum extrusion flexibility by allowing materials to be
introduced into the melt at different stages or locations along the extruder cylinder. This brings a
number of advantages:

* Possibility to add fibrous material to minimise fibre wear;

 Addition of shear or temperature-sensitive materials that can deteriorate if they pass through the
entire extruder;
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» Adding a plasticizer, liquid dye, stabiliser or lubricant.

Industrial extrusion systems are different from desktop extrusion systems in design and build
quality. The barrel and screw of industrial extruders are made of high quality alloy steel with high
hardness, strong corrosion resistance and long service life after nitrogen treatment. The automatic
hydraulic inverter of the sieve can maintain the continuous production of the machine [11-14].

Fig. 2. Industrial extrusion system [12]

Twin-screw extruders are commonly used in modern industry. Based on the relative direction
of rotation of their screws, these extruders can be divided into two types: co-rotating and counter-
rotating. In a co-rotating twin-screw extruder, the maximum speed is reached at the tips of the
screw, while in counter-rotating twin-screw extruders, the maximum speed is reached in the area
of the feed. However, the counter-current mechanism generates a greater increase in pressure,
making it more efficient at extrusion. Single- and twin-screw extruders were compared by a
scientific team led by scientist Senanayake as part of design research aimed at a simplified extruder
for less developed countries. The advantage of single-screw extruders is their simplicity of
construction, but they are more likely to become clogged with material than twin-screw extruders.
Furthermore, the single-screw extruder is the most common type of extruder and offers relatively
low investment costs for companies dealing with the extrusion of materials intended for
biodegradable purposes. If higher production and higher performance are required, twin-screw
extruders are used. The easiest way to increase the throughput of the extruder is to increase the
speed of the screw. This easy solution usually results in poor melt quality caused by exceeding the
melting capacity of the screw design and degradation caused by high melt temperature. Using a
smaller diameter screw can offer several advantages to achieve higher throughput at a higher screw
speed [15].

Optimization of parameters during biomedical filament extrusion

After thorough research into materials and extrusion systems, we proceeded to extrude the
biomedical filament on equipment from the 3devo company. The filament was produced from
medically certified pellets in an optimized laboratory environment in a laminar box designed and
engineered by this scientific team. Fig. 3 shows the filament production process.
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Fig 3. Filament production process

We managed to optimize all necessary extrusion parameters. The laminar box equipped with a
filter and cooling has fulfilled its purpose (Fig. 4).

i A\ o\
AR B ZBRGE N
Fig. 4. Biomedical laminar box

As part of improving the quality of the production of biomedical filaments, we proceeded to
our own laminar box design. We made the model of the laminar box in the 3D modeling program
SketchUp. The laminar itself stands out with its simple and purposeful design. Compact
dimensions ensure trouble-free handling when operating the filament maker in the production
process. A sterile environment is ensured by isolation. It is made of aluminum profiles and
plexiglass with a thorough connection. Air recovery in the laminar box is provided by twelve fans
that supply and remove air. Laminar boxes can be equipped with UV light, which has the task of
sterilizing the working environment of the laminar box. The UV light unit is equipped with a timer
and a sensor that prevents exposure to UV radiation when the door is lifted [16].

Conclusion

This scientific study brings important significant knowledge in the field of materials, production
and optimization of parameters in the filament production process. For a better orientation in the
given issue, the extrusion of biomedical filament on a desktop device from the company 3devo is
described. Filament maker Composer 450 is a device for the production of filaments, on which it
is possible to mix several materials. Production took place in an air-conditioned room at a
temperature of 18°C. The material for the production of biomedical filaments was delivered in the
form of granules, vacuum-sealed in an opaque package. Nevertheless, we dried the material in a
dryer from 3devo. We set the drying temperature at 160°C for 180 minutes. We optimized this
entire process with the help of a device designed by us. The laminar box can also be defined as a
laboratory station intended for work in dust-free, sterile conditions. The use of laminar boxes is
wide-ranging. Laminar boxes are mainly used in optical, laser, semiconductor and electronic
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technology applications. The design of the laminar box is designed to prevent contact with the
external environment and thus ensure the protection of researchers as well as the researched
material. The entire article is briefly divided from the materials to the output in the form of a new
product.
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Abstract. This work presents a comparison the results of the real deformation of a four-segment
fly rod used to the feeder method with the results obtained from the theory and the FEM. The
experiment of bending comprises preparation of the measuring path, in which the real fly rod is
loaded by a series of forces subsequently changing both magnitude and inclination. The FEM
model of the fly rod is based on the beam element and the variation of the cross-section is subjected
to stepping approximation. The theoretical model takes advantage of the classical elliptic integral
formulation applied to describe full curvature problem of long flexible bars. Dominant errors
between the experimental data and numerical results come from essential difficulties in accurate
measurement of the wall thickness as well as uncertainty of fibre carbon configuration.

Introduction

Fly rods, independently of their destination, are designed as double-, triple- or four-segmental or
alternatively as telescopic ones. Recently, the majority of fly rods is made of carbon fibres, whereas
glass fibre fly rods represent rather lower quality goods. However, in case of many carbon fibre
fly rods, where the tip segment does not play essential role in carrying of load but serves only for
signalization that a fish swallows fish hook, this is so called fly rod with the vibrating tip segment,
the tip segment made of glass fibre is used just for to assure sufficient stiffness.

Generally, fly rods of all kinds work in elastic range, where large bending is dominant state,
whereas torsion or shear effects are negligible. Bending fly rods subjected to large deformations
ought to exhibit high strength as well elasticity range. Moreover, the good quality fly rods should
deform following special scheme: the deformation of tip segment resembles approximately
parabola which extends towards hand grip segment according to an increasing load, and in case of
advanced deformations may exhibit straightening effect.

Fly rods usually dedicated for feeder method of fishing are from 2.7m to 4.0m in length and
serve for throw a masses from several grams to even 250g. The most frequent lengths of such rods
are equal to 3.3m, 3.6m and 3.9m.

From the structure theory point of view, the most essential problem consists in description of
fly rod deformation under loading. In case when the fly rod is treated as beam/rod element, an
adequate description of deformation requires: consideration of nonlinear formula for finite
curvature and simultaneously lack of prismatic shape of segments, as well as nature of loading,
which may change both magnitude and direction. Associated problems known in literature of
structural mechanics are as follows: finite displacements of beams — see [4], post-critical
compression of column — see [5] and bending of beam of finite curvature subjected to an inclined
force — see [1]. In all cases solutions are expressed by elliptic integrals and deal with prismatic
beam element under concentrated load, which direction stays fixed in the space (force directed to
a pole). Fundamental difficulty in adaptation aforementioned solutions to analysis of rod
deformation consists in lack of prismatic shape of fly rod segments, which turn out to be conical.
As consequence, engineer designing fly rod has at least two approaches to the problem: either to
treat fly rod as beam/rod of step like cross-section — see section on nonlinear theory of bending, or

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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to take advantage of one of commercial Finite Element packages — see ANSYS Workbench model
presented in further section.

Experimental Investigations

Test stand, shown in Fig. 1, comprises a stand supporting the fly rod, inclined to the ground with
60°, and a stand with grip to attach of a cable pulley, serving to thread a fishing line. White rope
determines horizontal line necessary for setting up position of the cable pulley. Markers located
subsequently at 2, 4, 6, 8 and 11m away form a hand grip of fly rod are fixed by use of a measuring
tape. Both the stand of fly rod and the stand of cable pulley are made of an oak wood elements
joined by steel L profiles. Loading is realized by series of normalized weights 100, 200, 500 and
1000g.

2m 2m 2m 2m 3m

\' 4 \\ 4 A 4 \ /4 ‘l’
v
P=100,200,300,500,800,1000,1300,1500¢g

Fig. 1. Scheme of test stand

—
(0]
q
q

,
w

Experiment consists in registration by camera series of fly rod deformations referring to
different combinations of load magnitude and distance measured with regard to the hand grip.

Initial test assumes following parameters: distance equal to 1.0 m, series of loading 100, 200,
300, 500, 800, 1000, 1300, 1500g and angle of inclination with respect to the ground equal 70°.
This reflects final phase of towing when a fish is situated almost at the fisherman foot.
Unfortunately, this test can be done for maximum weight 800g, since weight 1000g leads to failure
of the fly rod. Aforementioned, negative result of initial test gives hints to the proper test
characterized by following parameters: magnitude of angle of inclination with respect to the
ground is decreased to 60°, minimal distance is increased to 2.0m.

Series of fly rod deformations under selected load magnitudes equal to 500, 1000 and 1500g
referring to subsequent distances 11, 8, 6, 4 and 2 m are presented in Fig. 2.
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4

Fig. 2. Bending test of fly rod for selected load magnitudes equal to 500, 1000 and 1500g

Nonlinear Theory of Bending

Below the approach taken from monograph [1] for four-segment cantilever beam of step-like
constant stiffness under concentrated force is presented — see Fig. 3.

| a | b L oc J.d |

4 " ) |

L, 7\\|11 L\

2

X

v [
yd

Fig. 3. Scheme of four-segment cantilever beam of step-like constant stiffness

Xd

Format of differential equation including magnitude of bending moment in current point (x,y)
is following

d
EL <2 =M=P; (x4~ X)+ Po(y4-y). (1)
where P;=Psina and P,=P cos a are projections of force P according to subsequent axes, EI;

denotes bending stiffness of i-th segment, whereas s stands for coordinate measured along the arc
—see window in Fig. 3. After differentiation with respect to s

d?y .
El =-P; cosy - P, siny, 2)

1 gs2
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and introducing new variables

u=s/L, 6=y+a, 3)
one can get

do_pdy 40 dy);_dcapyds_dig, dw_ 1

du_L ds’ duzdu(ds)L_ds(ds)Ldu_dszL' ds?2 12 (4)
The right hand side of Eq. (2) can be rewritten as

P (% cosy + %sin Lp) =P(sina cos { + cos asin Y )=P sin(P+a) =P sin 6, (5)
whereas equation (2) itself takes format

d?e o

= TG sin6 =0, (6)

2

where ¢;= ;—f =12k2. It is essential to emphasize here, that Eq. (6) is in fact the system of 4

nonlinear differential equations of second rank, which requires 8 conditions: 2 boundary conditions
+ 3 x 2 = 6 continuity conditions. Integration starts from 4-th tip segment using boundary condition

—0)— dyl  _ —0)= de _
PY(s=0)=0 and = s=0_0 or 0O(u=0)=a and ™ e=¢4+a_0’ (7)

next multiplication of Eq. (6) for i=4 by 2d0 and integration using boundary condition Eq. (7)
yields

%z\/ZCL}[cos 0 — cos(Yu+a)]. (8)

First of Eq. (3) yields

ds de

du= T - V2c4[cos 8 —cos(Pgta)] ’ (9)
hence integration with respect to ds from 6=a to 8=y, +a gives
_ r¥sta _ L Y3+a de
Ly= fa ds = J2cq fa Jcos8 —cos(Pgta) (10)
or in equivalent format
L4, 1 1|J3 +a (1 1)

_=__IO‘L+I a4
L2 | 70 Foomcos(br) O Jeoso-cos(iara)

Since cosx=1- Zsinzg , therefore Eq. (11) can be written down as sum of two elliptical integrals
of first kind

L4=é[F(p4) — F(psy my)], (12)
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where my=sin”’ (pl sin- ) and \/c4,=LKky.

In analogous manner, solutions for segment 3, 2 and 1 get format

Lizkli[F(pi:Zi)_ F(pi, Gi-1)] s (13)

in(_ ,=—1 in. =L /M
where sin {;_4 - and sin (; o TR

It is convenient to compare number of equations and unknowns. There are 4 nonlinear equations
(6) involving 5 unknowns ({14, P4, P3, P2, P1), hence numerical procedure has to be preceded by
trial/error estimation of y,. When magnitudes of ({4, p4, P3, P2, P1) are known next components
of displacement vector can be calculated for each segment. Below solution for segment 4 (tip
segment) is only demonstrated.

The infinitesimal length of arc according to Eq. (9) takes format

dS:L (15)

b
9 ,1—p% sin? ¢

and after integration we get solution being the product of trigonometric functions and elliptical
integrals of first and second kind

__ c05a[F(pg,m4)-F(ps,ng)+2E(p4,ns)-2E(pg,my)]+2ps sin o« cos my—-cos ny)

2 , (16)
=q] -1 L Yta
where ny=sin (p4 sin ¥ )
In similar way
. 2cin2
dy=ds cos yy=ds sin(6- ) = C(;(ﬁ 2pysin g do - SL& do _2pisin ¢ d¢ ) (17)
4 4 Jl—p%sinz ¢ Jl—p%sinz ¢
finally leading to
_ 2p4 cos a (cos my- cos ng)-sin a[F(pg,my)-F(ps,ng)+2E(psg,ng)-2E(pg,my)] (1 8)

ky

To end this section authors invoke basic description of elliptical integrals taken from monograph
[2]. Elliptical integral of first kind in Legendre’s format is the function of variable ¢ and parameter
p as follows

$ do sin¢ dt
F(p,d)= fo JipisinZo f (—)(1_p22) (19)

whereas elliptical integral of second kind in Legendre’s format is the function

sin 1-p2t2
E(p.p)=[; /1 — pZsin29do=f;"? | dt (20)
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where parameter p is called modulus of elliptical integral. Functions F(p, ¢) and E(p, ) are
presented in tables and for real arguments p and sin ¢ are subject to change in range between 0
and 1. Complete elliptical integrals of first or second kind are functions K(p) or E(p) of modulus
p and variable ¢p=T1/2

K(p)=F(p,m/2), E(p)=E(p,1/2) . 21

Elliptical integrals of first and second kind have closed format only for p=0 and p=1, whereas
in all other cases their values are calculated by expanding in appropriate series — see [3].

FEM Verification
The FEM model of the fly rod is based on the beam element and the variation of the cross section
is subjected to stepping approximation — Fig. 4.

(tip) segment 4

connector 3 ™

S
)
V
segment 3
S S

connector 2

segment 2

S
connector 1 - 9
n <
'S

.,\\\ \\J
N

(hand grip) segment 1

S
Y
S

Fig. 4. Length of subsequent fly rod elements and its FE discretization

This approximation is based on division of each segment into ten equal elements and each
connector, in which these segments link one to another, into two elements — Fig. 4.

Basic dimensions of the fly rod along perpendicular direction are small when compare to the
length, hence for clearness they are collected in Tab. 1, where subsequent symbols stand for: 1 —
length of segment, b — thickness, D,../dnax — outer/inner diameter the biggest element in section,
Dpin/dmin — outer/inner diameter the smallest element in section, and additionally D/d - jump in
diameter between two adjacent segments.
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Tab. 1. Basic dimensions of fly rod elements in [mm]

element number of elements 1 b Dpax | dpax | Dmin | dpin | D/d
segment 1 10 126 1.2 192 | 16.8 | 1424 | 11.84 | 0.63
segment 2 10 116 0.9 15.7 | 139 | 8.44 6.64 | 0.81
segment 3 10 73.1 | 0.75 9.4 7.9 5.22 3.9 0.46
segment4 10 46.8 — 3.5 — 1.6 — 0.21
connectorl 2 43 2.1 16.04 | 11.84 | 15.7 11.5 0.34

connector2 2 43 1.65 9.94 6.64 9.4 6.1 0.54
connector3 2 18.5 — 5.22 - 5 — 0.22

Finite Element package ANSYS Workbench requires definition of material model, therefore
the material Epoxy Carbon UD (230 GPA) is chosen from ANSYS library as the representative of
carbon fibre/epoxy resin composite. Additionally, in order to improve material properties of
aforementioned composite, the data presented in Tab. 2 is taken from the website of the producer
of carbon fibre composite IM7 — see [7].

Tab. 2. Mechanical properties of carbon fibre composite IM7 [7]

typical hexplay 8552 composite
properties (at room temperature) US units SI units test method
(0°tensile strength 395 [ksi] 2.723 [MPa]
0°tensile modulus 23.8 [Msi] 164 [GPa] ASTM D3039
0° tensile strain 1.6 [%] 1.6 [%]
0° flexural strength 270 [ksi] 1.862 [MPa] ASTM D790
0° flexural modulus 22.0 [Msi] 152 [GPa]
0° short beam shear strength 18.5 [ksi] 128 [MPa] ASTM D2344
0° compressive strength 245 [ksi] 1.689 [MPa] ASTM Mod.
0° compressive modulus 21.7 [Msi] 150 [GPa] D695
0° open hole tensile strength 62.1 [ksi] 428 [MPa] ASTM D5766
0° open hole compressive strength | 48.9 [ksi] 337 [MPa] ASTM D6484
90° tensile strength 9.3 [ksi] 64.1 [MPa] ASTM D3039
fibre volume 60 [%] 60 [%]

Boundary conditions applied to FE model are as follows: (hand grip) segment 1 is fully clamped

at the node referring to the origin of coordinate system, whereas (tip) segment 4 load by
concentrated force at the final node.
Beam elements, shown in Fig. 4 (each colour refers to separate element), are conventional iso-
parametric elements — see [6], whereas mesh size is set up as default. Numerical tests with manual
remeshing confirm good convergence of FE code. In order to proper capture of large deformations
the Automatic Load Displacement Control (ALDC) procedure is switched on.

Numerical simulations by FEM for selected loads 500, 1000 and 1500g and variable magnitude
of distance are shown in Fig. 5.

Comparison of selected experimental results and corresponding FEM and theoretical results
(see Fig. 6) 1s done by use of commercial software tool Kinovea dedicated to image analysis.
Briefly speaking Kinovea creates system of reference lines attached to photos (experiment) as well
as to figures (FEM), and as a consequence it allows user for correlation of results. In general, the
attained correlation is good provided that if deformation is moderate, which means referring to
small magnitudes of load (100-500g) and simultaneously long distances (11-6m).
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Fig. 5. FEM results for load magnitudes 500, 1000 and 1500g

On the contrary, in case of advanced deformations, referring to bigger magnitudes of load (800—
1000g) and short distances (4—2m) some discrepancies are noticeable. Namely, central segments
(#2 and #3) exhibit the biggest discrepancies for weight 1500g and distance 4m, whereas the tip
element (#4) is responsible for generation of main discrepancies for weight 1000g and distance

2m.

experiment > | < theory

Fig. 6. Comparison of experimental, FEM and theoretical results for two selected combinations
of load magnitudes and distances
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In the opinion of authors of present work, there are two main sources of discrepancies:

- lack of information about the wall thickness, particularly with regard to central segments,
that may essentially influence their stiffness,

- lack of honest information concerning carbon fibre configuration in the composite thus
authors assumes orientation 0°-90° as a default.

Conclusions
Presented experimental data is well mapped by numerical results in case of moderate deformations,
whereas major discrepancies observed for advanced deformations come from:
- essential difficulties in accurate measurement of the wall thickness,
- uncertainty of fibre carbon configuration, that is subject to commercial confidentiality.
Additionally, in case when even ALDC procedure (built in FEM package) fails the nonlinear
theory of bending, taking advantage of elliptical integrals, is recommended for use.
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Abstract. The aim of the work is to determine suitable settings of filament production parameters
for medical applications from materials PEEK and PPSU alone, as well as with a 10wt% of the
ceramic components Hydroxyapatite (HA) and Tricalcium Phosphate (TCP) admixture. Filaments
were made using the Filament Maker machine (3devo, The Netherlands). The filaments were
manufactured according to the requirements for usage in the FDM technology with a nominal
diameter of 1.75 mm. The diameter of the filaments was measured with an optical sensor and
analyzed using DevoVision software (3devo, The Netherlands). The analysis of the filament
diameters was carried out using descriptive statistics in order to determine quality of the filaments.
The analysis of the produced filament diameter from the materials PEEK, PEEK + HA/ TCP ,
PPSU and PPSU + HA/ TCP demonstrated that the measured values of the diameters of the
filaments from the nominal value (1.75 mm) showed minimal deviations, as well as the fact that
the limit values were not exceeded (1.85 mm; 1.65 mm) and thus it is possible to state that the
manufactured filaments meet the required quality for use in FDM technology. A microscopic
analysis was also carried out on the manufactured filaments in order to determine the distribution
of the ceramic component in the manufactured filaments. An Olympus GX71 inverted
metallographic microscope with an Olympus DP12 camera was used for the purpose of expertise.
The total number of examined samples was n = 40, while 10 samples from each filament were
selected from random areas. Microscopic analysis of the produced filaments showed a uniform
distribution of the ceramic component in the composite filaments, which means that the
manufacturing process does not affect the distribution of the ceramic component in the filament.

Introduction

Fused Deposition Modeling (FDM) technology is part of additive manufacturing technology,
which is gaining more and more use in various areas such as e.g. automotive production,
cosmonautics or medical applications [1,2,3]. Statistical data indicate that the use of this
technology in the field of medicine was at the level of 0.973%, but forecasts indicate that by year
2026 this share of use in the given sector will be at the level of 18.2% [4]. This fact creates new
questions and requirements for the material side in the form of the production of new and high-
quality filaments.

High demands are placed on the group of materials intended for medical applications in the
form of biocompatibility. Polyetheretherketone (PEEK) and polyphenylsulfone (PPSU) can also
be included in this group of biomaterials. PEEK is characterized by resistance to hydrolysis, high
temperatures, wear and has good mechanical properties [5,6]. PPSU is characterized by high glass
transition temperatures, high mechanical strength and stiffness, good chemical, hydrolytic and
dimensional stability [7,8]. Based on these properties, PEEK and PPSU materials turn out to be
suitable candidates for the replacement of biological structures in the form of bone. Another very

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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important parameter is osseointegration between the biomaterial and the biological structure in the
form of bone. Due to the fact that PEEK itself does not have a biological activity for the process
of osteonitration, it is necessary to create composite materials using Hydroxyapatite (HA) [9]. One
such study is by the authors Senatov et al. [10] where they investigated the osseointegration level
of scaffolds made of PEEK material with an admixture of HA in a cranial defect in mice. The
results of the study show that scaffolds made of PEEK material with an admixture of HA
demonstrated a higher level of osseointegration than pure PEEK scaffolds. A similar study by
Durham et al. [11] investigated HA coating on PEEK implants in a rabbit model. Animals were
studied in two groups of 9 for observation 6 or 18 weeks after surgery. The results of the study
demonstrated that heat-treated HA coatings showed improved implant fixation as well as higher
bone regeneration and bone-implant contact area compared to uncoated PEEK.

The aim of the subject study was to produce filaments with a diameter of 1.75 mm from the
materials of pure PEEK and PPSU as well as variants with an admixture of a ceramic component
in the form of HA and TCP that will meet the required production standards. The relevant analyzes
in the form of the analysis of the diameter of the filament as well as the distribution of HA and
TCP in composite materials represent the basic parameters of the quality of the manufactured
filament. The output is to produce filaments that can be used in the 3D printing process and
subsequently in pre-clinical studies.

Materials and methodology

Material characteristics

Single-component medical materials PEEK and PPSU as well as composite medical materials
PEEK + HA/TCP and PPSU + HA/TCP were used for the production of filaments. All materials
were in pellet form (see Fig. 1). In the composite material PEEK + HA/TCP, the mass ratio of the
individual components was 80% PEEK, HA 10% and TCP 10%. In the composite material PPSU
+ HA/TCP, the mass ratio of the individual components was PPSU 80%, HA 10% and TCP 10%.

Fig. 1 Pellet form of materials for extrusion (A: pure PPSU ; B: pure PEEK ; C: PPSU + HA/TCP ;
D: PEEK + HA/TCP)

Production of filaments

Filaments were produced from the materials described above on a Filament Maker Composer 450
(3devo, The Netherlands), which contains 4 heating zones. The entire production process consisted
of 4 stages. In the initial stage, the Filament Maker was heated and cleaned at temperatures from
180 to 300 °C using HDPE and Devoclean Purge Mid cleaning materials. After cleaning, the
filament production process continued with the 2nd stage where the filament production
parameters were set (see Table 1). In the third stage of filament production, the diameter of the
filament was recorded, which was determined to be 1.75 mm. The filament diameter was recorded
via an optical sensor with an accuracy of + 43 um. After producing a sufficient amount of
individual filaments, the process continued with stage 4 where the device was cooled and cleaned.
The cooling of the device was up to a temperature of 180 °C with Devoclean Purge Mid and HDPE
cleaning materials.
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Table. 1 Basic settings for the production of PEEK filaments, PPSU; PEEK + HA/TCP; PPSU +

HA/TCP
PEEK PEEK + HA/ TCP
F}lament 1,75 mm Filament diameter 1,75 mm
diameter
Heat zone 1 390 °C Heat zone 1 380 °C
Heat zone 2 390 °C Heat zone 2 380 °C
Heat zone 3 385 °C Heat zone 3 380 °C
Heat zone 4 375 °C Heat zone 4 390 °C
RPM 4,5 RPM 3
Fan percentage 100 % Fan percentage 100 %
PPSU PPSU + HA/ TCP
F¥lament 1,75 mm Filament diameter 1,75 mm
diameter
Heat zone 1 344 °C Heat zone 1 344 °C
Heat zone 2 347 °C Heat zone 2 347 °C
Heat zone 3 347 °C Heat zone 3 347 °C
Heat zone 4 347 °C Heat zone 4 347 °C
RPM 5 RPM 5
Fan percentage 72 % Fan percentage 73 %

Microscopic analysis

Microscopic analysis was carried out using light and electron microscopy in order to quantitatively
describe the distribution of the ceramic component. The total number of investigated samples was
n = 40, while 10 samples were created from random areas from each filament produced. Before
the analysis, the samples were prepared in dentacryl, sanded with sandpaper with a grain size of
200, 400, 600 and 800 pm. For the purposes of expertise, the experimental technique of light
microscopy was used on the Olympus GX71 metallographic microscope with the Olympus DP12
camera. The details of the microstructure were checked by scanning electron microscopy on a Jeol
JSM 7000F device in the mode of secondary electrons - SEI, which obtained detailed information
about the morphology of ceramic particles and their distribution in the polymer filament matrix.
Backscattered electron imaging - BSE provided information on the distribution of elements in the
sample by atomic number. Areas in which elements with a higher atomic number are present are
lighter in this display, on the other hand, areas formed by elements with a lower atomic number
are shown as darker. A necessary condition for the analyzes of polymer matrix pellet samples was
to ensure an electrically conductive surface of the preparation with each polymer matrix pellet.
Before observation in the electron microscope, a layer of gold was deposited on all analyzed
samples.

Statistical evaluation

The analysis of the diameter of the filaments was evaluated using descriptive statistics, while the
following parameters were evaluated: diameter (x), standard deviation (SD), max./min. value,
range (R), variance (Var(x)), kurtosis (K) and skewness (Skp). Parameter K is an indicator of the
distribution of measured data in the file. If its value is greater than 0, then the distribution is more
peaked, and thus most recorded filament diameters approach the arithmetic mean.
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Results

During the production of filaments from the given materials, the limit values of the diameter of
the filament were set at 1.85 mm (upper limit) and 1.65 mm (lower limit). As a reference value for
the diameter of the filament, a value of 1.75 mm was set. In Fig. 2 it is possible to see the graphs
of the measured diameters of the produced filaments, where it is shown that these limit values of
the diameters were not exceeded during the production process of the filaments. The average value
for the produced filaments from the PEEK material was at the level of 1.747 + 0.039 mm, for the
PEEK + HA/TCP material at a value of 1.7473 + 0.038 mm, for the PPSU material at 1.749 +
0.039 mm and for the PPSU + HA/TCP material at a value of 1.749 + 0.032 mm.

The SKP parameter evaluates the manufactured filaments from the point of view of the uniform
distribution of the measured diameters of the filaments (Skp = 0). If Skp > 0, then smaller values

prevail in the statistical set of measured filament diameters and the filament is thinner than the
nominal value (1.75 mm). Conversely, if Skp < 0, then higher values prevail in the statistical set
of measured filament diameters and the filament is thicker than the nominal value. This indicator
for the filament made of PEEK material had a value of Sxp = 0.11, which means that the filament
is somewhat thinner than the nominal value. However, this minor deviation is not significant and
does not affect the 3D printing process. The opposite effect was observed with other filaments.
The Skp parameter showed negative values (PEEK + HA/TCP = -0.04 ; PPSU = -0.06 ; PPSU +
HA/TCP = -0.04) which indicates that more higher values than the calculated arithmetic mean
were detected in the statistical set of measured averages. It is possible to state that with these
filaments there are places with a larger diameter than the calculated arithmetic mean in the
individual statistical files. However, these values represent minimal deviations from a uniform
distribution, which can be considered insignificant. Other parameters can be seen in Fig. 2.

1900

o PEEK
s SD = 0,039 Var(x) = 11432

T — Max. = 1,84 K=0,01
”S Min. = 1,661 Skp=0,11
PEEK + HA/TCP
SD = 0,038 Var(x) = 1504,1
o Max. = 1,84 K=-0,43
TeasRREIEHERRENILLNIINITTAILALARIRAD Min. = 1,661 Skp = -0,04
PPSU
x = 1,749 R=0,179
SD =0,039 Var(x) = 1526,3
o eassaas — _ Max. = 1,84 K=-0,45
~~~~~ “«?[] Min. = 1,661 Skp = -0,06
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Fig. 2 Analysis of filament diameter of produced filaments using descriptive statistics (A:
PEEK ; B: PEEK + HA/TCP ; C: PPSU ; D: PPSU + HA/TCP

Microscopic analysis

Fig. 3 shows the outputs in the form of light and electron microscopy for manufactured filaments
from the materials PEEK, PEEK + HA/TCP, PPSU as well as PPSU + HA/TCP. During the
evaluation of samples from PEEK filament, defects of the polymer matrix were not detected, and
no filler was found in the matrix. In the EDX spectrum, the distribution of oxygen and carbon was
visible in the entire section of the examined samples.

No defects in the integrity of the polymer matrix were observed during the evaluation of the
produced filament made of PEEK + HA/TCP material. On the samples, it was possible to observe
parts of the HA and TCP filler with a size of 1 to 2 um (globular shape). The distribution of calcium
and silicon was visible in the EDX spectrum. This distribution in the polymer matrix in the form
of filler and clusters dispersed evenly, while all particles of the filler were well fixed in the polymer
matrix. When evaluating the samples from the produced filament from the PPSU material, it was
ensured that there is no filler in the polymer matrix in the entire observed detail. However, the
presence of microscopic cracks in the form of bubbles was detected. Furthermore, only small
scratches after sanding were observed in the close-up. In the EDX spectrum, a uniform distribution
of oxygen and carbon was visible throughout the section. Samples made from PPSU + HA/TCP
filament demonstrated by microscopic analysis that no defects in the integrity of the polymer
matrix were detected. Irregular parts of the filler with a size of 1 to 2 um (globular shape) were
observed in the samples. The distribution of calcium and silicon was visible in the EDX spectrum,
which in this case represents the HA and TCP components. This distribution was uniform in the
section of the experimental sample.

Overall, it can be concluded that in the case of composite filaments made of PEEK + HA/TCP and
PPSU + HA/TCP, there is a uniform distribution of calcium and silicon in the sections of the
experimental samples, and therefore the filaments are considered homogeneous.
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PEEK
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Fig. 3 Microscopic analysis of PEEK, PEEK + HA/TCP, PPSU and PPSU + HA/TCP materials
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Summary

Filaments made from the materials PEEK, PPSU, PEEK + HA/TCP and PPSU + HA/TCP meet
the given regulations in the form of a diameter of 1.75 mm, as well as the homogeneity of the
distribution of individual components in the case of composite materials in the form of PEEK +
HA/TCP and PPSU + HA/TCP. Analysis of the diameter of the subject filaments showed minimal
differences from the nominal value of the filament diameter of 1.75 mm. Microscopic analysis
showed minimal clusters in the composite materials, which are considered insignificant and
therefore it can be concluded that the produced filaments are homogeneous at the selected
production parameters.
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Abstract. This study aimed to develop knowledge about the behavior of bent, multi-span sandwich
panels. The analyzed panels have a soft polyisocyanurate foam core and rigid metal facings. The
paper presents the results of experimental studies. The influence of support width, the span of the
panel and purlin shape on the load-bearing capacity of the panel are analyzed. The tests carried out
by the author have shown that not always the load capacity determined according to the standard
is on the safe side. Therefore, the actual support conditions of the designed structure should always
be taken into account.

Introduction

In this paper, sandwich panels composed of thin metal sheets and a thick, polyisocyanurate foam
core (PIR) are considered. These kinds of structures are widely used in various areas of
engineering. As a core material the different kinds of foams, usually made from polymers, metals,
ceramics, glass, etc. are widely used in various branches of civil engineering since the 80s. In the
literature, it is possible to find many papers focused on sandwich structures, their applications,
designing [1-3] and testing procedures which take into account the influence of the soft core on
the behavior of the layered structure [4, 5]. Nevertheless, because of the variety of factors affecting
the structural response, e.g. variety of the core material, shape of the metal sheets, geometry and
others, the development of design and testing methods is still a current challenge undertaken by
scientists.

When analyzing this type of sandwich panels, despite the rather complex foam structure [6], it
is usually assumed that the core material is homogeneous and isotropic or sometimes orthotropic.
It is possible to use effective material parameters, which quite well reflect the global behavior of
the panels [7]. Difficulties arise when local effects play a significant role, such as in the case of
wrinkling of metal facing, where the stiffness of the core directly adjacent to the facing is decisive
[8].

In this work, the main attention is focused on the analysis of the influence of the purlin shape
and the deformation of the core material under the purlin on the load-bearing capacity of sandwich
panels. All conclusions are drawn based on experimental tests.

Problem formulation

This paper deals with the problem of the behavior of bent, multi-span sandwich panels. At the
intermediate support, an interaction of facing compression, core shear and compression of the core
as a result of interaction with the support is observed.

In accordance with the EN 14509 standard [9], which is used in the design of sandwich panels,
the experimental determination of the load capacity of multi-span panels above the intermediate
support is simplified to a single-span scheme loaded with a linear load in the middle of the span
(Fig.1). Such a static scheme, though simple, is very common in practice. It is more important,
however, that the phenomena observed in a simple static scheme are easier to carry out, assess and
interpret. In fact, in case of analyzed sandwich panels with soft core, the load transfer is more

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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complicated due to the variety of the material of the core, the thickness of the panel and the shape
of purlin sections used. Simplifications of calculation schemes or assumptions are often used,
however, they must give results on the safe side - the obtained limit loads should be close or lower
than those in the actual structure.

The aim of the paper is to determine the influence of the core deformation on the load-bearing
capacity of a sandwich panel depending on the length of the panel and the shape of the purlin. For
this purpose, a 3-line bending test of the panel is performed, in which the load will be transferred
by a steel beam (according to standard) in one case, and by the real shape of the purlin in the
second case (the cold-formed thin-walled Z section).
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Fig.1 a) actual static scheme of a multi-span beam, b) simplified static scheme - simulation of the
intermediate support

Experimental approach
Sandwich panels with soft core are very sensitive to concentrated loads. Their deformation is more
complicated and various phenomena such a bending, compression, delamination and shear is
occurred what is shown in Fig.2.

Fig.2 Forms of panel failure under concentrated load

The intensity of individual local failure mechanisms and their impact on the global behavior is
closely related to the span of the panel, its bending stiffness (thickness of the core and their material
parameters) and the way the load is applied. In order to accurately identify the behavior of the
panel and the deformation of the foam core under the applied load, a series of full-scale tests are
carried out.
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In this work, sandwich panels with a PIR foam core with a density of 38 kg/m? are tested. The
first group of tests is planned with the aim to check the influence of the panel’s span Ly and the
width of the applied load Ls on the local deformation of the core and load-bearing capacity of the
whole panel. Therefore, three types of tests were carried out and analyzed, as shown in Fig.3.
Schemes 1 and 2 will allow us to observe the effect of the width of the applied load. Schemes 1, 2
and 3 will be used to analyze of the impact of the span of the tested panel on its load-bearing

capacity.

0.08m
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;
L ]
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4

Fig.3 Interaction between bending moment and support reaction — types of experimental

schemes

In this study, samples had following dimensions: the thickness of the core dc = 99.24 mm,
distance between the centroid of faces e = 99.67 mm, the total length L = 3.0 m and 5.0 m, the
length of span Ly = 2.9 m and 4.9 m, width B=1.0 m, and the thickness of steel facings
t=0.43 mm. In each case, during the experiment, the applied force F and displacement u in the
middle of the panel’s span were continuously measured. Obtained results from all tests are
summarized in Table 1.

Table 1: Experimental results of wrinkling stresses for Scheme 1 - 3

Scheme 1 Scheme 2 Scheme 3
Lo [m] 2.90 2.90 4.90
Finax [N] 6352.60 7265.70 4243.30
M(Fpay) [KNm] 4.61 5.27 5.20
Ow [MPa] 107.56 123.02 121.40

For maximum force Fuax theoretical values of the wrinkling stress o, are calculated according

to equation (1)

where:

oy =

M = Fmax Lo

4

etB’

(1)

Obtained results show, that for shorter plates, the width of the applied load plays a significant
role. In the case of Scheme 1, the failure of the panel occurred surprisingly early, resulting in a
very low value of the wrinkling stresses. If we use a wider support, changing the width Ls from
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0.06 m to 0.12 m as in scheme 2, then the load-bearing capacity of the panel increases significantly

(15 %) and is close to that obtained in Scheme 3.
For a more detailed analysis, the paths between bending moment and displacement measured

in the middle of the span for each of the tests are presented in Fig.4.
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Fig. 4 Experimental paths obtained from three-point bending test

For higher load levels the plot for Scheme 1 reveals the non-linear response of the structure.
The non-linear behavior is not manifested in the case of Scheme 2 or 3 because of lower stresses
in the foam core directly under the applied load, consequently we observe smaller deformations of

the core.

The second group of tests concerned the analysis of the influence of the purlin shape on the
load-bearing capacity of sandwich panels. Therefore, two types of tests were carried out and
analyzed, as shown in Fig.5. In this case, it was ensured that the width of the applied load was the
same in both cases and equal to the minimum required standard value: Ls= 0.06 m.

In this study, samples had following dimensions: the thickness of the core dc = 99.01 mm,
distance between the centroid of faces e = 99.47 mm, the total length L = 6.2 m, the length of span
Lo= 6.0 m, width B = 1.15 m, and the thickness of steel facings # = 0.46 mm. In both cases, during
the experiment, the applied force F' and displacement u in the middle of the panel’s span were
continuously measured. Obtained results from both tests are summarized in Table 2.

Table 2: Experimental results of wrinkling stresses for Scheme 4 and 5

Scheme 4 Scheme 5
Lo [m] 6.00 6.00
Finax [N] 5480 4725
M [kNm] 8.22 7.09
ow [MPa] 156.22 134.69
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Fig.5 Purlin shape with Ls = 0.06 m: a) the box-section, b) the cold-formed Z-section

To analyze the obtained results we can say that the failure of both panels were occurred directly
in the vicinity of the applied load, as shown in Fig.6. Additionally, the force-displacement paths,
shown in Fig. 7, show a similar, linear behavior of both samples during the whole test until the
failure. However, the load-bearing capacity of the panel loaded by box-section purlin is much
higher (15 %) than in case of cold-formed Z section purlin. During the experiment, a slight rotation
of the Z-section purlin was observed. Most likely, this caused uneven pressure of the purlin flange
on the panel and thus accelerated the global damage to the whole sandwich panel.

Fig. 6 Local deformation under the purlin:
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Fig. 7 Experimental paths F-u obtained for the box-section and the cold formed Z-section of the
purlin

Summary

Different effects have an influence on the behavior and load-bearing capacity of sandwich panels
with soft core. In this work, the main attention has been focused on the study of the structural
sensitivity to the influence of the local deformation of the foam core, as well as the influence of
the purlin shape. Sandwich plates loaded by concentrated loads exhibits a complex behavior. Their
deformation are more complicated and various phenomena such a bending, delamination and shear
occur. The obtained results clearly show that the higher stresses under the loading beam lead to
faster failure of the panel. The load-bearing capacity of panels with a small span is strictly
dependent on the width of the applied load. In this case, local deformations of the core can
significantly reduce the load capacity of the panel. The load-bearing capacity of the panel on the
central support given in the manufacturer's tables is determined for rigid purlins such as a box
section. The tests carried out by the author have shown that not always the load capacity
determined according to the standard [9] is on the safe side. The actual support conditions of the
designed structure should always be taken into account.
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Abstract. This paper presents an upgrade of the functionality and modernization of the laboratory
testing process using virtual instruments. A case study of airflow laboratory stand for air velocity
profile determination and the fatigue testing on the MZGS 100 stand shows the applications, where
standard sensors and transducers are used as measuring devices. The article focuses mainly on
DAQ (Data Acquisition) measurement techniques, where at present the USB communication
method is very widely used. The main advantage of the system is the so-called open user interface,
which is software developed according to the researcher's own algorithms. The developed software
is just this virtual instrument, and the graphical programming environment is used as an effective
tool to build the program. Virtual instrumentation based laboratory equipment present cost-
effective, compact, and user-friendly human-machine interfaces for the measurement and
laboratory equipment control.

Virtual instrumentation

It is a well-known fact that any scientific activity that requires experimental validation is associated
with measurements and measuring devices. Measuring physical quantities requires systems
equipped with sensors that convert these parameters into current quantities, and appropriate
transducers that process the measured signals and present measurement results. Existing computer
techniques also make it possible to transmit data to workstations and process them further using
additional tools, software etc. This basic structure of measuring systems is called a "traditional"
measuring device (Fig.1).

Workstation

. Optional
Sensor » Transducer » Display E i
Firmware + External software
Actuator Transducer Test stand
control system

Fig. 1. Traditional measuring device.

The most significant disadvantages of this system are the impossibility to observe non-
measurable (indirect) quantities and the need for additional calculations in post-processing; the
user has no influence on the structure of the measurement system. By default, the control system
of the test stand is independent of the measurement system.

Hence, the main idea for “virtual instruments” is to create a so-called open user interface for
software performing data acquisition, processing them according to required algorithms and
presenting them in a readable form (e.g., graphs).

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.

31



Experimental Mechanics Materials Research Forum LLC

Materials Research Proceedings 30 (2023) 31-38 https://doi.org/10.21741/9781644902578-5
) Workstation
Sensor » Transducer p» Display —| COMMUNICATION
OPEN USER
USER FREMDLY |4 o INTERFACE
STANDARDS measurement
USB, Ethemet lysi
Actuator [« Transducer [ Test stand -J_ ’ =me anaysis
control system corntrol

Fig. 2. The idea of virtual instrument.

In this case, actual existing sensors and transducers are used, it is necessary to provide data
transfer communication (e.g., USB, Ethernet) and provide a programming environment to create
custom programs for data acquisition (DAQ) and analysis. As shown in Fig. 2, it is also possible
to integrate measurement and control devices into a single virtual instrument. The flexibility
universality of this method favours applications in various fields: mechanical engineering [1, 2],
electrical engineering [3] as well as medical science [4, 5], for example. Widespread measurement
data transfer (communication) standards make measurement (control) system components easily
accessible, where engineers/researchers who are not specialists in the development and
programming of measurement systems can carry out integration and IT handling of such systems.

Despite this, most often these DAQ systems are used for basic tasks like monitoring and
collecting data from measurement systems. Meanwhile, these environments provide a wide of
possibilities for data analysis, from determining parameters by indirect methods and their
monitoring during the test, statistical analysis or determination of systems characteristics and also
the design of control systems for test equipment [6-10]. For higher expectations in data acquisition
and processing, complex so-called real-time techniques are offered. The CompactRIO controllers
and field-programmable gate array (FPGA) systems makes it easier for engineers to develop
embedded applications designed to control and monitor industrial systems [11, 12]. As it is a
hardware component, the system works extremely fast.

The purpose of this overview paper is to discuss the application of the idea of virtual instruments
in the development of custom test stands using examples of laboratory tests, where measurements
and analysis are performed simultaneously and the data is used in the control process.

Data Acquisition (DAQ) systems
Data acquisition is the process of measuring real-word physical parameters and convert them into
digital form that can be manipulated and analysed by a computer technics. Due to the need to
program and analyse calculations for data, PC-based measurement structures are found in
laboratories. Standard I/O modules like PCI, PCle or USB and Ethernet can be used. They differ
mainly in the speed of data transmission. Easy of use and sufficient performance for typical
measurement tasks have made the USB and Ethernet standards very popular recently. One
advantage is the mobility of workstations based on laptops, for example. For the applications
described in this article, external USB 1I/O hardware and National Instruments transducers used as:
e NI9205 Module with counter input channels to control the turbine flowmeter,
e NI9237 Strain/Bridge Input Module for handling strain gauge systems and load
measurement,
e NI6001 Multifunctional I/O Module, where digital I/O have been used to turn drives on
and off and control limit switches, and analog outputs controlled the inverter,
e NI9217 Module for temperature measurement,
e NI9203 Module to serve the absolute pressure transducer, differential pressure transducer,
barometer,
e NI9265 Module to control the electric motor rotation,
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e NI9403 Module with digital input/output channels to control the stepper motor and limit
Sensors.

Some of them functioned grouped in a dedicated CompactDAQ cDAQ9172 chassis. The cDAQ
system is an extension and facilitation of communication in case of using more measuring DAQ
modules.

Standard USB 2.0 Hi Speed is applied, which for small power consumable systems can supply
up to 5.25V and SmA maximum. In this case, it is possible to collect analogue input/output signals
with sampling rate 3.2MS/s and update rate 1.6MS/s respectively, digital signal with frequency up
to 10MHz.

Virtual instrument programming - graphical programming environment

As mentioned earlier, an essential element of the so-called virtual instruments is an open user
interface. Solving the software problem of data acquisition, processing and presentation (e.g.,
tables, graphs) is the user's task. Custom software allows you to apply your own algorithms for
conducting research, processing data, including consideration of physical quantities measured by
indirect methods. The difficulty here is knowledge of the programming language. In the case of
text-based, highly sophisticated languages like C and its variants, knowledge of syntax,
formulating text commands can be very time-consuming and the procedures for communicating
with measurement equipment require a lot of experience on the part of the programmer. Supporting
engineers and scientists with little programming experience are graphical programming
environments. Supporting engineers and scientists with little programming experience are
graphical programming environments (e.g. DASYLab, nCode, Matlab SIMULINK or
NI LabVIEW). These languages characterized by the fact that the program is created as a data
processing scheme and built in this form in the workbench (Fig. 3).
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Fig. 3. Functions library (palette) and graphical code of the data flow scheme (NI LabVIEW).

Graphic icons on Figure 3 represent functions and data. They have so-called terminals, to which
lines (wires) are connected. The lines represent the flow of data and the direction of flow is strictly
defined. A major simplification is defining functions using configuration windows. The user can
create his own functions, so-called subroutines. The LabVIEW environment appears to be
uniquely advanced in this area: it addresses a variety of engineering issues in measurement
programming, data analysis, computer simulation or even machine control systems.

In addition to the graphic code, the user can develop a screen on which the user will
communicate with the software (Fig. 4). Again, the user has a library of elements ready to use.
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Fig. 4. Front Panel — user interface and screen component library (NI LabVIEW).

Air flow laboratory — case study

The airflow laboratory located at the Opole University of Technology conducts research in the
area of phenomena accompanying the flow of air in pipes (Fig. 5a). The size of the gas stream,
along with temperature and pressure, are the basic parameters of the operation of such systems.
There is a need to study new designs of measuring elements for these phenomena: the presented
stand serves, among other things, for this purpose [1, 8, 10]. According to the scope of the study,
it is necessary to control the current parameters of the airflow in the pipe. For this purpose, the test
stand is equipped with suitable sensors such as a temperature sensor (Fig. 5b), a flow meter
(Fig. 5¢) or a pressure sensor (Fig. 5d) used for indirect measurement of the jet velocity. The tests
have been carry out for different levels of airflow speed. This can be achieved by controlling the
speed of the blower drive with an electric motor controlled by an inverter.

Fig. 5. General view of the stand and example sensors.

In addition, in order for the determination of the air velocity profile in the pipe cross-section to
take place automatically the pressure sensor (Prandtl tube) was moved and positioned in the pipe
using a linear module with a stepper motor (Fig. 6).

34



Experimental Mechanics Materials Research Forum LLC
Materials Research Proceedings 30 (2023) 31-38 https://doi.org/10.21741/9781644902578-5

Prandtl| tube
handile

Prandtl tube

Linear
module

Fig. 6. Measurement of the profile of the air stream velocity.

Both measurements of airflow parameters such as temperature and pressure, positioning of the
Prandtl sensor to study the velocity profile, and controlling the blower rotational speed (RPM)
have been integrating in a dedicated virtual instrument (Fig. 7).
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Fig. 7. Virtual instrument for airflow laboratory stand.

As a result, an integrated, completely automatic test and measurement stand has been obtained.

The modifications made have resulted in the following functional advantages:

— automatic measurement of the velocity profile of the air stream for different velocities of the
jet in the pipe,

— fully monitored and controlled parameters of the air stream in the pipe,

— reduction in the duration of measurements,

— increasing the repeatability of the measurement parameters with controlling and sustaining
pre-set values during the test,

— increased resolution of velocity profile measurements.

MZGS fatigue test stand — case study
The MZGS100 fatigue test stand [13] (Fig. 8) was developed for fatigue tests of specimens made
from constructional materials subjected to combined bending and torsional loading [14].

The specimen is loaded with moment caused by force applied to the load lever. A rotating disk
on which unbalanced weights are placed generates a cyclically time-varying force. As the disk
rotates, a centrifugal force B is generated, which, with the help of a link, is transmitted to the beam.
An AC motor drives the disk where for rotational speed management the controller with LG iC5
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inverter is applied. An additional spring actuator allows a mean load to be achieved. From a
mechanical point of view, the machine is a second-order oscillating object.

4 1
load lever 7 } load lever
- !
i ‘%Y(t)
specimen Imkj
B

. . = i rotating disk
AC electric motor drive o *s g
= rotating disk with unbalanced unbalanced mass m
| g weights (harmonic oscillator) A 3
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77 — £ £ base flat springs \’

flat spring

spring actuator

specimen

head with clamp and specimen holder

Fig. 8. Overall view of the MZGS100 stand and its scheme [13].

The original design was primarily used to determine the fatigue limit and fatigue properties in
the so-called high-cycle fatigue range. Only elastic deformation of the material occurs here, and
for proper operation of the stand, it was enough to properly select the weight (base on determined
characteristic) and control the speed of the electric motor. The functionality of the machine is
strongly limited, and any change in load requires stopping the test and manually changing the
operating parameters. Expanding the scope of testing for the area of low-cycle fatigue testing
requires controlling test parameters. It is necessary to measure specimen load and displacement.
The possibility of changing the load amplitude during operation requires changing the value of the
centrifugal force - the speed of the electric motor must be controlled (Fig. 9).

MZGS100 INITIAL MEASUREMENTS MEASUREMENTS

Measurements - information & CONT

Information allows the evaluation of
system performance.

Evaluation - control

Fig. 9. System development.

Strain gauge sensors act as a load (resultant moment) sensor, elastic deformation of the springs

is scaled to measure the displacement of the beam and an encoder integrated with the disk is used
to measure the speed of the drive (Fig. 10).
The 4-channel USB 9237 strain gauge amplifier has been use to acquire the signal from the strain
gauges. Measurement of the encoder signal was implemented using the counter input of the USB
6001 module. At the same time, the digital outputs of this module controlled the start/stop AC
motor connectors of the LG iC5 inverter and the analog output of USB 6001 managed its speed
control connectors. Figure 11 shows an example of the screen of the measurement section of a
dedicated measuring virtual instrument and an excerpt from the graphical code (schematic) of data
processing. During the measurement, it is possible to monitor the accuracy of the drive operation
and the current state of the test parameters, observe the time waveforms of load and deformation,
the graph of the so-called hysteresis loop is presented as an indirect diagram from the measurement
results. Information about test parameters, fragments of data history are saved in the local disk
automatically.
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Fig. 11. Virtual instrument for MZGS100 control: measurement module and example of

>
8 L

L

graphical code of the program.

The modifications made have resulted in the following functional advantages:

configuration of sensors and measurement modules at the control program level,

full management and control of the parameters of the fatigue test and their sustainment over
time,

performing fatigue tests for both load amplitude and displacement amplitude control,
automatic load change during tests according to a pre-set sequence of moment amplitude
(block load),

saving data according to user settings,

control of limit states and automatic shutdown when critical values of operating parameters
are exceeded.

Summary

The idea of virtual instrumentation makes available solutions that are effective alternatives to
traditional measurement systems. It can be used as a complement to the measurement systems of
commercial measurement systems and is an excellent tool for building control and measurement
systems for custom laboratory stands. The main advantages of virtual instruments can be drawn

as:

the hardware configuration (e.g. DAQ I/O cards) can support different laboratory stands and
tasks as long as the sensor signals meet the data acquisition system's requirements,

the open user interface allows you to create dedicated programs that process data according
to custom (researcher’s) algorithms, especially for physical quantities that are not measurable
(indirect quantities),

both measurements of quantities from the experiment and control of test bench operation can
be integrated into the virtual instrument,

the user can effectively introduce into the existing systems both new measurement equipment
and new program elements measurement and control programs,
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— the ability to apply any data processing algorithms within the virtual instrument allows to
analyse data on the fly without post-processing calculations.

The presented examples of applications of virtual instruments confirm the possibility of their wider

use than just for data acquisition from measuring instruments. The virtual instrumentation based

laboratory equipment present cost-effective, compact and user-friendly human-machine interfaces

for the measurement and laboratory equipment control.
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Abstract. The process of the measurement of the fluid speed by use of PIV method consists most
often of several stages: the insertion of the fluid markers of movement, the stimulation of these
markers to lucency, the registration of the image of markers, the quantitative analysis of registered
images for the purpose of finding the parameters of their movement. Every one of these stages can
be realized in many ways. This creates the possibility of adjustment of the measuring-process to
realized exploratory tasks. The present article shows possibilities existing in this area, significantly
transcending the offer of producers of the measuring apparatus dominant on the market.
Additionally, sources of measuring errors ignored usually in manuals of commercial equipment
sets are evidenced.

Introduction

Acronym PIV means Particle Image Velocimetry. In the classical version of the method small
shiny particles, e.g. solid phase particles, are inserted into the fluid. These particles move together
with the fluid, constituting the marker of the movement. Two (or more than two) photographs of
the particles images registered in the determined time interval (fig. 1a) enable to determine the
speed field in considered area.

Specklegram  Lens Fourier halo  Groundglass

Photo plate
or CCD matnix

Fig. la. Registration of particle image Fig. 1b. Analysis of registered image by use of
point by point optical Fourier processor

There are many different kinds of particles, different manners of excitation them to lucency,
different techniques of registration of the particle image and different manners of the analysis of
image displacement. Classification of certain variants of PIV method elements is presented in table
1.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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Tab.1. Multiple variants of components of PIV measuring process

Element of Variants Marginalia
PIV Method and remarks
1 | Marker Solid body particle: balsa dust, microbalon, flaky [ In great deal of commercial
aluminum, toner of laser printer offers of PIV arrangement a oil
Aerosol (in gas media) aerosol is very often used as
bubbles of gas in liquid the marker
bubbles of gas in gas visible in extended laser
beam or in Talbot interferometer
2 | Kind of Frontal lighting: coherent, noncoherent Optical knife based on laser
illumination | Lighting from behind: coherent or not coherent |light is most often used.
Monochromatic  optical  knife:  coherent, | Variant “c” in connection with
noncoherent, strobing and variant “d” give
Multicolour optical knife possible to determine
Photorescence or luminescence component of speed perpen-
High temperature lighting dicular to plane of the light
knife.
3 | Kind of On photoplate or on CCD matrix Almost all equipment for PIV
registration Holographic used a CCD (charge coup-led

By use of classical single aperture lens

By use an photo-objective with stationary or
rotating multihole apertures

In different interferometer systems

device) matrix. The 3D
holographic registration was
used in TU of Czestochowa by
J.Szafranski.

4 | Exposure

Registration on following different frames
Two short exposures on one frame
Multiexposures on one frame

Strobing

Exposure in with strongly controlled time
Time averaging

Amplitude or colour modulated impulse

In commercial applications
variant “a)” dominates. Time
to time variant “b” is used.
Variant “g” was developed in
TU of Czgstochowa by
J.Pisarek, A.Wojciechowski,

and P.Mirek

5 | Whole field
image
analysis

Many kinds of analog whole field Fourier
processors

Application of moire effect

Digital Fourier processing, binary filtering and
interference of images

Whole field analysis is for
today used in to advertising
and educational purposes

6 | Point by point
image
analysis

Application of point by optical point Fourier
processor

Classical digital correlation and autocor-relation
Differential correlation

Approximation methods, direct determi-nation of
components of the relative movements tensor

Techniques based on integral
transformations (variant b and
¢) can be applied only for great
quantity of markers in
analysed area.

There exist several hundred different configurations of elements constituting the measurement
process by use of PIV methods. Unfortunately only several are applied in practice. This results
from the strong tendency to the application only of commercial sets of measuring arrangements
and proposed by their producers methods of experimental research. The knowledge of persons
working in area of the experimental mechanics of fluids is very often restricted to commercial
offers of several domineered market companies. It determines the exploratory possibilities in
essential way. For purpose of presented article is visible, that the possibility of the significantly
better adjustment of the applied methodology of the measurement to the kind of realized tasks
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exists. It is necessary reaching to wider knowledge about the theory of experiment and exit out
solutions proposed by producers and sales agents of the measuring equipment.
Historic conditionings

Balsa Dust

White w'wmmm

Light Knife

Camera

Fig 2. Investigation of the real flow inducted by helicopter rotor, described in NACA reports

The first information of PIV application comes from 50-th years of XX century. As the
indicator of the movement of powdered wood of the balsa was applied. Suitably formed
geometrically and amplitudely modulated beam from antiaircraft searchlight was a source of the
light . Images of dust particles on the classical film plate were registered. In these times presently
applied methods of image analysis were still not known. Presently applied phraseology was not
used too. Registered film cadres were analysed manually. The army was not interested in a
publication of its results in the commercial scientific literature. Therefore the world of the
commercial knowledge of new measuring techniques did not notice this new measuring
techniques. The dam of the ignorance was broken in the year 1982 when E.Brnaben, J.C.Amare,
M.P.Anogo [1] used techniques PIV in laboratory-research and made available results of their
works in the English-speaking, high-publishing journal.

Dust layer

Source of Air foil Water Camera Flash 1
the dust section chanel ash lamp
o

Fig.3. The use of the PIV technique to the investigation of flat flows in the open channel.

As the marker of the movement the aluminum-dust which remained on the water surface as the
result of the surface tension was applied. Of course also markers from material with specific
gravity smaller than the specific gravity of liquid were possible to use. Molecules of the dust were
illuminated from above.
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Cylindrical ~ Flash gt Measuring
mirror lamp  diaphragm  space

Glass wind Fig.4. Two white light knife
channel arrangement for
registration of the air
speed in the wind tunnel

In 1986 J.Pisarek [2] presented the proposal of the measurement of the speed of the fluid in the
glass-wind tunnel. The aluminum-pigment was used as the marker. Two light-knives were built
on the basis of high voltage bar-flash, applied usually in impulse lasers. In the eighties any
descriptions of the equipment PIV the use of laser light knife were presented in many publication
In year 2001 J.Pisarek and A.Wojciechowski proposed [3] the computerly controlled amplitude
modulation of the laser radiation (Fig.5b).

a) Camera Q b, 0000000000
w2 CINN00M
# 111 _[1 nn_n1

Fig.5. The use of the laser- light-knife with time modulated power

a) the geometry of the knife (where A is the wavelength of light)
b) examples of graphs of function of light amplitude modulation
c) the image observed at the modulation with the course #2

This gave the possibility of the increase of measuring precision and possibility of designation
of sense of a velocity vector on the base of only one film frame. The use of strobing at the large
thickness of the light-knife [4,5,6] or at the multicoloured knives gave the possibility of
determination of the third constituent of the velocity. The laser beam is a gaussian beam which
properties are described in handbooks of the wave-optics [9,10]. The laser optical knife is one of
forms of transformation of the gaussian beam. By selection of suitably parameters of the optical
system one can, for the determined wavelength, fix the average thickness of the knife and his width
and to enumerate changes of these parameters in the area of measuring.
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The registration of the picture of particle constituting the marker of the movement surrounding
fluid can be made by the camera lens with single-hole or multihole aperture diaphragm.
O o 1 Diaphragm Photoplate or CCD matrix

Optical knife

Fluid with
dispersed particles

|| Flow

Fig. 6. The registration of particles image by the lens with the two-hole aperture diaphragm

In this second case (fig.6) in the plane of the picture the row of interferential fringes is observed.
Fringes are perpendicular to the straight line passing trough holes in the diaphragm and distant
each from other is inversely proportional to the length of the distance between these holes. If on
material with the strongly non-linear attenuation diagram two different positions of the particle in
the small distance will be registered then the interference of images (moire effect) will be observed.
The same effect will follow in case of the digital processing of the image registered on linear
material transformed in to B&W image. In case of the peck of simultaneously registered particles
moving in the same direction with different speeds we will receive the contour-map of the speed
component parallel to the line connective diaphragm holes.

Analog Fourier processors
Idea of point by point processor was presented on fig.1b. In practice the optical system can be
extended a little more. The theory of optical Fourier transforming is described in the work [10].

Source of  Groundglass  Focus Image of Analysed Transforming  Filtering Image
the light objective  diaphragm  transparency lense diaphragm  plane

Vo

Kondenser Real diaphragm

Fig.7. The diagram of optical Fourier processor to determining of the speed module.

Whole field processing of PIV image and the theory of Fourier transformation of multiexposure
speckle images, (to which PIV images belong), are described in work [7]. New solution, hitherto
not published, is the processor enabling the visualization of the spatial schedule of modules of the
speed (fig.7) . The light source of containing the diaphragm with at least one annular (ring) hole
is a characteristic feature of proposed arrangement. The hole in the diaphragm can be filled by a
circular-symmetrical multicoloured filter or to contain a circular-symmetrical grating. The
filtration of spatial frequencies of analysed transparency takes place by the small single hole
situated centrally in the plane of transforms.

Digital analysis of the image

The algorithm of the quick two-dimensional fast Fourier transformation (FFT) is currently very
often used technique of multi-exposure particle image analysis. If in the virtual transform plane
the binary filter will be put and the reverse transform of the function modified by this filter will be
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made then the contour-map of the determined speed component on whole field measuring region
will be possible to obtain. This is the digital implementation of whole field optical Fourier
processors.

For point by point analysis of the speed, recorded trough PIV technique the correlation or
autocorrelation algorithms can be used. In most cases there are product-algorithms.

Let us assume that two different frames with registered two images are translocated in relation
to themselves \by vector s=[sx, sy]. Function Ki(u,v) described by the equation (1) reach a
maximum when |ul=|ss| and |V|=|sy|.

Kl(usV):IIJl(X=Y)‘J2(X+usY+V) dxdy = max (1)
A
when
x,y — Coordinates in plane of analysed image
u,v — Coordinates in virtual plane in space of integral translation
A — Analysed area of the image
J(x,y) — The function of the brightness of points of images registered in the first or second

exposure

In case of when both images are registered on the same film frame the functional K2 described by
formula 2 achieves the maximum when |ul=Isx| and |v|=[syl

K,(u,v)= J.J‘J(X, y)-J(x +u,y+ V) dxdy = max ()
A

In case of registration of N-exposures the absolute value of the shift of analyzed image region
one can obtain from the condition of the maximization of the functional value:

N
K3(u,v):IIH J(x+n-u,y+n-v) dxdy = max (3)
A n=0
Differential algorithms give a radical improvement of accuracy of calculations. In case of N

exposures sought module of movements component can be obtained by seeking the minimum of
functional:

N
K,(u,v)= Z jj(](x +n-u,y+n-v)—J(x,y)dxdy = min 4)
n=l A
Given algorithms permit the designation from one film frame of only absolute values of
movement components. However the possibility of the designation of the speed sense exists if
we apply the suitable modulation of laser pulse. For example for modulation #3 from fig.3b the
sense of the velocity vector one can obtain designating the maximum of the function:

Ks(u,v)= ”((J(X, v))-(J(x +u,y +v))-(J(x +3u,y +3v))) dxdy = max (5)
A

Described higher algorithms are intended to the analysis of the speed of the fluid in which the
large volumetric concentration of markers is observed. In case of small concentrations of particles
and in case of some kinds of multi-phase flows one ought to apply algorithms basing an analysis
of trajectory given out particle. The use of the theory of cliques gives here good results.
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A spectacular example of the use of the technique PIV is technique of analysis of traffic of solid
body particles in thick fluidal layer, elaborated in TU Czgstochowa by K.Sikora and J.Pisarek.

Fig.8a. Configuration of statement for measuring of
processes in high dense fluidal layer

Fig.8b. Fourier halos obtained in
optical point by point processor from
transparency recorded in arrangement
shown on fig. 8a

very bright colour is a general idea of this technique. Number of bright particles should be at most
5-times smaller than number of dark particles. The diagram of the measuring-arrangement one
showed on fig.8a. The example of result of the analysis in point by point Fourier processor is

showed on fig.8.b.

a)  Glass- Crai
pane rain
input
Separator
ccD of grains
Camera .~ E Air
Qﬂ { output
Laser
knife
Tested foil
section

7

Fig. 9.
a) Desk table wind table tunnel
b) The fragment of typical image
registered from this tunnel

The PIV technique can be applied also to model investigation of circulation fluidal layers
and to the illustration of some phenomena of the mechanics of fluids. The transportable
arrangement is made from glass and has dimensions1000x400x200 mm. The schema of tunnel is
shown on fig.9a. The air flow was forced by usual vacuum cleaner. As particles of the solid phase
alternatively: the table salt or sand (for two phase flow) , the semolina (for gas flow visualization)

were applied.

45



Experimental Mechanics XXIX Materials Research Forum LLC

Materials Research Proceedings 30 (2023) 39-46 https://doi.org/10.21741/9781644902578-6

Disadvantages and errors

The basic disadvantages of PIV methods is the lack of the possibility of making a measurement
in real-time. The inertial reaction and the gravitation can influence on the particle equally strongly
as surrounding her gas. Additionally electrostatic forces can be significantly sources of measuring
errors. The movement of speckle pattern generated in laser light by the gyral solid body particle is
also often observed source of error.
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Abstract. On the basis of experimental, analytical and numerical tests, a strength analysis of a rail
vehicle axle was presented, as well as an alternative approach to this type of issue. The axle of the
wheelset was tested on the experimental stand. Then, analytical calculations of the tested axis were
performed in accordance with the EN 13 103-1 standard in the sections where strain gauges were
located during the stand test. A numerical model was also created in a program based on the Finite
Element Method. The obtained results were compared and summarized. It turned out that the
results from all studies coincided, which suggests that each of the methods used is correct. None
of the obtained values exceeded the permissible fatigue stresses.

Introduction

Wheelsets (axle + wheels) are the basic construction unit of a rail vehicle. Among many
assemblies, they are the most exposed to fatigue wear, which was also strongly emphasized in
articles [1, 2]. Soba$ [3] presented technological measures increasing the service life of wheelset
axles on the basis of applicable standards. Michnej and Krwala [4] characterized the surface-
reinforcement treatments that increase the durability of the axles of railway wheelsets. Whereas,
Antolik [5] described the sources of fatigue cracks in railway axles. Many studies on the durability
of railway axles and attempts to strengthen the axles show the essence of the problem. This is
particularly important in the currently designed vehicles, where the main assumptions are to design
a vehicle with the lowest possible weight, moving at higher and higher cruising speeds.

The current applicable European standard EN 13 103-1 [6] containing the necessary rules for
the construction and testing of wheelset axles clearly suggests that axle strength calculations
should be performed using the analytical method. Thanks to the rules contained there, it is possible
to correctly perform a mathematical model of the tested object and correctly determine the forces
and boundary conditions for analytical calculations. Nevertheless, in this work, in order to compare
the analytical method and experimental tests with FEM simulation, it is necessary to thoroughly
understand the operation of the machine for testing the fatigue strength of axles of wheelsets, which
was presented in detail in Stasiak's academic textbook [7].

Nowadays, analytical methods are often superseded or only supplement the finite element
method, which is more accurate and has a wider range of applications. Similarly, in the case of
axis calculations, it seems necessary to adapt the current approach to modern simulation tools. An
alternative axis calculation method would be a bridge between analytical calculations resulting
from the standard and simulation methods, which would significantly shorten the calculation time
and enable multi-directional analyses.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.

47



Experimental Mechanics Materials Research Forum LLC

Materials Research Proceedings 30 (2023) 47-54 https://doi.org/10.21741/9781644902578-7

Tested axle
The object of research of this work is the non-powered axle of the type A wheelset (PN-92/K-
91048) [8]. The axle is made of EA1N steel.

The values of permissible stresses are presented in table 1. The values have been selected
according to the European standard EN 13103-1 [6] and they result from the fatigue limit at
rotational bending for the axis. It takes into account the safety factor S = 1.2 and the fact that the
places where we will make the measurement are outside the embedment areas.

Table 1 Maximum permissible stresses for solid axles [6]

Odop Odop S=1.2
Steel
[MPa] [MPa]
EAIN 200 166
Bench tests

Bench tests were carried out at the Lukasiewicz Research Network - Poznan Institute of
Technology in the Rail Vehicles Testing Laboratory at the 18SB test stand intended for testing the
fatigue strength of wheelsets axles. For this purpose, a sample was delivered to the plant in the
form of a half-set, which consisted of an axle and one pressed-in wheel. The wheel was pressed
onto the axle with the applicable dimensional tolerances and forces. The tests included the
performance of a fatigue test in the range of 10 million cycles and strain gauge measurements to
determine the stresses and control of these loads during the test. Strain gauge measurements belong
to experimental methods of measuring deformations on the surface of the tested element. The
centers of the electro-resistance strain gauges were respectively 300 and 250 [mm] from the center
of the wheel (Fig. 1).

Fig. 1 View of the arrangement of resistance strain gauges
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The structural system of the fatigue machine used for testing, shown in figure 2, uses the
centrifugal forces of masses rotating with a constant angular velocity. A sample of the axle with
actual dimensions was attached vertically to the machine body, and the rolling wheel mounted on
the axle was attached with special anchor holders. Forces P and P> (values: 37.4 and 81.0 [kN]),
which directly loaded the sample, were caused by centrifugal pulsators mounted at its ends. The
pulsators that caused the Qi and Q forces were used to dynamically balance the forces that acted
on the foundation of the machine. Both the upper and the lower pulsator are driven by a separate
DC motor, powered by a common drive system from the control panel. In the middle part of the
column there were safety sensors, which, in the event of contact with the axle sample, immediately
switched off the drive system and stopped the machine. The machine was made at H. Cegielski in
Poznan according to the construction documentation of the Research and Development Center of
Rail Vehicles (now Lukasiewicz — PIT).

e ' ] 4 l
7 — > '
Q1 p- |
] S l 2
1 6 9 Py :
| i —= 1
G I A The machine includes:
9 —Hf - 3 1 - tested sample
- : v 2 - upper loading pulsator
l 7T e 1% Pa L 3 - lower loading pulsator
sl LA s f TPV !
pr - 5 * i 4 - upper relief pulsator
| M ) A Q: & AN | 5 - lower relief pulsator
il 6 - cardan shaft
10 7 - angular gear
8 — protection
HIN L ! 9 - sample mounting

Fig. 2 Scheme of a fatigue machine for testing axles and wheels of wheelsets [7]

The tested set was mounted on the fatigue machine shown in figure 3 and statically loaded in
the axis of the upper pulsator with a concentrated force corresponding to the centrifugal force of
the pulsator. This procedure is necessary to determine the important parameters for setting the
loads required in the fatigue test. During two measurement cycles, the axes were loaded with a
force of 40 kN and the deflection arrow was measured in the axis of the upper pulsator and in the
axis of the safety sensor, and strain gauges were measured in the control zones. In this way, the
rotating masses of the loading pulsators were determined.
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Fig. 3 View of the fatigue machine for testing axles and wheels of wheelsets
(Lukasiewicz-PIT archive)

The results obtained in experimental studies are presented in table 2.

Table 2 Deformations and stresses occurring at the locations of strain gauges

Deformation Average amplitude
. Distance
Strain gauge no €max Emax Esr Oa
[mm] [um/m] | [pm/m] [nm/m] [MPa]
1 os 300 585.5 596.05 590.775 122
2 os 250 608.37 619.48 613.925 127

Analytical calculations

Analytical tests were carried out in accordance with the European standard EN 13103-1 [6]. As a
standard, calculations are made considering two types of forces coming from masses in motion
and braking. The concentration of stresses in the cross-sections of the axles most exposed to
overloads is checked. Nevertheless, the purposes of comparison with other test methods, two cross-
sections in which the strain gauges were placed during the bench test were analyzed analytically.
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The input data needed for the calculations are given in Table 3.

Table 3 Results
Force on the upper pulsator Py 37.40 kN
Force on the lower pulsator P> -81.00 kN
Wheel rolling radius R 0.46 m
Distance of the upper pulsator axis to the center L | 74 m
of the wheel
Distance of the lower pulsator axis to the center Ly 0.6 m
of the wheel
Top moment at the center of the rim width Mg =P, - Lg 65.15 kN-m
Bottom moment at the center of the rim width Mg =P, Ly -20.90 kN-m
Moment applied to the wheel disc M1-M2 M = Mg — My 86.05 kN'm
M
Force at the periphery of the circle P, = ?t 187.06 kN
Distance of the wheel from the ,,20s” strain gauge Li 095 m
on the axle
Distance of the wheel from the ,,10s” strain gauge Lo 0.30 m
on the axle
Axle dimeter behind the wheel d 0.160 m
3

Strength index W=r1" 2_2 0.000402 m?
The bending moment of the axis in the place of _ I ‘
the strain gauge ,,20s” My =P(lg—Li) | 5580 | kN'm
The bending moment of the axis in the place of _ 1 ‘
the strain gauge ,,10s” Mz =Pi(lg—Liz) | 53.93 kN'm

. . . ED) M
Stresses in the axis at the place strain gauge ,,20s 5, = 1 139 MPa
<166 W - 1000

. . . ED) M
Stresses in the axis at the place strain gauge ,,10s 5, = 2 134 MPa
<166 W - 1000
The ratio of the moments Mg/Md t -3.12 -

MES research
Currently, the Finite Element Method is the most used tool for numerical analysis of structures. It
is a discrete method that solves differential equations in an approximate way. The use of FEM
allows for significant savings by eliminating many bench tests. Thanks to it, it is also possible to
properly prepare the model for experimental research by determining the appropriate measurement
parameters or indicating the most favorable location of strain gauges.

The strength analysis was performed with the ABAQUS/Standard program based on the Finite
Element Method at the Lukasiewicz Research Network - Poznan Institute of Technology.

The following units of measurement were used in the calculations: [mm], [N], [MPa].

Support conditions and loads Py and P> (Fig. 4) were introduced into the computational model,
which are identical to the restraint of the wheelset during the bench test and the assumptions that
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were included in the mathematical model, so that the obtained results can be compared as precisely
as possible from all conducted studies.

Y —
n Ux=Uy=Uz=0

Fig. 4 Scheme of modeling the boundary conditions of the tested object

Before performing the calculations, a study of the size and type of the finite element was carried
out. The stress calculation results were examined and compared by changing the types of finite
elements on the axis. Various finite elements were checked and the results of the calculations
turned out to be were very similar to each other. It was decided to use tetragonal square elements
in accordance with the guidelines in [9]. This allows to reproduce all the details of the tested axis
with the greatest possible accuracy and to easily determine the points where the strain gauges were
placed during stand tests. The results obtained with the FEM method are shown in figure 5.

Fig. 5 Huber-Mises stress distribution in the wheelset model in the locations of strain gauges
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Summary

Comparison of the results obtained from analytical calculations, FEM numerical tests and bench

tests with limit values is presented in Table 4.

https://doi.org/10.21741/9781644902578-7

Table 4 Summary of research results

Bench Calculations FEM numerical Permissible
. research analytical research stresses [6]
) Distance
Strain gauge
no (o G, Ca Gdop
[mm] [MPa] [MPa] [MPa] [MPa]
1 os 300 124 134 136 166
2 0s 250 129 139 140 166

The stress values obtained from analytical calculations of the tested axle of the rail vehicle and
during numerical tests based on the Finite Element Method, as well as bench tests, are almost
identical, which suggests the correctness of determining the boundary conditions and loads in
computer analysis using the Abaqus/Standard program. None of the obtained values exceeded the
permissible stress (taking into account the safety factor equal to 1.2), i.e. 166 MPa.

Thanks to the conducted research, it can be concluded that numerical analysis based on the
finite element method reflect the real results that were obtained by means of deformations
determined on the tested axle sample on the experimental stand and during analytical calculations
in accordance with the standard [6].

On the basis of the conducted research, it can be unequivocally stated that simulation studies
can be an alternative or a great support for analytical methods. Thanks to the FEM analysis, we
can check the distribution of stresses that arises over the entire tested structure, and not only in a
few potentially most endangered cross-sections. Using computer simulation, we can additionally
introduce various types of structural modifications much faster and check how a given change will
affect the strength of the tested object. In many areas, the finite element method has completely
supplanted analytical calculations. Also, in the case of axles of wheelsets in rail vehicles, it seems
necessary, for example, to extend the existing guidelines for axle fatigue strength analysis with
FEM simulations. The discussed extension of the strength analysis will significantly facilitate and
accelerate the work on the design of the axles of rail vehicles and will enrich the methodology of
approach to such issues.

To enrich the strength analysis of rail vehicle axles carried out so far, will be to carry out bench
tests with more strain gauges. It gives us a more accurate picture of the stress distribution in the
real axle located on the experimental stand and compare it with the results of analytical calculations
and FEM simulations.
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Abstract. In this work, the experimental results of the electromechanical coupling coefficient
identification are presented. The research covers two cases: test with a single magnet (I) and test
with a double magnet, where two repelling magnets in one structure are connected (II). In case (1),
the analytical description of the electromechanical coupling coefficient was determined. Whereas
the analysis of case (II) confirms the superposition principle for interactions between both magnets
and a single inductive coil. Finally, the presented analysis proposes some premises which will be
used in the future to develop the model with two levitating magnets.

Introduction
Energy harvesting from a system with one levitating magnet is well-known and has been described
in many papers [1, 2, 3]. This research presents many aspects: the modelling of electromechanical
coupling [1], the existence of electrical damping [2], optimal resistance load [3], etc. However,
one of the problems of this solution is its low recovery effectiveness. For example, a small
electromagnetic harvester dedicated to energy recovery from human body motion is presented in
[4]. Obtained results showed that the maximum harvested electrical power was approx. 0.7mW.
In order to increase efficiency, modifications to the electromagnetic harvester structure are
introduced. One of the suggestions is to use two independent levitating magnets. This concept is
presented by Mitura and Kecik in [5]. This research has several limitations. First, the
electromechanical coupling coefficient has a constant value, because small vibrations from
magnets are only considered. Secondly, each magnet has its inductive coil and the determination
of the total electrical power is ambiguous. However, the results obtained are promising. The
maximum recovered electrical power was about 0.45W. In the next research, it is planned to use
only one coil to induce an electromotive force from the larger vibrations of both movable magnets.
Developing a new model requires describing the strongly nonlinear curve of the electromechanical
coupling coefficient. Moreover, the mechanism of the electromotive force generation should be
checked, i.e. is it a superposition of the interactions between individual magnets and a single coil.
The research shown in this paper will be used in the future to develop a model with two
levitating magnets and a single inductive coil. The presented analysis is limited to two selected
issues from the initial modelling stage (sections 2 and 3). In the section "Experimental research
with a single magnet" the experimental measurement of the electromechanical coupling coefficient
for the motion of a single magnet relative to the coil is presented. The obtained nonlinear
relationship is approximated by analytic functions. This description can be used to model the
electromechanical coupling coefficient of interaction between one magnet and a coil. The next
section "Experimental research with double magnet" presents experimental research, where two
moving magnets were used. The purpose of this study was to show that descriptions of the
interaction between each magnet and the coil can be considered separately. Tests for two
independent magnets would be inconclusive. Therefore, the special case was analyzed. In this case,
both magnets were connected by a connector. Finally, the distance between both magnets is

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
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constant. The created structure (magnet-connector-magnet) called a double magnet is easier to
analyze, and the superposition principle could be confirmed. The superposition principle means
that the coil voltage obtained from the double magnet motion results from the sum of the voltages
generated by two single magnets considered separately. In the last section, the conclusions are
presented.

Experimental research with a single magnet

All experimental research was performed on a small strength machine, Shimadzu. An epoxy tube
was clamped in the bottom fixed machine handle. Next, an inductive coil was installed on this
tube. The basic parameters of the applied ring-shaped coil were: total length - 50 mm, inner
diameter - 28 mm, outer diameter - 42 mm, resistance - 1.15 kQ and inductance - 1.46 H. The
tube also provided proper guidance of the neodymium magnet relative to the coil. The cylindrical
magnet used was 20 mm in diameter and 20 mm in height and was connected to the machine
traverse. During tests, this traverse moved up and down at a constant speed (1 meter per 1 minute)
and generates the motion of the magnet relative to the coil. Based on the experiment, the
electromotive force U (coil voltage in volts) and magnet position relative to the coil centre x
(distance in millimetres) were measured. Obtained nonlinear curve U=f{x) is presented in Fig.1a.
These data were used for the determination of electromechanical coupling coefficient a. Simple
calculations can be made from the following equation:

o=U/, (1)

where v is the traverse speed (0.0167 m/s). In Fig. 1b the nonlinear characteristics a=f{x) can
be seen.

a) b)
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-40
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Fig.1. The measured curve U=f(x) (a) and approximation a=f(x) (b) based on it.

The trend a=f{x) can be described by a polynomial [6]:
a(x) :050+061x+0!2x2+0(3x3+_” +ox". (2)

Polynomial coefficients were found using the polyfit MATLAB function [7]. Quality analysis
of the experimental data fitting by n™ order polynomial was also performed. The fit quality was
assessed using the mean absolute error MAE [8]:
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where: m is points number, o;experiment is i value of electromechanical coupling coefficient
calculated from the experiment (1) and o poiynomia is i™ value of a taken from polyfit approximation
(2). The influence of order number - n on the fit error is illustrated in Fig.2a. When n>24 it can be

assumed that the error A does not change and it is minimal, about 0.32 Vs/m.
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Fig.2. The fit error A=f(n) (a) and selected polynomial approximation a=f(x) (b).

After analyzing the curves in Fig.2b, it can be concluded that a good representation of the
experimental data requires the use of a high-order polynomial.

Experimental research with double magnet

In the previous section, the electromechanical coupling coefficient model (2) for interaction
between a single magnet and inductive coil is given. If this relationship will be applied to a system
with two levitating magnets, then the relationship independence between each magnet and the coil
should be checked. In this section, this interactions independence is confirmed. To research, two
identical magnets were used. The applied orientation of their poles would repeal magnets (see Fig.
3). So, both magnets were connected with a connector. In this situation, the distance between both
magnets is constant. This is also important from an analysis point of view. Now, it is much simpler
and unambiguous. The structure of the so-called double magnet (magnet - connector - magnet) is
shown in Fig.3. This scheme presents and defines the basic elements (1, 2, 3, 4, 5), centers of
connector and coil (points O and C, respectively), lengths of magnet and connector (/ - magnet, L-
connector), and coordinate x. The experimental tests were repeated for different lengths of the
connector L: 0 mm, 15mm, 35mm, 55 mm. In this section, the obtained curves for the double
magnet and the sum of two characteristics from Fig.la were compared. This analysis is very
important because it can present the possibility of separate consideration of interactions between
each magnet and coil. If the superposition principle is confirmed then each interaction magnet-coil
can be described by a separate mathematical relationship. The sum of two curves for a single
magnet U=f(x) (Fig.1a) must take into account their respective shift:

Ui=f(x1)
U>=-f(x2) where

where x1=x-L/2-1/2, 4)
x2=x+L/2+1/2, (5)

where: U, is curve U=f(x) taken from Fig.la and shifted by distance -L/2-//2 in coordinate x
domain. Whereas U> is obtained from the same curve U=f(x), it is inverted and shifted by distance
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L/2+1/2 in coordinate x domain. This curve reversal is due to the orientation of magnet poles
relative to the coil (NS or SN). Now, for the same motion direction and the same position relative
coil, the considered separately single magnets will generate voltage with the opposite sign. Finally,
the coil voltage from the superposition of both interactions can be written as:

U=U,;+U, (6)

Fig.3. Scheme of experimental setup.

1 - tube, 2 - inductive coil, 3 - top magnet, 4 - bottom magnet, 5 - connector, C - coil center, O -
connector center, L - connector length, | - magnet length, x- distance between coil center and
double magnet center
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Fig. 4. Comparison of coil voltage from direct experiment for double magnet and superposition
estimation (6).

a) L=0mm, b) L=15 mm, ¢c) L=35mm, d) L=55 mm.

The obtained results (Fig.4) show that the voltage measured for a system with a double magnet
can be mapped using the superposition principle. Comparison of both cases (black and green
series) have high compatibility. The maximum and minimum values are very similar. Only a very
small shift of both signals can be observed. Based on this analysis, it can be concluded that a
separate description of the magnet-coil interaction can be used in the modelling process. Finally,
the mathematical description of coil voltage for a case with a double magnet can be written in the
following form:

U=(ao+ouxitaxr+osxr+...+anx")vE ( aotouxatox’+asxs’+...Fanx")v, (7)
where v- double magnet speed and sign = depends on magnet pole orientation: minus - repulsive
magnets presented in this paper or plus - attracting magnets.

Summary

This paper is an important link between previous research [5] and the new concept. In the future,
the system with two levitating magnets and one inductive coil will be considered. The presented
results give some information, on how to create a new model. The curve of the electromechanical
coupling coefficient is strongly nonlinear. It can be described by a polynomial function. However,
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the polynomial order should be high (#>24). The high-order polynomial can generate some
problems when the analytical solution will be searched. The polynomial can be replaced by a low-
order trigonometric function [9], but this approach can generate even more problems during the
analytical solution calculations.

In the mathematical description of the interaction between the top or bottom magnet and the
coil can be investigated separately. It results from the analysis of the correctness of the
superposition principle. This fact is important. If the superposition principle would not correct,
then the model development of a system with two levitating magnets (case without connector) will
be very difficult or impossible.
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Abstract. This paper presents an in vivo experimental study in which an optical digital image
correlation system was used to assess the activity of the temporalis muscle. The muscle activity
was analysed and assessed based on its displacements resulting from unilateral cyclic loading and
unloading of a specimen placed on one side of the mandible between pairs of corresponding
premolars and molars. Two sets of synchronised cameras (two per side) positioned on the working
and non-working sides were used for the measurements. The results of the measurements were
analysed individually for each part of the muscle, i.e. the anterior temporalis, the middle temporalis
and the posterior temporalis and each side. The results indicate that the presented measurement
method made it possible to determine temporalis muscle activity in vivo from displacement
measurements. It also confirms the information on temporalis muscle function given by other
researchers. In addition, the advantage of the presented method is that it offers significantly greater
measurement capabilities (larger area of analysis) than other measurement methods, such as
electromyography.

Introduction

Muscle activity or muscle force values are usually determined by electromyography (EMG) or
numerical simulations. In the first method, the electrical potential of the muscle is measured, which
is the determinant of its bioactivity. Force values are then calculated based on empirical equations
relating a given potential value [1, 2] and the muscle's physiological active cross-section (PCS) 3,
4]. In numerical simulations, muscle forces can be determined by inverse kinematics and dynamics
analysis [5, 6, 7, 8, 9].

During EMG measurements of the masticatory muscles, the temporalis and masseter muscles
are most commonly studied because they are located externally from the buccal side, allowing
easy access for electrode placement. In the case of the lateral pterygoid and medial pterygoid
muscles, the application of EMG is very difficult because their location (hidden behind bony
elements and soft tissues) requires the application of electrodes intraorally [10, 11].

Based on an analysis of the biomechanics and mechanics literature [12], a method based on 3D
digital image correlation can also be used to measure surface muscle activity. The main advantage
of the method is that it is possible to measure the activity of the entire muscle and not just a limited
area lying around the electrode, as in EMG measurements. Disadvantages include the need to
cover the surface of the test area with a suitable mask and illuminate it with monochromatic light.

The temporalis muscle was chosen for the study described in this article because: (1) it is easily
accessible from the outside, (2) it is located in a zone with little adipose tissue, (3) anatomically,
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it is the largest muscle in the head and also the largest muscle involved during mastication and (4)
it is divided in a plane rather than by depth.

In anatomical terms, the muscle is divided into two areas according to the actions performed
by its muscle fibres: the anterior part, characterised by a near-vertical fibre arrangement, is
responsible for retracting the mandible, while the posterior part, characterised by a near-horizontal
fibre arrangement, retracts the protruding mandible forwards. In the biomechanics of the
masticatory system, the temporalis muscle is divided into two or three areas [13, 14, 15, 16]. Each
area is most often modelled by a single vector (a component of the principal vector of the
temporalis muscle).

This study aimed to identify areas of peak temporalis muscle activity in vivo during unilateral
cyclic loading and unloading of the masticatory system. The analysis was performed for rhythmic
changes in muscle displacement on the working and non-working sides using a 3D digital image
correlation system.

Material and Methods

Determination of temporalis muscle displacement required the preparation of an experimental rig
based on a non-contact optical digital image correlation system (DIC - Dantec Q400, Dantec
Dynamics A/S, Skovlunde, Denmark), consisting of 2 synchronised camera sets to set up on the
working (W) and balancing sides (V) - fig. 1. Initial testing was performed on an adult male subject
after informed consent. The subject had full dentition with no known masticatory dysfunction.
During the measurement, he sat comfortably in an upright position with his head resting against
the headrest.

camera set no. 1 1 camera set no. 2
(working side) wilillds (non-working side)"

Fig. 1. The experimental setup used a digital image correlation system IC) to measure the
temporalis muscle displacement during the masticatory system's unilateral cyclic loading and
unloading.

Temporalis muscle activity was assessed based on its displacement during unilateral cyclic
loading and unloading of a specimen (made of rubber-derived material) placed on one side of the
mandible, between pairs of corresponding premolars (45-15) and molars (46-16) - fig. 2.
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Fig. 2. Schematic showing the specimen placement between pairs of corresponding premolars
(45-15) and molars (46-16).

Taking measurements with the DIC system required the temporalis muscle (i.e. the skin covering
the temporalis muscle) to be covered with a unique pattern of black and white spots, which are
used by the correlation algorithm as a source of information (Fig. 3). Prior to the final
measurement, a reference photo (the so-called zero state) of the temporalis muscle was taken, the
tension of which corresponded to the placement of the sample between the teeth.

i

Fig. 3. Unique pattern of black and white spots; (a) workin side and (b) 0n-w0rking side.

During the test, the subject was asked to bite at a constant natural rate and a subjectively
accepted force close to the maximum bite force. Measurements were taken three times for five
cycles of loading and unloading. Images were taken at 4 Hz.

Results

The parameter analysed to determine the activity of the temporalis muscle was displacement
perpendicular to the plane of the image, i.e. in the Z-axis direction (fig. 4). The results of the
measurements were analysed from circular areas, defined on the surfaces of each of the three parts
of the temporalis muscle, i.e. the anterior temporalis (A7), the middle temporalis (MT) and the
posterior temporalis (PT) - fig. 4. The division of the muscle was carried out based on information
reported in the literature related to the biomechanics of the temporalis muscle [17, 18]. The
displacement values are the average of the results from a 10.0 [mm] diameter circle - fig. 4. The
sites were selected based on the images obtained for the maximum displacement values for each
side and part of the muscle, respectively, for the working side (p4w=, puw=, ppw-) and non-working
side (panz, pmnz, ppaz) - fig. 5. In addition, for each maximum displacement value, the standard
deviations (+SD) were determined - Table 1.
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Fig. 4. Division of the temporalis muscle into three parts; (a) working side and (b) non-working
side, and the areas (delimited by a circle) from which the mean values of temporalis muscle

displacement were analysed.
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Fig. 5. Mean displacement values determined for the different parts of the temporalis muscle; (a)
working side and (b) non-working side.
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Fig. 6. Comparison of mean displacement values between the working side (pwz, pmwz, ppwz)
and the non-working side (pan:, pun=, ppn:) for the three parts of the temporalis muscle; (a)
anterior temporalis, (b) middle temporalis and (c) posterior temporalis.
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Table 1 Maximum, mean displacement values [mm] and standard deviation (£SD) for each part
of the temporalis muscle, corresponding to the working side (paw-£SD, pyw-£SD, ppw-£SD) and
non-working side (pan-+SD, pun-£SD, ppn-£SD).

Part of muscle

Step
AT MT PT
Working side
(pawASD) (puw==£SD) (ppw-ASD)

1 0.99+0.010 0.47+0.001 0.08+0.010
0.99+0.010 0.57+0.002 0.08+0.003
0.97+0.010 0.55+0.002 0.09+0.001
0.95+0.006 0.59+0.004 0.124+0.013
0.94+0.004 0.57+0.008 0.07+0.013

DN AW N

Non-working side
(pan-£SD) (pun-£SD) (ppn-£SD)
1 0.46+0.030 0.09+0.009 0.11£0.030
0.55+0.060 0.1140.006 0.13£0.030
0.50+0.003 0.13+0.007 0.14+0.020
0.50+0.002 0.14+0.004 0.16+0.030
0.47+0.003 0.17+0.007 0.16+0.020

(O T I SN BRSO

Conclusions
This paper presents an experimental study in which the DIC system was used to assess the activity
of the temporalis muscle during unilateral cyclic loading and unloading-of the masticatory system.

The most important result of the experimental studies carried out is the demonstration that the
use of the DIC makes it possible to determine the activity of the entire temporalis muscle, and the
results clearly show that the involvement of the muscle on the working side is different from that
on the non-working side. This confirms the results presented in other work [14, 15, 19], in which
similar results were obtained based on muscle forces. This means that there is a correlation
between the results obtained from the DIC system and, for example, methods based on vector
calculus.

The analysis of the mean displacement values shows that the anterior part on the working side

is more involved than the other parts - similar correlations occur on the non-working side. Based
on the maximum displacement values (Table 1), it was noted that on the working side, the
temporalis muscle activity is significantly higher than on the non-working side for the AT and MT
parts by 49% and 77%, respectively. For the PT part, the non-working side shows more activity
than the working side by 59%. This means that the muscle is primarily responsible for lifting the
mandible and pressing the teeth against the specimen on the working side. In contrast, on the non-
working side, muscle activity is related to lifting (stabilising) and retracting the mandible. The
cycles of muscle activity overlap in phase on both sides. This indicates that they work evenly and
are involved in the masticatory function.
It can also be seen from the displacement analysis (Table 1 fig. 5) that on the working side MT
and PT activity are lower than AT by 43% and 91%, respectively. On the non-working side, on
the other hand, MT and PT are also smaller than AT, by 72% and 75%, respectively, with the
difference that PT displacements are slightly larger than MT.
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The study results indicate that the presented measurement method made it possible to determine
temporalis muscle activity from displacement measurements. Furthermore, the method is an
interesting complement to existing measurement methods, e.g. EMG [20, 21, 22] but offers a
greater range of analysis than EMG. In addition, the software used by the DIC system offers the
possibility to export the results to FEM (Finite Element Method) software and to compare the
results between the real and virtual object, i.e. to perform validation.

The presented research needs to be further developed to expand the possibilities of using the
DIC method to analyse masticatory system function. The number of subjects needs to be increased,
allowing statistical processing of the results and more extensive inference. In addition, different
load cases can be considered. Furthermore, finding correlations between the results obtained by
both methods, i.e. vision and EMG, seems to be an important issue. The results of such
considerations can be used, among other things, to determine the forces in the muscles and, after
a more in-depth study of the subject, can also be useful in diagnosing the masticatory system.
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Abstract. The paper presents the results of crack development in specimens welded from S355
steel under bending and torsional loading. Welded joints, as a method of inseparable joining of
technical structures, are commonly used in many areas of human activity. The aim of the study
was to analyse the influence of the shape of concave and convex fillet joints on the development
of fatigue cracks. The experimental tests (fatigue tests) were performed with the use of the fatigue
machine MZGS-100, at a constant amplitude of the moment M, = 9.20 N-m, and the stress ratio R
= - 1 with a load frequency of 28.4 Hz.

Introduction

Research on the durability of structures, materials and various types of connections (separable and
inseparable) carried out in scientific units must answer the questions posed by designers and
constructors, whether the applied solutions will be optimal. Optimal, fully understood areas of life,
1.e. economy, security, rational management of material resources, technical equipment or human
potential. The results of these tests should be helpful in determining the service life of each
structure in which the failure occurrence is at the lowest possible level [1,2].

The method of inseparable joining of elements by welding is widely used. It includes products,
structures and machines from all branches of industry. Therefore, the constant interest of scientists
in this subject allows them to publish the results of their research and improve the quality and
durability of the joined elements [3-5]. Materials used in industry and welded joints are not without
material and welding defects. Therefore, they should be taken into account in the durability
assessment. There are a number of publications discussing the influence of material, welding and
geometric defects, as well as residual stresses [6,7]. The aim of the work is to present the results
of fatigue crack development of T-shaped welded joints with fillet welds, made of steel S355
subjected to bending with torsion, taking into account the shape of the welds and the selected heat
treatment.

Materials and Methods

The test specimens were made of structural steel grade S355, in the normalized state. This steel is
widely used in industry, including the construction of ships, bridges, lifting devices, devices and
construction of used in the mining industry, tanks and pipelines, etc. Table 1 shows the chemical
composition of the material and Table 2 some mechanical properties. The starting material of the
specimens was a drawn rod with a diameter of @ 30 mm. Then, as a result of the performed
machining and the TIG welding process, ready-made samples were obtained. T-welded joints, with
fillet welds, were made in two variants of the weld face, i.e. concave and convex.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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Table 1. Chemical composition (in wt %) of the S355 steel

C Mn Si P S Cr Ni Cu Fe
0.2 1.49 0.33 0.023 0.024 0.01 0.01 0.035 | Balance
Table 2. Mechanical properties of the S355 steel
oy (MPa) ou (MPa) E (GPa) v (-) As (%)
357 535 210 0.30 21

The experimental tests were carried out on specimens welded without heat treatment and on
specimens after heat treatments. The heat treatment was performed by subjecting the specimens to
annealing at the temperature of 630°C for 2 hours. Shapes and dimensions of the tested specimens
are presented in Fig. 1.
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Fig. 1. Geometries of specimen with: (a) concave welds, (b) convex welds (dimensions in mm)
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Metallographic tests were performed with the use of an optical microscope OLYMPUS IX70.
Hardness measurements on the Vickers scale were carried out using a LECO MHT 200 hardness
tester (LECO Corporation, St. Joseph, MO, USA), under a load of 100 g. The test to fatigue crack
growth under cyclic bending with torsion were performed in the laboratory of the Department of
Mechanics and Machine Design at Opole University of Technology on the fatigue test stand
MZGS-100 [8,9] (Fig. 2). The loading method and the division into load components caused by
bending and torsion are shown in Fig. 3. The tests were conducted under the amplitude of the total
force moment control with the loading frequency of 28.4 Hz. The specimens restrained on one side
were loaded with a constant amplitude of moments with the value M, = 9.2 N-m and the load ratio
R = - 1. The theoretical stress concentration factor, estimated with use of the model [10], in the
solid specimen with concave weld under bending was K; = 1.38 while it was 1.56 for the convex
weld configuration.
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Fig. 2. MZGS-100 machine, where: I - specimen, 2 - rotational head with a holder, 3 - bed, 4 -
holder, 5 - lever, 6 - motor, 7 - rotating disk, 8 - unbalanced mass, 9 - flat springs, 10 - driving
belt, 11 - hydraulic connector

arm
M
Ms
specimen
o ||I8
M

(a) (b)
Fig. 3. The loading method and the division into load components caused by bending and
torsion: (a) specimen clamped in MZGS-100 machine, (b) scheme of bending with torsion
loading applied to the specimen

During the tests, the number of load cycles N was recorded. However the fatigue crack increments
were measured with the micrometer located in the portable microscope with magnification of 20
times and accuracy up to 0.01 mm.

Results

As a result of the metallographic tests carried out in welded specimens, without heat treatment, a
dendritic structure was observed in the areas of welds, and in the heat-affected zone (HAZ), a thick
acicular structure of martensite and bainite was observed. On the other hand, in the specimens
welded after heat treatment in the area of welds and HAZ, a coarse-grained structure of bainite and
sorbite was observed (Fig. 4).
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(a) (b)
Fig. 4. The microstructure of welds in HAZ for a) without heat treatment, b) after heat treatment

The results of hardness measurements of welded specimens without heat treatment (HT) and
after HT for the averaged results of specimens with concave and convex welds attained values:

- for specimens welded without HT, the hardness values changed significantly depending on the
place of measurement. For the base material, the hardness remained the same (188—189 HVy.1).
While in the heat-affected zone (HAZ) large fluctuations in hardness were observed (194-248
HVo.1). Then, moving to the weld metal, the measured values decreased and stabilized (230-220
HVo.1).

- in the specimens subjected to relief annealing, the measured hardness and their variability were
lower compared to the hardness of the specimens without HT. The smallest values were measured
in the base material (about 135 HVy.1), then in HAZ the hardness increased and ranged from 137
to 149 HVo.1. However, the highest hardness values were measured in the weld material (about
150 HVo.1).

Figure 5 presents the fatigue crack length versus number of cycles for proportional bending
with torsion. In Fig. 5 can be observed that the longest fatigue life indicates specimens welded
with concave welds without heat treatment.

Crack initiation (0.10 mm) was at 53000 cycles. The further development of the crack was
rather quick and the specimens failed at 58000 cycles. The lowest fatigue life indicates the
specimen with convex welds after normalizing (HT). Crack initiation (0.10 mm) was at 9000
cycles, and the failure of the specimens occurred at the number of cycles of 17,000.
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Fig. 5. Fatigue crack length vs. number of cycles under proportional bending with torsion

The differences in the fatigue life of the tested specimens welded with and without heat

treatment are significant. In the case of specimens with concave welds, the decrease in fatigue life
of relief annealed specimens was 69% compared to specimens without heat treatment. As in the
case of specimens with concave welds, a 70% decrease in fatigue life of relief annealed specimens
was observed for samples with convex welds compared to specimens without heat treatment.
When comparing the durability of samples with concave and convex weld faces, for the same
specimen (without heat treatment and after heat treatment), it can be seen that for specimens with
concave welds, the durability was always higher compared to specimens with convex welds. The
decrease in fatigue life of specimens with convex welds without heat treatment was 4.5% in
comparison to specimens with concave welds. However the decrease in fatigue life of specimens
with convex welds after heat treatment was 5.5% in comparison to specimens with concave welds.
According to the authors, the significant drops in fatigue life in the specimens subjected to heat
treatment were caused by structural changes taking place in the tested material. The higher
durability of specimens with concave welds compared to specimens with convex welds is due to
the occurrence of sharp notches in specimens with convex welds, which gave rise to cracks. The
results of the fatigue life of the specimens without HT and with HT (annealing) obtained and
presented in the publication are consistent with the results described in the work [11, 12], in which
the authors examined the impact of heat treatment, i.e. hardening with tempering and annealing,
on the fatigue life of steel.
Exemplary fatigue crack path is shown in Fig. 6 for a specimens without heat treatment with
concave (a) and convex (b) welds and in Fig. 7 for a specimens with heat treatment. During
laboratory tests, initiation and development of cracks occurred from one side of the specimen (from
top or bottom) were observed, at the place of highest stress concentration, and after a certain period
of propagation, the crack growth occurred also on the other side. The photos reported in Figs 6, 7
show crack paths whose shapes are typical of mixed modes I+11I of fracture (bending with torsion).
In all the considered cases the cracks were initiated perpendicular to the maximum normal stresses,
in the fusion line, hence it can be assumed that the crack initiator was a geometric notch at the
point of transition of the base material into the weld. After initiation, crack growth path develop
along different planes depend on local stress state ahead of a crack tip strongly associated with
weld geometry, microstructure and residual stresses after welding process.
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(a) (b)
Fig. 6. Examples of stages of crack development in a weld specimen without HT: (a) concave
welds, b) convex welds

(a) (b)
Fig. 7. Selected stages of crack development in a weld specimen with HT: (a) concave welds, b)
convex welds

Conclusions

The study presented the results concerning the fatigue crack growth in S355 steel specimens

subjected to bending and torsion loading. The experimental outcomes allow to state the following

conclusions:

- Fatigue life of the welded specimens without heat treatment were higher compared to the welded
specimens with heat treatment, with slightly higher durability of specimens with concave welds.

- Initiation and fatigue crack growth in all test specimens started on one-side of the specimen, at
the place of highest stress concentration, in the fusion line.

- The tested specimens, with heat treatment and without heat treatment, show different cracking
courses.

- Cracking paths in tested specimens, with heat treatment and without heat treatment, show
different courses.
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- The propagation of cracks usually occurred in the HAZ where the highest hardness was measured.
- The highest material hardness was measured on specimens without heat treatment in HAZ, and
the lowest in specimens after heat treatment.
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Abstract. Fatigue tests conducted on ultrasonic machines are a relatively new testing method.
The operation of test rig at a load frequency of 20 kHz and the numerical way of determining
the relationship between the stress amplitude and an indirect method for determining the strain
in the middle part of the sample causes researchers to feel uncertain about the stress value
in the specimens. Purpose of this paper is to present experimental verification of the relationship
between stress amplitude and vibration amplitude in the regime of Very High Cycle Fatigue,
also the calibration procedure of the ultrasonic machine is demonstrated. The paper presents
the methodology based on FEM that is used to determine the relationship between the stress amplitude
in the smallest cross-section of the sample and the vibration amplitude for selected geometry.

Introduction

In the process of constructing machines and structures, it is necessary to take into consideration
the issues related to material fatigue. The importance of this phenomenon had been already
recognized in the early 19" century, while Wéhler's first experimental work appeared in the second
half of that century. So far, this work, primarily due to research capabilities, has focused
on low-cycle fatigue (LCF) and high-cycle fatigue (HCF) [1]. The least recognized is the range
above 107 cycles, the so-called Very High Cycle Fatigue (VHCF) regime.

Until the late 1990s, the main problem with VHCF research was its time-consuming nature
and the resulting high cost of research. This was due to the relatively low frequencies achieved
by conventional testing machines. Therefore, attempts were made to develop devices that would
allow work on much higher load frequencies. In 1950s, Mason [2,3] developed a piezoelectric
transducer that converts a 20 kHz electrical signal into a mechanical wave of the same frequency.
This solution was tried to be used in fatigue tests but controlling the device at such high frequencies
was a significant obstacle. Only the appearance of efficient computers at the end of the 20" century
allowed the development of an efficient research system that reduced the time of fatigue tests
by about 1000 times in comparison to conventional machines. The development of a computer
control system for ultrasonic fatigue testing machines by Bathias, Wu, and Ni [4] can be considered
as the moment when commercially viable VHCF research has begun.

In constructions such as car and marine engines, turbine components, high-speed railway drive
elements [5] and helicopter speed reducers [6] fatigue life is greater than 107 cycles. For testing
of this type of elements, time reduction of a single test and the relatively low energy requirements
make ultrasonic fatigue testing the only economically reasonable testing method for VHCEF.
An ultrasonic fatigue testing system uses the phenomenon of resonance to generate stresses
in the specimen. The relationship between the stress amplitude in center section of specimen
for ultrasonic testing and the vibration amplitude is linear, and its determination, for each specimen
design is necessary to define the stress during the test controlled by the vibration amplitude.

The aim of this paper is to present methodology of determining, using FEM, the relationship
between the stress amplitude in the smallest specimen cross-section and the vibration amplitude
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for selected materials and geometries. The methodology of calibration of the ultrasonic fatigue
machine is presented. The vibration amplitude values obtained during the calibration will allow
to determine the machine's operating range, while the values obtained during the experimental
verification will allow to determine the correctness of the relationship between the stress amplitude
and the vibration amplitude.

Test station and method

In an ultrasonic machine (Fig. 1), a 20 kHz electrical signal produced by a generator is converted
into a mechanical wave of the same frequency in a piezoceramic transducer, the amplitude
of the vibration of this wave is amplified through a booster and high gain sonotrode forces
the specimen to vibrate. Specimen should be designed so that its natural frequency is 20 kHz.
During real-time testing, a displacement sensor measures the vibration amplitude of the specimen.

Fig. 1. Ultrasonic testing machine: 1 —generator 2.2 kW, 2 — PC unit, 3 — frame, 4 — air cooler,
5 — piezo-electric transducer, 6 — booster, 7 — sonotrode, 8§ — specimen, 9 — displacement sensor

Calibration

To conduct tests on ultrasonic testing machine, it is necessary to calibrate it. Calibration allows
you to determine the relation of the change in the supply voltage of the piezoceramic transducer
to the amplitude of the displacement. The simplest way to perform calibration is to make
a calibration rod in the form of a straight rod. To design the rod, analytical formulas can be used
to define its length /:

=1 B (1)
2f |p
where: f— frequency, £ — Young modulus, p — density.

Analyzing the formula above, it can be seen that with increasing sample vibration frequency,
the length of the sample decreases. The value of the loading frequency of 20 kHz used in most
ultrasonic machines is not accidental. At 20 kHz, the specimen length dimension for metallic
materials does not cause fabrication problems.

76



Experimental Mechanics Materials Research Forum LLC
Materials Research Proceedings 30 (2023) 75-82 https://doi.org/10.21741/9781644902578-11

Using the analytical formulas for a simple cylindrical bar, it is possible to determine the values
of displacements u, strains ¢ and stresses o:

c= |5, @)
p
T
k=7, 3)
mc
© =T 4)
u(x) = Ay cos(kx), (%)
g(x) = —kA, sin(kx), (6)
a(x) = —EkA, sin(kx), (7)

where: 49 — maximum displacement amplitude.

Fig. 2. shows examples of displacement and stress distributions along the length of a straight
bar of length /.
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x, dimension along specimen lenght
Fig. 2. Displacement and stress variation in a cylindrical bar

As it is shown above, the maximum stress of the specimen are obtained in its central section.
Due to the fact that during the vibrations of the specimen, there is in a second mode of natural
vibrations, then at both its ends there is an equal displacement amplitude. Using this information
calibration can be made by fixing the rod in the system and using a high-resolution displacement
sensor to determine the relation of the supply voltage on the amplitude of the displacement at the
end of the rod. During calibration, it is important that the range of achievable vibration amplitude
does not go beyond the elastic range of the material [7]. Fig. 3 shows the relationship of the supply
voltage to the vibration amplitude. From the relation we can also read the range of vibrations
in which the ultrasonic system is able to operate. Knowledge of the minimum and maximum
amplitude of vibration, is essential to properly design a specimen for fatigue testing.
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Fig. 3. Calibration curve of the ultrasonic machine presenting relation between the input voltage
signal (V) to displacement amplitude (mm)

Properly performed calibration of the device enables testing. The procedure for conducting
ultrasonic tests can be divided into 3 basic stages:
a) preliminary tests aimed at identification of basic properties of the tested material,
b) specimen geometry analysis using the finite element method (FEM),
¢) main ultrasonic fatigue test.
The procedure is shown in Fig. 4.
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between stress and vibration amplitude

Z F-- .
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Fig. 4. Flow diagram of the test procedure

Preliminary tests include the determination of three basic strength parameters: Young's modulus
(E), Poisson's ratio (v), density (p).
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In the case of used specimen with a variable cross-section, the value of the stress amplitude
is difficult to determine analytically. Therefore, in practice, the finite element method (FEM)
is used for this purpose. As part of the second stage, a modal analysis is carried out using the FEM
software, including the verification of the resonant frequency for the specimen geometry
and the determination of the coefficient ks, which is the relationship between the vibration
amplitude 4y and the stress amplitude o, generated in the sample under the influence of vibration:

Oq
- AO' (7)

The coefficient ks determined numerically is implemented into the test system, which after
calibration calculates what voltage should be applied to the piezoceramic transducer to obtain
the required vibration amplitude. In the last step of the procedure, proper fatigue tests
are carried out.

When making specimens for ultrasonic testing, high quality machining is extremely important,
as even a small error in geometry or too much roughness can disrupt its vibration, change its natural
frequency and affect the test result. It is also important to verify that the ks factor has been
determined correctly. Therefore, experimental verification of numerically determined stresses
is necessary before fatigue testing.

ks

Experimental measurement
Measurement system. On the test specimens, the strain gauge was glued at the location
of the highest stresses, i.e. in the middle part of the reduced section with the smallest diameter.
HBM 1-LY41-1.5/120 strain gauges with a gauge factor k =2 were used in the tests.
Unfortunately, most strain gauge amplifiers have a sampling frequency value up to 20 kHz
and a 20 kHz low-pass filter. Therefore, it was decided to build its own strain gauge amplifier
to allow amplification in the bandwidth greater than 20 kHz. The correct operation of the circuit
was checked using the function generator, which was given an electrical signal with a sinusoidal
waveform, frequency 20 kHz and amplitude 0.5 V. The recorded output signal was compared with
the result of the simulation of the circuit from the LTspice XVII program. The individual elements
of the measurement system and the process of verifying the correct operation of the circuit
are shown in Figure 5.
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strain gauge amplifier
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Fig. 5. Measurement system and result of circuit verification

79



Experimental Mechanics Materials Research Forum LLC
Materials Research Proceedings 30 (2023) 75-82 https://doi.org/10.21741/9781644902578-11

To determine the stress amplitude Oacens, the presented formula was used:

_UppCaE ®

Oatens 2.U ’
s

where: U,, — peak to peak voltage, U; — supply voltage, C,— calibration constant.

Testing materials. Specimens made of two different materials and geometries were used. The
material properties are presented at Table 1.

Table 1. Basic material properties of the specimens

Young’s modulus, £ Poisson's ratio, v Density, p

Material

GPa - kg/rn3
structural steel, S355J2+N 197.27 0.27 7820
aluminum alloy, 7075 T6 72.00 0.32 2800

The geometry of the specimens (Fig. 6) and the stress values for vibration amplitude
Ap = 15 pm were determined in ABAQUS software (Fig. 7). Values of the ks coefficient were
determined for each of the specimen using the formula (7).

a) b) 2
w o
o] < —
g 2 SN
5
50
10 72,4
I
Fig. 6. Main dimensions of the specimens in mm: a) S355J2+N, b) 7075 T6
a) b)
s, 522 S, 522
(Avg: 79%) (Avg: 75%)
+3.802e+08 +7.3462+07
+3.483e+08 +6.727e+07
+3.165e+08 +6.109e+07
+2.846e+08 +5.490e+07
+2.527e+08 +4.872e+07
+2.209e+08 +4.2542407
+1.690e+08 +3.6352+07
+1.572e+08 +3.017e+07
+1.253e+08 +2.398e+07
+0.2432+07 +1.780e+07
+6.157e+07 +1.162e+07
+2.970e+07 +5.431e+06
=2,160e+06 -7.531e+05
ks = 20541 MPa/mm ks = 4867 MPa/mm

Fig. 7. Stress distribution in the axial direction of the specimens and the values
of the ks coefficient: a) S355J2+N, b) 7075 T6

Results and discussion
During the tests, each specimen was put into vibration with 3 different amplitude levels.
The recorded waveforms of strain changes ¢ at time ¢ for S3555J2+N steel and for 7075 T6

aluminum alloy are shown in Figure 8.

80



Experimental Mechanics

Materials Research Forum LLC

Materials Research Proceedings 30 (2023) 75-82

https://doi.org/10.21741/9781644902578-11

a) 2 ——A=0.01 ——A=0.0125 ——A=0.015
SA_AAAA /\
g0
S e\ M W AR W/
_2_

b) 2 - —A—0.015 —A—0.02 A=0.025

A

S

-2

™ /A;\ 'A\\ "A
@_10,1V 0.1 0.27\/ o.zv 0. 31v 0. 36V

Fig. 8. Changes in strain values for individual vibration amplitudes
of steel (a) and aluminum alloy (b) specimen

The specimens were loaded for a short time to minimize the risk of strain gauge damage.
Stresses for given vibration amplitudes were calculated using formula (7) and (8). The results and
percent error are presented in Table 2. The results in the form of a diagram are shown on the Fig. 9.
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Table 2. Basic material properties of the specimens

S355J2+N 7075 T6
Parameters
I II I I II I

Ap, mm 0.015 0.02 0.025 0.01 0.0125  0.015
o, MPa 73.01 97.34 121.68  205.41 256.76  308.12
Otens, MPa 72.75 96.59 119.84 197.29 248.45 303.20
5=a—atens .

o 0.35 0.77 1.51 3.95 3.24 1.59
100, %

b)

_ —#®—Numerical —#—Experimental 130 - —*—Numerical —#—Experimental

0.01 0.0125 0.015

Vibration amplitude, mm

70 T T 1

0.015 0.02 0.025
Vibration amplitude, mm

Fig. 9. Vibration amplitude as a function of stress determined in the experiment and numerical
calculations for: a) S355J2+N, b) 7075 T6
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The results of the stress from the experimental measurements for steel have a small percentage
mistake. The designed steel specimen has an hourglass shape, and the maximum stress occur
in the center of the specimen, so probably the apparent difference in stress value is due to averaging
it over the base length of the strain gauge. To verify this, the change in strain along the length
of the test specimens for A9 =15 pum was determined using FEM software (Fig. 10). For aluminum,
the experimental results and numerical results were very similar. The specimen in the central part
has a cylindrical section of 5 mm, which causes a uniform distribution of strain along this length,
so that averaging over the length of the strain gauge does not have such an impact on the result.

a) b)
161 1 0
£12] § o038 -
E £
£0.8 - H £
%04 | G
0.0 —i . 0.0 . . .
0 20 40 60 0 20 40 60
dimension along specimen length, mm dimension along specimen length, mm
Fig. 10. Dependence of strain changes along the axis of the specimen for: a) S355J2+N, b)
7075 T6
Conclusion

The presented work is a part of the verification and validation of the research procedure

implemented in the Laboratory for Research on Materials and Structures in the Bydgoszcz

University of Science and Technology. To sum up the above work:

1. The conducted tests confirmed that the specimens were prepared correctly and the determined
ks relations are correct.

2. Proper calibration of the ultrasonic machine is necessary to carry out fatigue tests.

3. The presented strain gauge system allows measurement of strain for frequencies of 20 kHz.

4. Measuring the strain of hourglass-shaped specimens using the strain gauge method,
the accuracy of the result decreases due to their averaging over the length of the strain gauge
base. It should also be remembered that for strain gauge measurements it is necessary to apply
the strain gauge precisely in the proper location.
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Abstract. The presented work describes a method in which, using a dedicated system, it is possible
to simultaneously transfer energy and data between two devices. The proposed solution allows for
supplying power to the sensor with simultaneous data transmission. The power transmission
mechanism is based on the excitation of the structure with a wave, which is converted into
electricity by a harvester device. Data transmission is carried out using the Double Frequency F2F
procedure, which is a type of frequency modulation.

Introduction

In the last few decades, it has been possible to reduce the power needed to supply electronic devices
to just a few dozen milliwatts [1]. At these power levels, traditional batteries are limited to short-
term operation, mainly due to dimensional limitations. In addition, in the event of prolonged use,
the batteries need to be replaced or recharged, and at the same time, they degrade.

Energy Harvesting (EH), originally known as energy harvesting or energy scavenging, is a set
of techniques that provide electricity by converting energy from various sources such as
mechanical, thermal, solar, and electromagnetic energy and salinity gradients, etc., e.g., [2]. In
general, the main goal is to use sources commonly available in the environment, which in most
cases are undesirable and suppressed (e.g. or as a result of electric current flow and engine cooling,
etc.). Currently, it is said that EH can be a useful source of "cheap or no-cost" (excluding
installation costs) power to low-power electrical devices [3-7].

One source of energy wastage is structural vibration. Vibrations in engineering structures such
as buildings or bridges have low amplitudes and frequencies (0.1 g and 0.1 Hz); at the same time,
various small electrical appliances, such as ovens, microwave ovens, and others, have higher
amplitudes and frequencies (0.5 g and about 150 Hz, respectively) [8]. The above conditions
inspired the development and description of many types of combined harvesters in the literature.

Two types of harvester devices can be distinguished, i.e. passive materials and active materials.
In the case of active harvesters, most devices are based on magnetostrictive or piezoelectric
materials (PZT) [9, 10]. It should be noted here that piezoelectric harvesters are capacitive energy
sources; therefore they have a high output impedance. This means that appropriate power
management circuits must be used to power electrical devices. On the other hand, there are
magnetostrictive harvesters that are inductive. Thanks to this, they can provide low impedance at
frequencies characteristic of most common sources of vibration.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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Of the passive vibrational energy harvesters, the magnetostrictive devices deliver a higher
energy density. Moreover, a comparison of magnetostrictive devices with devices based on
piezoelectric material showed that both can generate similar levels of energy output; however,
there is no need for additional special power management circuitry for solutions based on
magnetostrictive material. Among magnetostrictive devices, the two most common types are the
axial type and the bending type, based on the state of stress in the material. Axial devices are
usually mounted in places where there is a high excitation force [11-19]. Thanks to such high
loads, they can generate relatively high power densities, even up to 10 W/cm?® [14]. In contrast to
axle harvesters, the bending device for obtaining vibration energy can be mounted on any source
of vibration [20-24]. It should be noted that in the case of magnetostrictive harvesters, their
efficiency is variable and depends on many factors, such as load, operating frequency, mounting
method, or the material from which the device is built.

In the literature on the subject, it can be seen that the research focused mainly on piezoelectric
transducers [4—6,25,26]. It turns out, however, that in some cases a better solution is the use of
magnetostrictive harvesters [27]. Taking into account the research conducted so far in this area,
the main goals of this research are:

e development of a system enabling the transmission of energy and information through a
solid body in the case of ultrasonic frequencies (the system should operate at frequencies
above 20 kHz, ie inaudible to most people);

e use of intelligent materials (piezoelectric and magnetostrictive);

The paper presents a data acquisition system using an axle harvester. Such a harvester was
selected after analyzing the already developed combines that can be found in the literature. In
addition, such a solution was also associated with the expected amount of energy that could be
generated using this type of device.

Magnetostrictive harvester

In the case of magnetostrictive devices, the most important component is the magnetostrictive
core. Such a core may consist of one or more elements, depending on the size, length, and purpose
of the device. The core material is also important. Such material must be characterized by gigantic
magnetostriction (GMM - Giant Magnetostrictive Materials, e.g. Terfenol-D, nano-cobalt ferrite).
An additional element is a system that allows you to adjust the initial magnetization of the material,
which is usually properly selected neodymium magnets. The number of elements that make up the
core of the device has a significant impact on the frequency of operation. The smaller the number
of elements, the higher the operating frequency can be. To optimize the design of the actuator,
magnetostrictive material and neodymium magnets are used alternately.

The actuators/harvesters presented in the article have relatively large dimensions: the diameter
of the device was 44 mm and its height was 47 mm. The geometry was forced mainly by the need
to apply the appropriate pressure of the cylinder to the tested structure. Inside the housing, there
was a coil with resistance Rcoil = 5.5 Q. The devices operated over a wide frequency range from
10 Hz to 30 kHz to find the resonant frequency of the system within which the system achieved
the highest voltage values. In addition, both the harvester and the actuator were pre-tensioned with
a force of 400 N. This value was determined based on experimental tests, during which the
magnetomechanical response of the system was determined depending on the applied load.
Successive constructions and modifications allow for more and more power; therefore, these
devices began to be used as a source of electricity (Fig. 1).
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Figure 1. Harvester scheme.

Power and data transmission

In previous studies by the authors, it turned out that magnetic materials of the SMART type can
be effectively used for the wireless transmission of energy and information [28]. The obtained
results also indicate the high efficiency of this method. The system developed by the authors,
which allowed the simultaneous transmission of data and power, is called SURPS (SMART
Ultrasonic Resonant Power System). This system provides transmission through various solids as
well as through liquids. An additional advantage of the system is the possibility of using various
transmitter-receiver configurations [28]. The results presented in this work are a continuation of
the work on the use of the magnetomechanical effect in the case of energy acquisition, described
in more detail in [28].

The transmission was using an actuator that transfers the mechanical energy in the form of a
pure sinusoidal ultrasonic wave, and then this wave was picked up by a harvester which converted
this wave into an electric current through the magneto- or electrostrictive material contained
therein. This way of transmitting energy also made it possible to transmit information. Moreover,
it was possible to transmit energy through various materials, and the choice of material depended
mainly on the distance over which the energy had to be transmitted.

For the transmission of information, the F2F procedure was used, which is a type of frequency
modulation. The modulation worked in such a way that the data transmission frequency was an
order lower than the structure's resonant frequency. Figure 2 shows schematically how the data
was transmitted by the magnetostrictive actuator (AT) and how the signal was received by the
magnetostrictive harvester.

System Structure

The newly developed system has been designed to work with various actuator-harvester
configurations. One such configuration is a system where harvesters are connected in series and
placed between two parallel beams. Such a system is characterized by a resonant frequency above
20 kHz. The test stand, consisting of two steel rails with magnetostrictive transducers placed
between them, is shown in Fig. 3. This system enabled simultaneous powering of the
microprocessor on the side of the power harvester and data transfer in both directions.
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Figure 2. Scheme of data transmission and receiving information.

actuator harvesters

Figure 3. Actuator—harvester magnetostrictive system based on two beams.

Based on the above-described solution, supplemented with the current state of knowledge in
the field of ultrasonic techniques and wireless power transmission, an original and innovative
transmitting—receiving system was developed. The platform consists of a real-time module
(STM32F411VE board) and a computer running Windows OS. A FTDI-bridge FT2232H was
used to transfer data between the STM32-board and a personal computer. Figure 4 shows, the
scheme of the system. Compared to Arduino-like solutions, this solution allows to reduce of the
reaction time of the STM32-board to external events and provides a good data transfer rate (up to
8 Mbyte/Sec at FT245-Style Asynchronous FIFO mode). For software development, the non-
commercial versions of IDE were used: Keil MDK 5.36 Community and Microsoft Visual Studio
2022 Community. The frequencies of the ultrasonic actuators were set in the standard way using
an AD9850 DDS-generator. For each DDS frequency, 2048 16-bit words of ADC1-channel and
2048 16-bit words of ADC2-channel were recorded. To estimate the phase shifts, the IEEE
standard three-parameter algorithm was used. Despite the non-optimal configuration of the ADC
of STM32F411 (sequential sample and hold for each channel), a quantization frequency of 200
kHz was obtained for the two-channel measurement mode and transmission of a data packet
through FTDI-bridge to the memory of a personal computer. This result was obtained for the layout
on the contact breadboard and without software optimization. Optimal installation of modules and
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optimization of the program will increase the quantization frequency up to 500 kHz for the two-
channel ADC mode and allow to make FFT analysis of the properties of different sensors in the
frequency domain.

Power Supply Power Supply 1 Power Supply
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» STM32 }
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Figure 4. A block diagram of the developed system.

The main applications of the designed system are:

e service of piezoelectric or magnetic actuators/harvesters;

e scanning of the set frequency range using the actuator-harvester system with real-time
performance reading;

e search and generation of the resonance frequency of mechanical structures;

e data transmission between the actuator and the harvester section in both directions;

e the ability to generate a signal for two actuators generating vibrations of the same
frequency, but shifted in phase.

The results showing the frequency-amplitude characteristics for the circuit shown in Fig. 3 are
shown in Fig. 5. It is worth noting that the highest voltage value (the highest efficiency) was
obtained for the frequency in the above acoustic band (above 20 kHz). The zone marked SW in
the figure defines the acceptable range of resonant frequencies and is about 20 kHz. The dashed
line shows the voltage value at the level of 2.5 V, above which the microprocessor system was
lost. In addition, point A indicate the most favorable frequency ranges for broadcasting
information. As you can see, several frequency ranges can be distinguished that allow the system
to be powered and depending on the conditions and needs, choices can be made between the
required ranges of carrier signals. It should also be mentioned that it was possible to connect more
microprocessors to the harvesters network, but in this case, it was necessary to maintain a strict
order of their activation. This solution allows the system to be used in SHM (Structural Health
Monitoring) applications with multiple sensors.
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Figure 5. Frequency response of the dual-beam system.

The results obtained during the tests showed that the developed platform enables the
transmission of energy over a distance of up to 3 m without the use of wires and using only various
types of mechanical structures. This solution allows the use of various types of harvesters in many
configurations, while the selection of the appropriate harvester system is influenced by the material
and form of the medium through which energy and data are transmitted, as well as the ultrasound
wavelength.

Conclusions
The article presents the results of work on the transfer of energy and information using various
materials. The results achieved include:

e A platform that allows the transmission of power and information in relatively long rods
using ultrasonic vibrations;

e The use of collectors/actuators based on both magnetostrictive and piezoelectric materials
and the use of F2F (frequency/double frequency) procedures, which are a type of frequency
modulation, to transfer information;

e Development of proprietary software for selecting the appropriate actuator and type of
modulation as well as the recommended frequency band for energy and data transmission.

The results presented in the article are current and constitute the basis for further work in the field
of energy and data transmission.
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Abstract. The purpose of this article is to develop a model and study an English bulldog
endoprosthesis made with the help of additive techniques. An analysis of the literature shows the
lack of such studies, including both additive techniques and topological optimization of prostheses.
Before starting the actual study, general objectives were developed, which took into account the
following: prosthesis assembly, fabrication technologies, fabrication conditions, shape, and range
of work of the prosthesis. The dimensions of the prosthesis were identified based on the
characteristics of the breed - the English bulldog. In the next step, the technology and construction
materials were selected. The modeling of the prosthesis was based on the parameterization of
dimensions. The parameters were linked by a skeletal model. Also, the objectives necessary to
determine the factor of safety were defined. Boundary conditions were determined for the purpose
of numerical calculations. The results in the form of reduced stresses and displacement
distributions were presented on the maps. In the next part, topological optimization was
performed, assuming the high stiffness of the system. Reduced stress maps and displacement
distributions were generated for these results with the help of the FEM method. Validation of
numerical calculations with real ones was performed.

Introduction

The Animal Protection Bill [1] as well as the EU directives point out that an animal is a living
being capable of feeling pain and suffering. Man owes it respect, protection, and care. The animal
should be treated humanely, that is, in such a way that ensures that its existential needs are met. In
special cases, it is possible to kill the animal immediately. This possibility applies when an animal
endures suffering and pain. Man must reduce the suffering of the animals and ensure their normal
functioning [2]. One of the ways, in the case of dysfunctions connected with mobility, is the
prosthetics. By applying modern manufacturing technologies [3], such as additive technology, it
is possible to quickly and cheaply make individual prosthetics designed for a certain breed and
even an individual animal [4]. It has also been found that when used for dogs, the endoprosthesis
can prolong their lifespan [5].

The literature on the subject presents research on endoprostheses for dogs, made of various
construction materials. One of the first endoprostheses design solutions was made of metal - a
titanium-nickel prosthesis [6]. The simplest solutions present endoprosthesis as a metal monolith
[7]. Other solutions include titanium endoprosthesis, made with a laser powder bed synthesis
system, whereas, the cutting guides are made of ABS in a fusion deposition modeling system [8].
Not long ago, additive technologies started to be used to print this type of element (additive
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manufacturing) — 3D print [9], [10]. The literature fails to provide an additive manufacturing
approach to animal prostheses that would apply topological optimization and their comparative
studies. This paper presents it as a scientific innovation.

The purpose of this article is to develop a model and study an English bulldog endoprosthesis
made with the help of additive techniques.

General objectives applicable to the conducted research
The model of the prosthesis will be limited by the research objectives. It was assumed that:
— the prosthesis is assembled to an endoprosthesis with a protruding stem ending in a thread
or quick-connect;
— the prosthesis is made of plastic and printed by a 3D printer;
— the prosthesis is made in non-laboratory or industrial conditions;
— the material behaves isotropically;
— it should be easy to disassemble the limb replacement for maintenance purposes (e.g.
cleaning);
— the shape of the limb is parameterized, that is, the shape is adaptable to the set overall
dimensions of the bone (length of the femur, tibia, and metatarsus);
— the limb works on a single plane;
— the prosthesis is printed by a printer with a working scope of 220x220x230 mm;
— the prosthesis is waterproof;
— easily fixed;
— easily cleaned.

Due to the large breed diversity and the associated variation in the skeletal system of dogs, it is
not possible to design a single prosthesis for all species [11], [12]. Therefore, for the purpose of
this study, it was assumed that the prosthesis will be designed for the English bulldog. This dog
breed is particularly prone to hip dysplasia, which requires endoprosthesis [13], [14]. The
following dog characteristic was applied: weight 23-25 kg, height ca. 40 cm. As regards the shape
of the hindlimbs, they are very muscular along their entire length, slightly shorter than the
forelimbs. Knees are pointing slightly outward, ankle joints are small with a small angular range,
and the paws are round and compact. Gait characteristics are as follows: short, quick steps, hind
paws are not lifted high, on the contrary, they are low-lifted, almost gliding on the ground.

Prosthesis manufacturing technology and selected materials
The choice of prosthesis manufacturing technology depends on surface quality, mechanical
strength, and material used. Because of the printed material, LOM (Laminated Object
Manufacturing) technology has been ruled out [15], as the prosthesis cannot be made of paper, due
to its poor strength properties as well as no water resistance, which then leads to a lack of
durability. Among the technologies discussed, those that use other materials for printing purposes
include SLS, FDM, and SLA. Analyzing the advantages and disadvantages of the aforementioned
technologies, FDM technology was selected as preferable in this project because it is popular and
available on the market, hence the lower costs in the case of mass production. The second argument
behind choosing this method is the possibility to print large sizes, and thus produce monoliths.
Due to the high mechanical strength and increased fatigue strength, in order to meet the design
objectives, PET-G material was selected as the printing material representing the properties
summarized in Table 1.
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Table 1. PET-G properties

Y oung modulus 2150 [MPa]
Tensile strength 50 [MPa]
Elongation at rupture 120 [%]
Density 1.27 [g/em’]

It is characterized by low hygroscopicity, it has been approved for contact with food, and for
this reason, it has been used to manufacture dishes or bottles. As regards printing, it is characterized
by a high level of adhesion during processing. This material behaves fine during mechanical
processing and unlike PLA, PET-G printing is slower and more sensitive to parameter changes,
which becomes immediately apparent in the printed detail, for example, in the form of lost
transparency. The plastic is rigid and is used in prototyping products and verifying their
mechanical strength. An additional advantage is the possibility to work in a wide temperature range
(from -40°C to +110°C) and fine sliding properties, proven by a vast array of applications in sliding
bearings. Glycol modification (suffix -G) increases Young's modulus.

To ensure the highest strength parameters, it was decided that the layers would be printed at
230°C. A higher temperature (240°C) should be applied to the first layer to ensure adhesion of the
plastic to the heating table layer, a common problem that can lead to damaged prints. Printing the
remaining layers at temperatures higher than 230°C reduces the viscosity of the plastic as well as
the dimensional accuracy of the printed part. As for printing speeds, the values of these parameters
have been selected experimentally. In order to make sure that the layers of PET-G material fuse
together, it is important to apply the correct speed. The speed cannot be too high or too low, as
slow speed increases the time necessary to complete the print and can cause deformation caused
by local overheating of the layer. The experimentally selected speeds are as follows: 30 mm/s for
the outer walls and 50 mm/s for the inside. These parameters will help to maintain the consistency
of the solid as well as the required dimensional accuracy.

Prosthesis modeling

The Skeleton model of the prosthesis was prepared in CAD Autodesk Inventor. First, it was
necessary to prepare a simplified sketch, which included control dimensions and showed the
kinematics of the device's operation, which will account for the limiting cases of the prosthesis.
The geometric arrangement of the components on the plane helps to early predict the potential
design problems such as where to set joint flexion limits or where to mount vibration dampers and
other dynamic loads.

In order to make sure that the model functions properly, it was necessary to parameterize it. The
next step involved setting limiting parameter values in Autodesk Inventor, from the smallest,
allowing the model to be resolved, to the largest, which are optimal for the structure from a
mechanical point of view. The parameters are linked directly to the skeleton model, which in turn
translates these data into parameters for individual parts. Seven parameters were set relating to the
length and three parameters relating to the angle.

Prosthesis’ load

According to the chosen model, at rest the prosthesis is loaded evenly, i.e. each limb carries weight
of % of the dog's weight. This shows us that the forces and moments acting upon the prosthesis
come from the weight and the response of the ground on which the dog is standing. According to
the gait analysis, dynamic forces are acting upon the hindlimbs because the limb presses against
the ground. Dynamic forces depend directly on the speed of the dog's movement, as well as the
height to which the dog raises the limb. Depending on the speed of movement as well as the weight
of the dog, the calculations will take into account an appropriate safety factor to compensate for
the energy that is connected with the limb hitting the ground.
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The following assumptions were made to determine the safety factor:

— approximation of the limb to a material point at the point of contact between the prosthesis
and the ground,

— the ground does not absorb the impact energys;

— the mass of the material point is %4 the mass of the dog m=6.25 kg;

— the maximum linear velocity of the limb from the initial to the final position is 2.78 m/s
(about 10 km/h);

— the leg's elevation angle dp=26°=0.4538 rad,

— the radius of the material point r=295.8 mm.

The analytically calculated coefficient is K=2.94.

Results of numerical calculations of the prosthesis
In order to complete numeric calculations, the following parameters were assumed:
— material is isotropic;
— main load F=179.92 N;
— secondary load Fpro=2.83 N, it is the force resulting from the mass of the prosthesis;
— the prosthesis is restrained at the contact surface of the prosthesis with the ground;
— the main load is applied to the surface where the endoprosthesis’ mounting hole is located.

The finite element mesh was constructed from 10-node spatial (three-dimensional) elements.
For static calculations, it was assumed that the mesh represented a characteristic size of 5 mm,
with automatic compaction near notches. For models subject to shape analysis, the element size
was reduced to 1 mm to obtain a higher resolution of the resulting shape.

During the process of designing the prosthesis, some of the dimensions were determined
experimentally. The Shape Generator optimization module was used for further correction. The
numerical calculations’ results show us the maximum displacements of 1.848 mm and a minimum
safety factor of 1.73. The actual load of the printed model points out to a low elastic deformability
of the prosthesis, which is an undesirable phenomenon because of the transfer of loads coming
from the ground’s response to the endoprosthesis without their partial suppressing, which can in
consequence cause damage to the prosthesis due to unpredictable rubbing at the junction or, in the
worst case scenario, damage to the bone in the place where it is connected with the endoprosthesis.

The results of the calculations have been summarized in Table 2.

Table 2. Results of numerical calculations of the prosthesis

Reduced stresses at nominal load 31.4 [MPa]
Minimum safety factor 1.73
Maximum displacements 1.848 [mm]

The results of the calculations have been shown in the form of maps (Fig. 1).
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Fig. 1. Results of numerical calculations of the prosthesis

First, the optimization tool available in Autodesk Inventor was used, followed by numerical
calculations, and in the end, the Shape Generator module was applied. The module has been
designed to reduce the mass based on set criteria. Generating similar results as in strength
calculations, it determines which finite element can be removed in order to slim down the structure
to avoid damage.

For the purpose of optimization, an optimization area has been identified, defined as places of
structural importance where it is not necessary to optimize the structure in order to slim it down.
This step is important because the Shape Generator module is not able to recognize if the set part
of the model is to fit and work with another detail or is normalized. In this project, this is the
location where the prosthesis is connected and assembled with the endoprosthesis, as well as the
place of contact of the prosthesis with the ground.

In this case, the criterion followed during the optimization in the module was stiffness
maximization (Maximize Stiffness) and a weight reduction of 30-40%. A greater reduction is not
necessary, since the weight of the prosthesis of ca. 200 g is almost imperceptible by the dog using
it.

The precision of the operation was determined, as in every other process using the finite element
method [16], [17]. Increased precision and accuracy increase the demand for computational
resources and the time it takes for optimization to take place. The insufficient resolution will result
in oversimplifications that can cause the structure to lose its stability, while a resolution that is too
high increases computation time to several hours.

Optimization involves removing finite elements that do not carry loads or carry a relatively
small value from the grid. Next, it reshapes it to distribute the stresses as evenly as possible. The
result is a solid of an irregular shape caused by the removal of reduced finite elements. This
function meets the condition of material continuity and the set conditions. The results of the
optimization have been shown in Fig. 2.
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a) 3D model b) side view

Fig. 2. A solid generated after prosthesis optimization

The results of numerical calculations after optimization have been summarized in Table 3.

Table 3. Results of numerical calculations of the prosthesis after optimization

Reduced stresses at nominal load | 33.12 [MPa]
Minimum safety factor 1.64
Maximum displacements 2.415 [mm]

The results of the prosthesis calculation after optimization have been shown in Fig. 3.

Nodes: 3813 Elements: 1958 Nodes: 3813 Elements: 1958 Nodes: 3813 Elements: 1958
Type: Von Mises Stress Twype: Safety Factor Type: Displacement
Unit: MPa Unit: ul Unit: mm

33.12 Max 15 Max 2.415 Max
2652 12 1932
Ll 1902 9 L1449
! 1331 6 0.966
6.71 3 i 4 0.483
1.64 Min | % -
e 0 Min
0.11 Min 0 R
a) reduced stresses b) distribution of safety factor c) displacements

Fig. 3. Results of numerical calculations of the prosthesis after optimization
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Empirical validation of numerical calculations of the prosthesis

To verify the numerical calculations, empirical validation of the calculations was performed. For
this purpose, the printed prosthesis was mounted on an aluminum profile (Fig. 4). Followed by
referential measurements. The prosthesis was loaded with cast iron weights of 17 kg (the weight
of the tendon was omitted).

Analogue caliper
with a resolution
of 0.03 mm

Place of load
application (17 kg)

frame made of
precision
aluminum profiles
45345

location of the
prosthetic fiving

Fig. 4. Displacement measurements stand

Verifying the numerical calculations with the actual load applied, the relative errors of the
maximum displacement measurement (against the numerical calculations) were calculated
analytically, they were 94.8% for the prosthesis before the optimization process and 86.3% for the
prosthesis whose shape was subject to the shape optimization process, respectively.

Conclusions
Based on the results of the conducted study, the following conclusions were drawn:

1.

Excessive stiffness of the structure may cause the entire load to transfer to the
endoprosthesis. Recurring loads with such stiffness cause the endoprosthesis and bones to
carry increased loads from the ground, which may cause permanent damage to healthy
parts of the dog's body.

Failure to install the endoprosthesis in the hole of the printed component correctly or
improper matching of mating components may cause damage to the prosthesis because of
the incorrect direction of loads. PET-G plastic is a relatively soft material and with poor
metal-plastic mating, it will cause depravity of the latter.

The prosthesis is sensitive to the changing loads connected with the dog's weight. In this
case, the dynamic load resulting from the dog's movement is three times greater than the
static load. It means that each additional kilogram of the dog's weight will increase the
basic dynamic load by about 30N.

To ensure optimal use of the material's properties, it is crucial to select the printer's plastic
processing parameters. A printing temperature that is too low will prevent the layers from
fusing properly and will eventually cause defusing, while a temperature that is too high
will overheat the material or lead to incorrect application.
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5. Optimization for the Maximize Stiffness criterion reduces maximum displacements and
increases the safety factor through a more favorable distribution of loads within the solid.
In addition to a more favorable distribution of stresses and displacements, optimization
reduces the weight of the structure by 40%.

6. The relative measurement errors occur because the applied load differed from the nominal
one by 8N. Secondly, it was assumed that the material would be isotropic. The third reason
was that the strength of the printed element is lower than the strength of the same element
made by injection molding, and, depending on the technology, is 60%-90% of the
temporary endurance of the injected part. Another reason for the measurement error. The
mounting method offered a different response than the assumed restraint of the contact
surface of the detail with the substrate. Another reason for the error was a different load
distribution along the layer lines, preventing a distribution that would match the numerical
calculations. Additionally, another cause was the difference between Young's modulus
used for the purpose of the calculations and the actual one. The sum of these errors makes
up the total relative error of the measurement results.

7. In order to reduce the relative error, the material model should be changed to an anisotropic
one, but in the case of FDM printed material, the number of material constants is so high
that it cannot be implemented in the numerical calculation program that was used, so the
assumed isotropy is a reasonable simplification in this case.
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