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Compression Response of d&inted Ti6Al4-V Gyroid Structures
with GradedWall Thickness and Cell Size
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Introduction

3D printing, particularly through additive manufacturing methods $ikkecting laser melting
(SLM) has revolutionized the design of bone implants by enabling the precise creation of
complex, porous structures with tailored pore sizes and mechanical properties. Among these,
gyroid structures stand out due to their unique triply periodic, continuoud wabmetry,
which allows them to function effectively as both trabecular and Wwalled systems. Their
design enhances osteointegration and benglant fixdion while allowing control over
implant stiffness and elasticitjl]. This capability to fabricate customized, organic porous
structures signals a significant advancement in implant technology and represents the future
of intraosseous medical devices.

Previous studies have identified various imperfections and defects in specimens fabricated via
3D printing technologie$2]. One critical factor influencing the final performance of such
structures is the presence of partially melted powder particles adhering to surface features,
which can compromise surface quality and structural inted8tyAdditional defects, such as
discontinuities in the loadbearing elements, have been observed and are known to
significantly reduce the overall mechanical stabitifythe structures[4]. These structural
imperfections not only diminish the lodakearing capacity but can also impair implant fixation
within the bone, potentially leading to clinical complications such as poor osseointegration or,
in severe cases, bone necro$

These defects are commonly addressed through {postessing techniques. One such
method is Hot Isostatic Pressing (HIPIP treatment improves Selective Laser Melting (SLM)
components by eliminating internal pores, relieving residual stress, promoting favorable
microstructural changes, enhancing ductility and toughness, and reducing mechanical
anisotropy [6]. Subsequently, samples can be etchiedremove loosely bonded surface
particles and incompletely fused printing dust begdi$7].

This study investigates two fundamental wigibe variations of gyroid structures fabricated

by additive manufacturing using a Ti6Al4V alloy. The first variant features a gradient in wall
thickness, while the second incorporates a gradient in unit cell $ize primary objective was

to evaluate how these morphological differences influence mechanical performance and their
potential to enhance osseointegration. Both structure types were subjected to uniaxial
compression testing using cylindrical specimeith @wimensions corresponding to reaforld
(specifically dental) implant geometriesll experimental samples were pgstocessed using

Hot Isostatic Pressing (HIP). Subsequently, half of the printed samples were subjected to an
etching process to assess the impact of surface modification on their mechanical properties.
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Results and Discussion
The specimen designs were based on the general gyroid equation, with modifications applied
to create a smooth transition in gyroid morphology. Samples were fabricated in two main
groups: one with a graded unit cell size and the other with a graded detistigtter of which

modifies the wall thickness and enables a continuous transition from porous to solid regions
as shown in th Figurel.

Figurel. Example of the specimens used in experiments, where Var A, Var B represent samples with graded walls
and Var C, Var D represents samples with graded cells.

The following figures present logdistance diagrams for both etchednd nonetched
specimensFigure?2 illustrates the samples with graded cells, whikggure3. displays the
specimens featuring graded walls.
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Figure2. Load distance diagrams of a gyroid structure with graded cells.
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Figure3. Load distance diagrams of a gyroid structure with graded walls.

Conclusion

This study highlights the impact of structural morphology on the mechanical behavior of 3D
printed Ti6Al4V gyroid structures with graded cell sizes and wall thicknesses, particularly
under compressive loading. Specimens with graded wall thickness exhiigadicantly
higher loadbearing capacity prior to collapse compared to those with graded cell sizes.
A comparison between the two types of grading revealed distinct deformation mechanisms:
structures with graded wall thickness demonstrated enhanced rmaeial stability,
characterized by localized buckling or shear deformation, whereasizelgraded specimens
tended to undergo global collapse.

Samples that underwent pogtrocessing vidIP and after that bytching showed a slight
reduction in loadbearing capacity, likely due to the thinning of ldlagaring elements caused

by material removal. Nevertheless, the results suggest that-postessing had a relatively
minor impact on structural performance comaged to the substantial influence of the grading

type.
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Tabulkalqt 2 NE @yt yN @éeat SR1 & 2SRy2iGf AgeOK 3ISYSNI ON LINE

Nova generace intramedularnich fixaénich hiebi

vzorek F_MAX [N] F_y[N] M_y [N*mm] K[-] El_e [N*m”] regresni odchylka [%)]
001 -3175,731 -2686,153 -51036,911 546,528 12,237 0,38
002 -3198,767 -2718,204 -51645,880 558,832 12,332 0,12
003 -3209,335 -2726,322 -51800,113 555,436 12,296 0,26
primér: -3194,611 -2710,226 -51494,301 553,599 12,288 0,253

1. generace intrameduldarnich fixaénich hieb

001 -1211,61 -1035,026 -19665,495 405,487 8,672 0,18
002 -1222,40 -1042,194 -19801,69 401,389 8,342 0,18
003 -1219,43 -1046,491 -19883,328 409,476 9,461 0,14
prlflrnér: -1217,814 -1041,237 -19783,505 405,451 8,825 0,170

Tabulka2ct 2 N2 Oyt yN deat SR14 2SRy2i(tAgdeOK 3ISySNI ON LN

Nova generace 1. generace
vzorek  silaF[N] cyklyN[-] momentM[N*mm]| silaF[N] cykly N[-] moment M [N*mm]
1 2500 23500 47500 950 573 18050
2 2500 31171 47500 800 1721 15200
3 2500 43972 47500 500 43972 9500
4 2300 87197 43700 500 15923 9500
5 2300 104829 43700 500 30233 9500
6 2300 112728 43700 320 24677 6080
7 2000 250000 38000 320 109508 6080
8 2000 250000 38000 220 250000 4180
9 2000 250000 38000 220 250000 4180
9 - - - 220 250000 4180
04 — 001 (1. generace)

—— 002 (1. generace)
—— 003 (1. generace)
—500 4 —— 004 (Nové generace)
—— 005 (Nova generace)

—— 006 (Nova generace)
-1000 4

—1500

—2000

=2500 A

—3000

-17.5 -15.0 -12.5 -10.0 -15 -5.0 -25 0.0
Displacement [mm]
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Interest in the mechanical characterization of soft polymers for biomedical applications is
growing rapidly, particularly due to their use in tissue engineering. For example, hydrogels
used in 3D bioprinting must exhibit tunable stiffnessetthance biocompatibility, enabling
cells to spread, proliferate, receive nutrients, and remove waste through hydrogel porosity.
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Depth-sensing indentation records the full indentation le@@pthctime (R;hgt) profile,
which can be analyzed to extract the mechanical properties of materials. In this study, three
analytical approaches were compared based on their feasibility and abitiigao spherical
indentation data. A single indentation dataset can be deconvoluted to obtain: (i) elasticity
from the R;h curve during the loading segment, (ii) viscoelastic behavior from ¢héoRd-
relaxation segment, and (iii) elastf@astic propeties from the RBh unloading segment.

In the loadrelaxation model, an exponential decay equation is fit to the displacereld
segment to extrapolate the load at infinite time. This model demonstrates high applicability
to soft polymers commonly used in biomedical applications.
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Biomaterials for regenerative medicine with piezoelectric
properties
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Research in the field of piezoelectrmomaterials with the main ability to transform
mechanical stimuli into the electrical ones (or vice versa), has experienced a significant
expansionn the recent yearsThesestrategic materialfavewide range ofapplicatiorsin the

field of mediane, mainly for a tissue remodeig or to mimic complex tissue structuréhe
unique characteristic of these materials is their ability to accumulate electrical charge based
on even subtle mechanical stimuli such as walking, blood flow, breathing1gtc.

Many materials with piezoelectric propertiemme fromgroups of ceramics, polymers or
composites, both naturabr synthetic Some of them have high piezoelectric response while
also being brittle, inflexible or even toxic, like lead zirconate titanate. However, the ideal
material for medical applications should be ntmxic, biocompatible, have a high piezoelectric
response ad be easy to manufacturg].

In 1986 the piezoelectric propertied a group of biopolymers called polyhydroxyalkanoates
(PHAs), such as polyhydroxybutyrate (PHB), were demonstrated. Also, the degree of
crystallization and the orientation of the polymer influence its piezoelectric propef8gs
Therefore, the aim of this research is to enhance the piezoelectric response of PHB through
controlled biocrystallization and orientation. In addition, PHA are polymers of hydroxy acids,
which can be produced by bacteria in the form of intracellular gleén Those polymers are
produced as secondary metabolites, when the bacteria are cultured in the media with an
excess carbon source and usually limited amount of nitrogen. Moreover, various waste
materials such as starch, whey, coffee grounds, etc. anls used as the carbon source in

the media. This way, it is possible to obtain natural biocompatible material that is piezoelectric
and can be produced from various waste sources, supporting the circular ecgdpmy

As a model microorganisnthe rod-shaped bacteria calle@upriavidus necatdd16 were
selected, because theycan produceup to 80% of the PHB in the dry biomass
Biocrystallization can be induced by several stress factors, such as high temperature, pH or
osmotic stressFor thedegree of biocrystallizatigri-ourier transform infrared spectroscopy
(FTIRwas used. Ouproposedsystens for the orientation are surfaces with microstructures
prepared using photolithographgnd the application othe standingsurface acoustic wave
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(SSAWo ensure the required orientatiorAtomic force microscope (AFM) images were used
to verify the degree of cell orientation.
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Figl Partially oriented bacterial cells measured by AFM (left), FTIR spectra with arrows indicating the peaks which are
confirming the PHB crystallization (right)
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Aplikaci Ize spustit vmodifikaci Cvigeni |ze provadét Lze nastavit dobu Lze volit obtiZnost
pro procviCovani vsedé nebo ve staji. béhu aplikace na provadéni dkolu mezi
pravé nebo levé kongetiny. 1,2, 3a 5 minut. nizkou, stfedni a vysokou.
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Abstract

Fluctuations push the system out of equilibrium and thus extract the necessary free energy
from the surroundings (mostly from temperature fluctuations). This energy can be used to
create newdissipative structures or can serve as the driving force of molecular motors. The
concept of a molecular motor is used to describe muscle contraction. The force (acceleration)
velocity relation from the molecular motor model based on the Menkéichaelis enzymatic
reaction, is compared with the usual Hill equation of muscle and with experiment. For the
relevant part of the experimental data, the ratio of the Michaelis constant to ATd°
concentration, i.e.Kv/nate is constant. This ratio is not constamtider extreme loads, such

as stretching (maximum force at zero contraction velocity), or maximum velocity at zero load.
It is very interesting that the relevant experimental data correspond approximately to the 5%
the maximum rate ofATPconsumption. This leads to the conclusion that the muscle has
asufficiently large reserve in terms #fTPconsumption under conditions corresponding to
maximum performance

Introduction

We will analyze the properties of Mentévlichaelis enzyme kinetics, [3], [4], [5]. The model
serves to explain how an enzyme can cause kinetic rate enhancement of a reaction and
explains how a reaction rate depends on the concentration of enzyme and atésiihe
enzymeE interacts with the substrates by binding to its active site to form the enzyme
substrate complex (or activated enzynte$ That reaction is followed by the decomposition

of ESo regenerate the free enzymieand the new producPk, see Hj. 1.
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Fig. 1a) Change in concentrations over time for enzyBeubstrateS enzymesubstrate compleXSand productP. The ce
ncentration profile of the individual components is only qualitatively plotted. In reality, the concentration of the adtivate
enzymesubstrate complexgsnever exceeds the concentration of the enzyme

b) Value of Michaelis konstardy is equal to the concentration of the substrate when the rate is half of the maximum ve
locity x; .../ 2 » S€€ Wikipedia.
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From this it is clear that the substrate concentratiog[kmol/m’] decreasesas fast as the

product concentrationn, [kmol/m®] increases. Moreover, during the reaction the sum of the
concentrationsn, is constant, which means that the sum of free enzyme moledalasd

enzyme molecules bound in the activated enzysubstrate compleXESis always the same.
The Michaelis constank,, [kmol/m?] is the ratio of the rate constants of chemical reactions

2, (3.

Muscle contraction as a function of a molecular motor

Most molecular motors are based on the physical activity of motor proteins, with their energy
being derived from ATP molecul&3. Menten-Michaelis kinetics can be used to model muscle
contraction, which can be interpreted as a molecular motor, see e.g.,[5]. This mechanism can
be described by the following chemical kinetics

myosin-actin crossbridge

S+ E Umotor(x) 0 ES )

ATP cg?* +H,0 myosin head attaches '+ ATP-motor(x)
power stroke and ADP{P release
ES 1% EU motor(x+px+ P (3)
ATP-motor(x) ATP- myosin head detaches (ADR+P #H C

By consuming the substra&TP muscle fibers (actimyosin) receive the necessary energy
ATR,, + H,0 - ADR, +P +HO

for OG= 30kJmol', B =20kJmol ® 34 Imdl'K (4)

and for human body temperaturd =(273.15 +3] KTDS 0.5 kJniol*

A muscle can perform both expansion work (contractidh), = pfVand  nonexpansion

work (stretching)W,,,..,,= VDp. These two points correspond to two different formu
lations of the energy balance. Energy balance for expansion work is
o, =THE, =D +Vg, VD FDOS - 5)
=0 9 G

and energy balance for neexpansion work is
EQnonexp:T Bnonexp = B8 +Vﬂ?onexp +HD 6 L0S -T

=0

= DJ +Wexp +\Mon exp -G) S--I (6)
T =0
We assume that the same temperatud =0 is maintained in both modes, so the amount
of heat TDS, Ois released. The change in internal ened@y is also zero because the tem
perature of the muscle does not change and the change in free energy is equal to the magni

tude of the expansion work, i.e[F =W, T %, =0Q, 165kImof K. In the case of

non-expansiorwork ¢ stretching- only part of the Gibbs free enthalp§G is converted into

internal (structural and chemical) changes and part of it is converted into heat due to the
increase in pressure in the muscW/(..., = VDp), see(6).

nexp —
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Forceg velocity relation

We can also describe the molecular mot@), (3) quantitatively, using the energy balance
equation(4). We start from the equatiolil), which will provide us with the energy balance of
the contraction from the amount of the substrael Pconsumed. We assume that depding

on the type of contraction, the amount of energy consumed#y,,, or Q... se€(s5) and

(6).

mexp_ r dnATP — av — Natp
mexp r l)rﬁax dt a“naxv max K( 3 V) + rl\TP (7)
. dn em?
for contraction where - LY ava—
a?exp dt exp 8 sz

Here we have designated the sarcomere expansion power (per unit maag) asd the force
per unit massacceleration ag. The contraction velocity is v. For rerpansion workJG

nonexp

we derive the same relationship &8. The only difference is that the mechanical waxkis
replaced by the generation of internal stregg 7, [W/kg=nd /< Jand any chemical changes.

r... is the density of the sarcomere (muscle) and is approximatekt 4. 3/cn¥.

sar

Using Avogadro's numbeN, we can determine the power of one oN,;, molecules
simultaneously occurring processes. The power of a certain numh¥y@f crossbridges for
a certain time interval2? is obtained by applying the relatiqi)

DM Nyrp _ 10.306 872 Nupp g oc 19 Nare
raeN, D 10440 @022 1® tD tD ®)

=Wyrp =farV are [W] for N, molecules consume

The rate N,/ & of ATPconsumption determines mechanical performance and thus the
generated force f,;, and speed of contractiorv,,,. An analogue of the Hill equation of
muscle is the followinglternative form
a - Nate
BV Vo (K(@ V) + 1)
a K(a,v)

2 .0 for Y- 1 when &Y 1, 9)
amax Vmax nATP

andi- 1 forO<L o Mare 0 1,
Brax Vo K(a,V)

The Michaelis constant generally depends on both the contraction speed and the force, i.e.
K(a,Vv). Both extreme points (isometric contraction and maximum contraction velocity) occur
under the conditionK (a,v)/n,;, [l 1, therefore far from the condition of maximum reaction
rate, see Fig. 1b) andaximum powey seeFig. 2.

The force (acceleration)elocity relation from the molecular motor modé€r) is compared

with the usual Hill equation of muscle and with experiment [1], [2]. For the relevant part of
the experimental data, the rati& (a,v)/ n,,, is constant, see Fig. 2.This ratio is not constant

co
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under extreme loads, such as stretching (maximum force at zero contraction velocity), or
maximum velocity at zero load. In these extreme cases, the Michaelis corfsjastmuch

larger than theATPconcentration. This can be explained by the strong decrease in the rate
constantk,, and therefore the increase in the concentration of the activated compl8x
(ATPImotof %), see(2). The consequence is also a decrease in the number of mgosm
crossbridges.

It is very interesting that the relevant experimental data correspond approximately to the 5%
the maximum rate of ATP consumption, see Fig. 1b). This leads to the conclusion that the
muscle has a sufficiently large reserve in terms of ATP consumption codeéitions corres
ponding to maximum performance.

g
$ 1 T T T T
o 097 S TSN SRS pReew pen—
\(F Power--- a- v{(amax- Vmax)' 10;
+ 08r ‘ ' -
8 0.7r i
o ;
L :
3 0.6- a/ama"=0.25(1-v/vmax)/(o.25+v/vmax)---Hih\lgg. | 7
© 050 : | .
"\é . Exp.Cain, Infante, Davis, 1962 Nature 3
z

£0.3F :
S
e 0.2 0
F LR A (L P L
=, 0 e s = 1
- for KM/n ATP—10.02--- Molecular Motor 5
% 0 I I I i i i I I I
a 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

viv
max

Fig. 2Comparison of thelassical Hill equation of muscle fitted to relevant experiments with the acceleraglmtity rela
tion derived from a model afontraction acting as a molecular mot@) and(3). The concentration of ATP is approximately

equal to one tenth of the Michaelis constant. This corresponds to approximately the reactior,fajer 20. So the muscle
works only at 5% of the maximum consumption of ATP, see the rel@jamd Fig.1b).



(] HUMAN
ﬁ BIOMECHANICS
2025

Conclusion

The concept of a molecular mot@@)and (3) allows us to describe the contraction of a single
muscle fiberelement actinmyosin. Skeletal muscle has a complex structure: Muscle fibers
(cells) are the basic unit of muscle. They are long, cylindrical, tubular cells with tapering conical
ends, unbranking, and not perfectly round in cross section. The number of fibers varies from
50 to 300 in each fasciculus (bundle). Each muscle is actually made up of 10 to 150 bundles of
muscle fibers. A membrane (sarcolemma) surrounds the bundle of fibers, whicbasiains
mitochondriag the muscle's energy factories. The muscle is permeated by nerves and blood
vessels. A muscle typically has several hundred thousand parallel fibers in its center (the
muscle belly) and tapers toward its ends (the origin and insertion). Due to the langleenu

of muscle fibers in a sarcomere, its force effects and contraction speedsignificantly
different from the effect of a single actimyosin crossridge. Experimentally determined
values for one croskridge are in the rangef 1 to 6 pN for force and 400 to 800 nnfts
maximum contraction speeds.

Comparing this data with the relationshi@) for the mechanical power of crodsidges
indicates the possible number &TPmolecules and the rate of their interaction. The <or
responding value of the quantit\N,../ & is about 140. It is difficult to experimentally

determine the force effects of a single crdssdge connection.

For an accurate description of muscle function, a phenomenological description is important.
When the entire muscle is loaded, the individual muscle fibers cooperate with each other,
which is difficult to detect from a microscopic point of view. The prapsrof the muscle as
awhole must therefore be described phenomenologically, i.e., in a state where all myofibrils
cooperate. The forceelocity relationship, which is easily measurable, serves this purpose
well, see the relatiorf9)and Fig. 2.

This diversity is confirmed by force experiments. For example, a typical vertebrate muscle
produces, during an isometric contraction and at optimal length, approximatei@258l of

force per square centimeter of muscle cresctional area. Some invertelieamuscles, such

as thecrab claws produce greater force. This is because the sarcomere is much longer and
thus has more sites for actin and myosin binding, and thus greater force generation per square
centimeter, but at the cost of much lower velocity.

Acknowledgements

| would like to thanlrof. Matej Daniel, PhD from the DepartmentMéchanics, Biomechanics

and Mechatronics (Dejvice), Faculty of Mechanical Engineering, Czech Technical University in
Prague, for his support. Thanks to him, | was able to prepare this contribution and participate
in the Human Biomechanics 2025 conference.

Literatura

[1] ChenJ., Zhang X, Lin S., Wang H. and Gu L.: Multiscale Modeling of Skeletal Muscle Active
Contraction in Relation to Mechanochemical Coupling of Molecular Motors, Microma
chines, 6, 90314, (2015); doi:10.3390/mi6070902

2] al NON{1 =X C®>X aSAayl N Woy ¢KS . IflyO0S-2F 9y
Equilib.Thermodyn. Vol. 19, 1216, (1994)
[3] al NONJ = Coz 5@2njt 1Y . A20KSNY2Rey Il YAOQOa®

Biotermodynamika) (1998)



[ ] HUMAN
h BIOMECHANICS
2025

[4] Michaelis L.,Menten M.L.: Die Kinetik der Invertinwirkung. Biochemische Zeitsch.49,
333369, (1913)

[5] Lebon, G., Jou, D., Cadtazquez, J.,: Understanding Nequilibrium Thermodynamics,
Berlin, Springer (2008)

[6] Vogel Pia D.: Natures design of nanomotors. (Rewiev artitledppean Journal of
Pharmaceutics and Biopharmaceutics 60, 267277, (2005)

20 ONISS® pwmpud rY p

+fAQ {1 Lz 2KdzYSNY f yNK2 weldYdz ylI

Matej Daniel’, Jan Votavd> WG f A I 3. 2 RRFIYNRYRL %a ORBNE € A 1 |
51 AR EBI2y[R NS NI Cdzf Ny

1“3l @ YSOKIFIYyAle@Z 0A2YSOKIFYAT@ tINIYS®K I¢EBNEKYMIC
160 00 Prahg Dejvice.

2md £ Sl nalt FrEldZ Gl | Cb az2id2tsz. ! yABSNI Al

* matej.daniel@fs.cvut.cz

wlkEYSYYN (f2dzo0 2SS LINP &ag4d2 NRIT at Kteé LI2Keéeo yit C
LINfSRa G @#dz2S @eél ylYy2dz 6tad 1T NIYySYyN dz &L NI
LINRT 1 2dzYl @ |i1f-“yj\| LINN6AYy&e® {dF oAt Alanli NI YS:
a2 NASYy Gl ON Kfl A0S KdzySNHz I t2L) Gd1é&= 020 28§
bl OS &aGdzZRAS a7\ 1tFREF T1 ONf ydzZySNAOle& 2RKIR
L2 Y2 ON Ydza Odzf 281 St Sit fyNK2 Y2RStdz g LINB&UNSH

A0 tOXFBOK2PeYA 2SRy20G11F YA aAYdzZ 2 dlet IyadR®|I QD!
GnA 1AYSYFLGAOLS Y2RSt@& {lwY TFTFAE20Fyt 2L 0
ORES 2dz S It dX wHamcOP YAYSGHGAOlt REFEGE o&fl
1t2d20yNOK &aAf d® Df Sy2KdzYSNRYEGNEXGIRAKER2GE GgNE T
aNfe LJAaz2oNON yI 3JftSy2AR O0LRYSN adloAtAde
agrt20e0K 10A0FON & 9abD RIGE& | 1f2dzyNOK
ZRFGFO6tTS hNIK2f2FR®

Kinematics and kinetics Biomechanical model Joint load Glenoid stability
shoulder glenoid ; ;
elevation dislocating

scapula fixed force __
SHR - 2:1 N force

SHR - experiment

compression

Abduction Inverse dynamics muscle activation \ force glenoid
movement optimization muscle forces plane

- 0 kg o SRV dislocating force
2 kg CE] = compression force

Obr.1{ OKSYl YSi2RA1& @&dzOAGS LINR dINBSYN &adloAfAade


mailto:matej.daniel@fs.cvut.cz

[ ] HUMAN
h BIOMECHANICS
2025

R @ bTrtes OS LINSRLRGST Sys -
YNYA YSnSYyNYAS | (2 6SI 2Kt SRdz

& AOAT 2 YAYASHR, ! v I f
| NITyS 1T @deddz2S NAI
2L Gl1e asS (1ft2domyN apNf |
SK2 LnjSa-NONSS R3S 9AE LIS N yYi
f AGdz | 2 dzo dzo

SR [%] SR [%]

180°H——f

270° 270°
—— dislocation ratio shoulder elevation
O k —— scapula fixed . 300" 2 k
. L4 2
g —— SHR-2:1 . «60° g
SHR - experiment ®90°

Obr.2LYRSE &ilFoAfAle NI}IYSYYNK 2 (1f2dzodz LInfjA @2fyS | 6R

bl OS TBAOuéyN YITyYylL6dz2NE OS A eSYyé &1 Lzt + N
2S LINEP GFEoAfAlGdz NI YSyS TtHal RyN A 1R8O 25§
L2 f 2 K2 @t yj\l f2L) G1e YAOS @gsai 1@1auiz|.J§NNE|N@f@d8NA|
f SITN FtSy2ARdz I RSIASYSNI GABYNOK NIHzLIG dzNJ NE (G }
AYLI A1 FOS LINEP LIROK2LISYN NI YSYYyNOK LI G2t 23AN
A@YRNRBYZ | LINP NPT @22nRBEODEAYVRGT 6 $NORY NG BL [ B
t 2RSS 2 0t yN

¢CF G2 LINDRGI I8y G SY | 86 néid nb !DH M-08926SP D! H o

Literatura

[1] Wu, W., Lee, P.V.S., Bryant, A.L.,, Galea, M., Ackland, D.C., 2016.-pujéict
musculoskeletal modeling in the evaluation of shoulder muscle and joint function.
Journal of Biomechanics 49, 363634.d0i:10.1016/j.jbiomech.2016.09.025.

[2] Westerhoff, P., Graichen, F., Bender, A., Halder, A., Beier, A., Rohimann, A., Bergmann,
G., 2012. In Vivo measurement of shoulder joint loads during walking with crutches.
Clinical Biomechanics 27, &I7118. doi:10.1016/j.clinbiomech.2012.03.004.



(] HUMAN
ﬁ BIOMECHANICS
2025

[3] Ladd, L.M., Crews, M., Maertz, N.A., 2021. Glenohumeral Joint Instability: A Review of
Anatomy, Clinical Presentation, and Imaging. Clinics in Sports Medicine 439985
doi:10.1016/j.csm.2021.05.001.

[4] Lippitt, S.B., Vanderhooft, J.E., Harris, S.L., Sidles, J.A., Harryman, D.T., Matsen, F.A,,
1993. Glenohumeral stability from concavdgmpression: A quantitative analysis.
Journal of Shoulder and Elbow Surgery 2,357 doi:10.1016/S1058746(09)80134L.

[5] Matsen, F.A., 1994. Practical Evaluation and Management of the Shoulder. Saunders,
Philadelphia.

20 ONISP pmpHd MAaYnn

Use oftrajectory optimization fora motion analysis
of musculoskeletal systems

hy RnjS 2 ¥ waidybanielé
1301 @ YSOKIFYyAle@Z 0A2YSOKIFYAT®& tINIYSKI¢ENEKYYMIC

160 00 Prahg Dejvice.
* ondrej.zoufaly@fs.cvut.cz

Introduction

Static optimization is a method for muscle forces estimation based on inverse kinsaradic
dynamics. Static optimization is difficult to use in the musculoskeleta¢mgstith contact
forcesas the experimental data usually include some tracking errors, leading to infeasible
positions for static optimization. Moreover, sometimes the task is not to estimate muscle
forces but to predict a particular motion. For nonlinear systems, which mosthef
musculoskeletal models are, the direct collocation (DC)haettis one of the viable
approaches for optimal trajectory estimation. DC is a nonlinear programming problem with
the discretized dynamical system over a time interval and parameterized states and controls
in each step, minimizing the objective functiomid approach was successfully used in a gait
prediction [1] or cycling techniques and strategies [2].

Upper extremity analysis

In this work wedealt with the use of direct collocation method for muscle force estimation of
the shoulder complex. The dynamic system was discretized to 100 nodes; the task was to
follow an experimental trajectory while minimizing muscle activations
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wherew 0 is the muscle activation a@f-th muscle,y 0 andr} are thea -th calculated

and experimentally measured coordinates, respectively, andnd0 are the optimization
weights.
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Fig 1.The resulting trajectories for sternoclavicular, acromioclavicular, glenohumeral and elbow joints, respectively. Note
that the feasible trajectory for the models are not exactly the experimental data trajectories due to the stfagmala contact
forces anl experiment errors.

Fig. 1 shows the experimental data and the calculated trajectories for humeral elevation in
scapular plane. Fig. 2 shows the resulting muscle activations of muscle elements that were
measured using the EMG.
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Fig 2.The resulting activations compared to tegperimental EMG data.
Conclusion

In this work we showed that optimal trajectory approach can be used to calculate the muscle
forces estimation of the upper extremity. The aim of the future work will be the predictions
of changes of scapular motion during pathological conditions.
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