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Fig.1 . Generalized Maxwell model.
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Fig.2 . Axon geometry and its components, a) Side view; b) Cutting view from the front.

Lvel )
N N
o, =;0m =;2Gm (g—ym) )

ol eolasl b See el o IS s coles o
DV 0T oo (1) dolae & g0ty SiwVlgSansg

oc=0,+C: ¢,+o0, @)

Al e Tadsl i O akal) cpl o A

Sl 5 S Laoe Jlows b B3| 43 55mST JUS 5 4o
o ol 50 ojlurJlew SR (o p el sl ey
J> ole g Jlw sl @S> DYl ks Bl > 6l prite
% a5 ab ool a8,bgs JisS (g 5l sekite cul sl sl
sl S 5 Dledbl gal> o 4 al> o Saighiizr b b, ol
G Sl fl iz Sl plaguly 2l Ker 4 plg oo atls o
solee VO] sy (T 5150 0z 3y 5 ol SIS0 i
Dol el (V) dolas & g0t Jlw 5 @S> potiogs

P (“ﬂuid -V)”ﬂuid =V. |:—pI
QRD)

2
+,u(Vuﬂuid +(Vuﬂm.d )T )_E'U(V' U gia )I:|+F

Coy e gap g U SSlwlge JLid poaadal, ol jo

-8 a3y o (Sosul Sloy clbT cal moo)leds a3l aw
slael ols las jglaieds ¢SS (55,5 patie .l M y00
lo 00 olasal yols lis (gl ¥, TE-G, (KeS paie g oy
Jsere Sygots G SVl asls by oo Cowlosds B yme
S b 5 Sybe ool bl (g Jado b Sasils e Uy

i Egazme O y90d G 637 sy Jade g e o0ls i G
IVE] (0) dolas b casl plps g 098 o0 obo oasls soles

N
G,=G+YG, ®)
m=1

<ol laae 5l g a8 L by a5 el Sl gl gl o)
5 Jsere Sygoa Gl ploy el o8 s (S5l S
CaS S uod Cm 3 a0 05 g0 (6 S 0l | dlS )3 asals

Cawdds ( Sogml o g i slas S0 3lal 5l asly o S5
V] ety olgos ) dolas &jg0a |, a5l o e ) o
DVE] () ol b sl plp asls o gl oo s ol o

O =2qum =277m7m =2Gm (g—ym) )

2 Initial stress

1Frequency domain

£y



FEYY U ¥F e domao NF v Jlo A ojlaud Y 080 ¢pusS puol SOl wiins 4 puls

DF] vas Jolo 4 bgspo (cwoid gloo sl ) Jaao
Table 1. Geometric dimensions of the nerve cell.
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Fig.3 . General structure of channels and axon placement, a) General geometry of the sublayer and channels; B)
different components of the sublayer and location of the axon is shown; C) where the axon is placed in the culture
medium inside the channel; D) A section of the central part of the axon inside the channel that was used.
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Table 2. Mechanical properties considered for axon components [6].
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Table 3. Sublayer hyperelastic model parameters [11].
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Fig.4 . Displacement and Strain magnitudes associated with the applied pressures [11].
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Fig.5 . Loading schematic and length analysis; A) Subslayer for applying pressure, b) Cut section for the final axon

model, ¢) Schematic of how to apply pressure to initiate displacement, d) Calculation of von Mises stress in terms of
length to consider the central part of the axon with a length of 20 pm in modeling.
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Table 4. Applied strain rates and strains. The uniform pressure applied to the sublayer at 11%, 25% and 42% strains
is 3.5 psi, 8.5 psi and 14.5 psi, respectively.
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Table 5. Load values for the axon final model.
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Table 6. The calculated results of mesh sensitivity analysis.
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Fig. 6. The point considered for stress calculations.
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Volume: von Mises stress (N/m

Line Graph: Displacement magnitude (um) 2
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Fig. 7. a) Stress values along the axon (in micrometers) inside the microchannel; b) Displacement based on the arc
length at different velocities; C) Strain based on the arc length at different velocities.
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Fig. 8. Face to view the internal effects of stress.
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Fig. 9. Stress values on the inner face of the axon.
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Line Graph: strain
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Fig. 10. Strain values on the edge of the axon in contact with the culture medium.
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Fig. 11. Deformation of the sublayer at a pressure of 14.5 psi.
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Line Graph: First principal strain {1)
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Fig. 12. Strain at applied pressures of 3.5 psi, 8.5 psi and 14.5 psi.
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Fig. 13. General changes in axon displacement for 11%, 24% and 42% strains from top to bottom, respectively.
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Fig. 14. Stress values at strains of 11% and 24%, 42% from top to bottom, respectively, in the time equals to S0 ps.
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Fig. 15. Internal stress calculation area.
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Fig. 16. The values of stresses in 11%, 24% and 42% strains from top to bottom, respectively, in the time equals to 50 ps.
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Fig. 17. Axolemma contact area with the sublayer for strain calculations.
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Fig. 18. Strain changes along the Axolemma at /=22 ps.
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Line Graph: First principal strain (1)
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Fig. 19. Response to 11% strain during different times for strain rates of 0.4, 2.2 and 5 per second from top to bottom,
respectively.
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Line Graph: First principal strain (1)
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Fig. 20. Strain response of 24% at different times for strain rates of 1, S and 11.4 per second from top to bottom,
respectively
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Fig. 21. Response to 42% strain during different times for strain rates of 1.6, 8.4 and 19.1 per second from top to bot-
tom, respectively.

S ATy Ceslodds 4S50 S Sy g0 S Bro s leaill (nizres 9 e 5 S S g0 (9S00S5
L Ll o las Jols sl alBiole;] uli b 580 & jgots gulis 5| cleds gz go Joo ;0.0 CBL 55 ST sadgl SunS o |
Ly 08 e liel ) mls Glgiee bgilodue (Fp bamlie Bi>oj9me 50 (25,5 ST G e Jelse 51 (o eols 3 (S

£174



FEYY U ¥Feq daxbn Moo JL..J A D)LM QY 0y9d ;).:..5).:.91 «&u&n L;""'“\“‘Q(" A_v).u.u

SIS s 5l (6l Wgd oo JELI JiSKms 025 L
fimd o ol Ty sl ol 51 5l (STl g oy, (ol
95l lidie jo )18 WDle ul LS 6l (292l @2 Iy
25U e S0 Gl elonis Gy yas Jole g o lacn @
AGais ol 3 (sols (a5 L9 w3 Shes Al O
son @olaB jeba o5 e e (D) JUKw 2 yd
ol ogmainS )l oalill alox il Calises slags lom yo o5 Canloss
Jsko ol Sl 4 baype (o5id o5 (S50 Sbpd g
Jol5 (52,95 w2 125 08 (o0 (55L (olul GRS Ot oas
Slyeetd Gizped 5 (Joko ClSul o 55 (gras Jobo (S
3o s lon 5l )l o Jeo Jalge abox 5l Jsho (s,
il oo olacl
doe Sl Jol s 4SS L eadplnl i 5o
Yy S s Sy S50 50 508 9,50 15 5 (2Rl
O3ST Emly o 4y g JUS (ol lalid g Sl by S
Oype S pivdezs slailuoste oyl (plbaz ol (ou)p
oS 3l sousS Jate sty p o il 5l ailiwlie Lol w2 S
onld J2959 500 (Sl slagwly 5 b Sy 5l sl SLe
ol Boile 55 S Wlgoo Joo () 0B dgpda
Sl (o) 2 sl (ormilin 5 raimed g a0 &S] Johoo (SIS
oo o Olsise Behod Gl @l S ealitl by Jlodias Jobo
argl cdloy rre Dhypd 50 el Godgaze (el Cgz 50
@ el ol Jlosl 5 58T (Sl L8, 5 (Sl ol 4
o]y bylsle cnl mul Glsiie of @Sl slagiy
OlFse &5 ci s Gul  ols 3 adllhae 990 (SGIS S e
Joxia 1) A5 9 S Oliee i & (blE oy p b
ooy ol 0,8 gy ploy LIS 50 |y bap] el s o
60 Sbos ol olel oz el 5 SG05 Codly @ ol
e Coley (Sl o] gy Casloads wid S L o
S Sl onl Pl IS5 cpl 3gd 0 ()95 60 Shes Al
s ljeri seST (St @ e Jsho (S o]
s 5 08 3o 4y 0033)l5 (S9-S5 00 J32539,See sl 5
oS eolol I S oo 0] 55 19,55 (G055 slas Lo

wile s (G055050 Cyotd 5 o] oyt Sz bl 5lolone
Orizes ool Jloel BB QBLS b Jg2959 S0 (Km0 ]
Cal (63,90 00,3 Vo (Vb (sla 5 )5 50 LoghuST Jlaim| g 55
[#] 68 4z g 1) el Wil oo &S

calizee slagle; o 53 FY4 5 YEL OV la 5,8 4 gy
YV BV o s 10 F Jga j0 oo oLl sl jui,S &5 0
ol b e logel cpl jo Dl pss cdalin b ogd co cdalin
i slagle; po bagaly ol S0 (oml 4 YL 5D 855
S S len 0gbo IS (RS i Joe 50 ohag)
(oley il ¥l b el oo ool Lzd YV 5 Ve N gla S o
iy oo Jols 0> 4 g 550 SLSU slagiue 5 (15 polie
obts IN] et 2Balejl qw)p 0 & (2l b el o
Gilbe g ol slml ulyd (25,8 &5 31 S0k 5 o ool
o5eST a8 b s 48w esls lis alEalel IS s el
Ol )5 €5 8 (Shpeys el (IS patiin Jlads ST od
walys 1) onal iy (25 L Gl sl S oy o3ST eil
Jlos! oo 30 bl sl sl el Jlazo| ameiys 5 cosls
St el Sl Guils S slagley S0 (1S o3l ples
AV s el 09eST oS s b wals 2> 5 il
39 Jgona e sloasdy adsl ogignST aS pl & axgil [YY] ol
0y oS g9, oS lolse (alolid woesl (5T (63585 o]
Fose sl s ol Sl s ol o 4l bls)
5 o3t aile ST 4o (Seilsh s Sleis & i oS 13
Sl gl o0 456 55 55 el Culoiy g guST g
doy dr ol alKisles] laue a5 casls axgs b V] wilous
GosiiS £s 5 ale @) gyl 5,55, b Lo (3 s o]
09 el SOy ] 580 ovmline jalateds o9 o]
Orzeed g S led ples sl eslinl b 5380 gy aiejld S
e (Jsge sl )8

G5 azi-¥
(0928 GOS8 s len Sl (e | S
85t 0 Shee o b 5 sk el 50 ol (SisSz 50
SseST Ul o PO ey 5500 Sy ol ooae sla sl

€.



FEYY U ¥F e domao NF v Jlo A ojlaud Y 080 ¢pusS puol SOl wiins 4 puls

643 (2018).

[7] C. Conde, A. Céceres, Microtubule assembly, organization
and dynamics in axons and dendrites, Nature Reviews
Neuroscience, 332-319 (2009) (5)10.

[8] E. Bar-Kochba, M.T. Scimone, J.B. Estrada, C. Franck,
Strain and rate-dependent neuronal injury in a 3D in vitro
compression model of traumatic brain injury, Scientific
Reports, 11-1 (2016) (1)6.

[9] E Zhu, D.L. Gatti, K.H. Yang, Nodal versus total axonal
strain and the role of cholesterol in traumatic brain injury,
Journal of neurotrauma, 870-859 (2016) (9)33.

[10] S.P. Mutalik, J. Joseph, PA. Pullarkat, A. Ghose,
Cytoskeletal
Biophysical journal, 724-713 (2018) (4)115.

[11] J.-P. Dollé, B. Morrison III, R.S. Schloss, M.L. Yarmush,

mechanisms of axonal contractility,

An organotypic uniaxial strain model using microfluidics,
Lab on a Chip, 442-432 (2013) (3)13.

[12] S.D.a.B.V. Ghasimi, effect of strain on axonal injuries in
microfluidic cell culture platform, in: The 27th Annual
International Conference of Iranian Society of Mechanical
Engineers-ISME, Tehran, Iran, 2019.

[13] E. Stein, R. De Borst, T.J. Hughes, Encyclopedia of
computational mechanics, (2004).

[14] A. Comsol, Structural mechanics module user’s guide,
COMSOL Multiphysics (TM) v, 2012) 5).

[15] R.D. Cook, Concepts and applications of finite element
analysis, John wiley & sons, 2007.

[16] N. Abolfathi, A. Naik, M. Sotudeh, G. Karami, M.
Ziejewski, Diffuse axonal injury and degradation in
mechanical characteristics of brain white matter, in:
Summer Bioengineering Conference, American Society
of Mechanical Engineers, 2008, pp. 230-229.

[17] D. Bray, M.B. Bunge, Serial analysis of microtubules in
cultured rat sensory axons, Journal of neurocytology,
605-589 (1981) (4)10.

[18] T.D. Pollard, J.A. Cooper, Actin, a central player in cell
shape and movement, science, -1208 (2009) (5957)326
1212.

[19] P.C. Wong, J. Marszalek, T.O. Crawford, Z. Xu, S.-T. Hsieh,
JW. Griftin, D.W. Cleveland, Increasing neurofilament

£7)

(S S ey ol Slacnyp 45 CES Wb Gy (ol @
S sl 5 Jsho cdSul a1y Jobo )15 (Sl slag
Ol o Nedioe oras Joluw JL8) o Cel g 0iS oo JEe
aibe eSS )il lyxl a5 ol rw g0 9> b Gubos
&5 S, b aigh o)l LdgusST 5 (lodlidy o5 « 395, 5re
Silodnd g3bj 0> B 1) oguST (dly J15, a5 conlis Joo
sy o8t (ol jo alimde LB saiSs el sy (S o
b colgisy gailginl SO Ojygon GeuST (A5 sloJggi5 S
ol el bl g (Hly Gl ngis, e b caline olss
slagiolej] (wsige (b )0 i Az Wl oGS

2l $glamslSe Jeol 2 (i (Jobo

1998 g S

LD Glag)sld g pgle anwg sl SeS L Gubs oyl
st ol slcales 51, Slsyad 5 S5 ol e ol s all

'M)b

&zl

[1] M.A. Hemphill, S. Dauth, C.J. Yu, B.E. Dabiri, K.K.
Parker, Traumatic brain injury and the neuronal
microenvironment: a potential role for neuropathological
mechanotransduction, Neuron, 1192-1177 (2015) (6)85.

[2] A. Goriely, S. Budday, E. Kuhl, Neuromechanics: from
neurons to brain, Advances in Applied Mechanics, 48
139-79 (2015).

[3] D.C. Van Essen, A tension-based theory of morphogenesis
and compact wiring in the central nervous system, Nature,
318-313 (1997) (6614)385.

[4] A. Holbourn, Mechanics of head injuries, The Lancet,
441-438 (1943) (6267)242.

[5] A. Jérusalem, M. Dao, Continuum modeling of a neuronal
cell under blast loading, Acta biomaterialia, (2012) (9)8
3371-3360.

[6] A. Montanino, S. Kleiven, Utilizing a structural mechanics
approach to assess the primary effects of injury loads onto

the axon and its components, Frontiers in neurology, 9



FEYY U ¥Feq daxbn Moo JL..J A D)LM QY 0y9d ;).:..5).:.91 «&u&n L;""'“\“‘Q(" A_v).u.u

891-880 (2019) (5)117.

[23] D.E. Meaney, Relationship between structural modeling
and hyperelastic material behavior: application to
CNS white matter, Biomechanics and modeling in
mechanobiology, 293-279 (2003) (4)1.

[24] S. GhazaviKhorasgani, B. Vahidi, Mechanical effect on
Neuron electrical signal, in: 24 2017th National and
2nd International Iranian Conference on Biomedical
Engineering (ICBME), IEEE, pp. 6-1.

[25] D. Kilinc, G. Gallo, K.A. Barbee, Mechanically-induced
membrane poration causes axonal beading and localized

cytoskeletal damage, Experimental neurology, (2)212
430-422 (2008).

subunit NF-M expression reduces axonal NF-H,
inhibits radial growth, and results in neurofilamentous
accumulation in motor neurons, The Journal of cell
biology, 1422-1413 (1995) (6)130.

[20] C. Leterrier, P. Dubey, S. Roy, The nano-architecture of
the axonal cytoskeleton, Nature Reviews Neuroscience,
726-713 (2017) (12)18.

[21] D.L. Logan, A first course in the finite element method,
Cengage Learning, 2016.

[22] A. Datar, J. Ameeramja, A. Bhat, R. Srivastava, A. Mishra,
R. Bernal, J. Prost, A. Callan-Jones, P.A. Pullarkat, The
roles of microtubules and membrane tension in axonal

beading, retraction, and atrophy, Biophysical journal,

DOI: 10.22060/mej.2021.17476.6734

D. ghasimi, B. Vahidi, Y. Amiri, Fluid-Structure Interactions Analysis of Tension in
An Axon Using Finite Elements Modeling to Investigate Strain Related Neurological
Damages, Amirkabir J. Mech Eng., 53(8) (2021) 4609-4632.

e gl Alio ol & &ig8y

£y



