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Abstract: this report develops force equations for four extraocular muscles i medial, lateral
recti and superior, inferior recti. Derived forces alow moving an eye globe in two
dimensionaplane.

1. The Oculomotor Plant mechanical model

The Oculomotor plant is represented by a mechanical model composed of six muscles
attached to a globe of ice representing the eye sphere. This wapes only with the
oculomotor plant that consists of the lateral (the muscle shaoser to the earfhe medial (the
muscle that is closer to the nos#)e superiorthe muscle that is closer to the foreheadd
inferior (the muscle that is closer the cheekjecti, eye globe and surrounding tissues.
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Figurel. Left eye diagram front view
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Figure2. Left eye diagram side view

The eye gl obeds latezat medial, superior And wmaferior fettieare
modeled through a system of mechanical componéessribed in latter subections.Each
musclecan play the role ahe agonist or the antagonist. The agonist muscle pulls the eye globe
in the requiredlirection and the antagonist muscesists the pulEach of the following section
is modeled based on the role that each muscle plagsparticular situation. As an example
when the eye globe moves to the direction of upper right direction, the lateral/superior recti
support forthe movement and medial/inferior recti resist the movement based on the role of the
muscle atthat instance. Lateral/superigrlays the agonist and medial/inferior pkythe
antagonist role in thiparticularsituation.Evoked by muscle movement, an ey@ anove in
eight different directions Right horizontal,Left horizontal, Top vertical, Bottom vertical, Right
upward, Left upward, Right downward and_eft downward.This paper discussemly Right
upward movemerdnd Left Downwardasexamples, but the ndel can be modified to allow eye

globe movements in all directions.

2. Two DimensionalOculomotor Plant Mathematical Model 2DOPMM)

The OPMM is consist of four contour pointgach with eye musckgtached to eye globe
which provides forces to rotate eye globe around the socket through the use of four muscles,
lateral rectus, superior rectus, medial rectus and inferior reches.subscript notation will

identify with LR the parameters that belotaythe lateral rectus, with MR the parameters that
2
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belong to the medial rectus, with SR the parameters that belong to the superior rectus and IR the
parameters that belong to the inferior rectus. Parameters without those subscripts are identical to
both types of musclesThe figure illustrates the eye in the coordination positignOfOwith

respect to the eye center axis in the rest posituith muscles compensate the reactions of each

muscle and stabilize the eye in the coordination fraonke

Figure3. Oculomotor Plant Mathematical Model with four muscle forces

When eye moves to a particular position from the coordination positiod) @ one of eight
basic movement types listed above, each muscle connected to the eye globe contract or stretch

accordingly.
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Figure4. Positive Upward movement with muscle forces

Consider a positive upwardo ve ment of the right eye, whioc
from the coordination position (@). The lateral rectus and the superior rectus provide forces to
move the muscle to the required position and stable on the target visual axis. Thennedsale
rectus and inferior rectus stretches and contest the movement in the required direction. When eye
fixate upon the target visual aximusclexompensate the forces and stabilize on the new visual
axis. Rotations of each muscle because of the hot&and vertical movement of eye from its
or i girm,n dyr bhakes a rotation angle in with respective to each of muscle connected to

the eye gl obe, by | ater al rectus, SURPEsk i or 1 e

U MR, D|R respeu'vely.
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Figure5. Positive Upward movement witlvertically and horizontallyprojected muscle forces

Each muscle provides projections of its forces activated by the neuronal control signal, at
each point in the eye globe in basic eye movement types. The projections of each muscle force is
directed according to the direction of its basic movement andpthigdes four basic muscle

force equations at each point of connection at the eye globe as,

Horizontal Right Muscle Forcayx & w9 'TirRCO §s0 +—

Horizontal Left Muscle ForceT(g , wr) I TsC 0 SdlJ T

Vertical Top Muscle Forcer(z r vr) i TwrC O SydF TsrS i BRUTRS | g U—>
Vertical Bottom Muscle Forcei s wr) " TRC O SR® TwrS | RRY TS i ani

3. Positive Upward Eye Movement

The lateral rectudIMM, holding the eye in a fixation state, is representedribyre6

Neuronal control signdN, creates active tension foroé,R_LR that works in parallel with the
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lengthtensionforce Fy ;1 & . Altogether they produce tensi®pg g yr = Fur 1z + Fur 17 18
that is propagated through the series elasticity compsnenthe eyeglobeTHR_R_MFz
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Figure6. Muscle Mechanical Model. Rexdrows represent direction of the forces

Scalar values of the forces are as followihg@ngth tension forcef lateral rectus is
Frr ot 1R = Kitdur ot trWheredhr_se (riS the displacement of the sprimg the horizontal
directonand Ksei s t he spr i magdosce propagdted ibyg thee seties elasticity
component isT r=Ksgdhr se 1r Where dur se riS the displacement of the spring the

horizontal directiorand Ksgi s t he springés coefficient

TensionTLR applied by lateraftectus to the eye globe is counterbalanced by tension of
medial rectussuperior rectus and inferior rectlisy + Tsg + Tz and tension created by passive

elasticity ofthosemuscles and the tissue surrounding the eye gtgi@. The MMM becomes
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more complex during eye rotations, kivay it to present MMMs for the horizontal and vertical

muscle forcesTo provide more detaiinuscle forces are presented with scalar values.

3.1. Horizontal Right Muscle Force (HR_R_MF)

The agonist muscle contractstates the eye globe and stretches the antagonist muscle.
Assuming that the lateral rectptay the role of the agonisEigure 7 presents the MMM of the

Horizontal Right Muscle Force (HR_R_MMulling the eyeglobe in the positive direction.

Lets assume that prior to the eye movement, the length of the displacaniemiseries
elasticity and the length tension spring componentie horizontal directioadded together is
dhr_IR- Considering that t he r i gHdégrees,ytlee origioal e s
di spl acuewwesnreducel making the resulting dispt e meqR ik - &g The
di spl acgrmeeant bsed broken in the dukspadacre-ment
a®lhr LT 1R- Muscle contraction expands the series elastic component making the resulting
displacementhr_se irta@lir < 1r. Muscle contraction shortens the length tension component
making the resulting displacemetiz .1 1r- a&8r 1 18- The damping component modeling the
force velocity relationshifB,;Afd,r 5 resists the muscle contraction. The amount of resistive
force produced by the damping component is based upon the velocity of contraction of the length

tension component.
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Figure7. Horizontal Right Muscle érce mechanical model. Arrows represent direction of the forces.

using Figure 7, we can write the equation of force with which the part of the diagram
responsible for contraction by the lateral rectus (active state tension, damping component, length

tension component) s the series elasticity component.

Tur g mr = FLrcOS 01 + KLT(HHR,LT,LR - A91~1R,LT,LR) cos Og — BAGAG'HR,LT,LR cos Op @)

Resisting the contraction, the series elasticity compsnehtateral rectuspropagates the

contractile force by pulling the eye globe with the same forgerTvr

Tur g mr = Ksg (QHR,SE,LR + AgHR?SE?LR) cos O, @
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EquationsError! Reference source not foun@ndError! Reference source not foung¢an be used to
calculate the forcek r_mrin terms of the eye rotatiakf,, and displacememfyp ;1 1z Of

the length tension component of the muscle.

—Ksp (O _se 1k + MO sg 1r) COS Og + Fig €05 015 + Kir(Onr ir 1k — MO i1 1r) €OS O1r

— By AéHR?LT?LR cosb =0
Taklng IntO COﬂSlderatlon thEHHRiLR = GHRfLTfLR + HHRJS'ELLR and AHHR = AeHR?LT?LR - AeHR?SE?LR

the follwing equation can be calculated:

QHR_LR - AQHR = QHR_LT_LR + GHR_SE_LR - AGHR_LT_LR + AHHR_SE_LR
QHR_LR - AQHR - QHR_LT_LR + AHHR_LT_LR = HHR_SE_LR + AHHR_SE_LR
_KSE (QHR_LR - AQHR - GHR_LT_LR + AHHR_LT_LR) + FLR + KLT(GHR_LT_LR - AHHR_LT_LR) - BAGAéHR_LT_LR =0

_KSE (AQHR_LT_LR - AQHR) + (FLR_KSE(HHR_LR - HHR_LT_LR) + KLTGHR_LT_LR)_KLTAQHR_LT_LR - BAGAéHR_LT_LR

=0
ASSIgnIngFLR = FLR_KSE(HHRfLR - eHRfLTfLR) + KLTGHRfLTfLR

KSE (AHHR,LT,LR - AeHR) = FLR_KLTAQHR,LT,LR - BAGAH.HR,LT,LR

New equation fof; z ur Can be written as:

THR_R_MF = Ksg (AGHR,LT,LR - A91~1R)
THR_R_MF = ﬁLR_KLTAHHR_LT_LR - BAGAéHR_LT_LR

TH R_R_MF

K + AOpp = AHHR_LT_LR
SE

TH R_R_MF

THR_R_MF = FLR_KLT < + AeHR) - BAGAéHRfLTfLR

SE

9
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T _ FirKse _ AburKsg _B..AG ©)
HRRMF = g g " K + Ky AGOVHRITLR
Tur r Mr = Ksg (AQHR_LT_LR - AQHR) )

3.2. Horizontal Left Muscle Force (HR_L_MF)

The antagonist muscle is stretched by the agonist pull. Assuming thabjgettions of
medial rectusand inferor rectuplay the role of the antagonisand superior rectus plays the
agonist MMM of the Horizontal Left Muscle Forcen the positive direction can be represented

in Figure8

By consicering the medial rectusyiginally the length of the displacement in the series
elasticity and the length tension springs added togetltbrisr dir mrincreases when the eye
moves to the right byslir, making the resulting displacemetiiir vr +  aRdBoth length
tension and series elasticity components lengthen as a result of the agonist pull. The eye rotation
aalyr can be split into the displacement of the series elasticity component and the length tension
componentadlir= ek se v &k LT vr The esulting displacement for the series elasticity
component is dur se R a&hr se v and for the length tension component is
dur Lt mrraElR T MR The damping component modeling the force velocity relationship
BunrAB,r yr Tesists the muscle stretchinThe amount of resistive force is based upon the

velocity of stretching of the length tension component.

10
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Figure8. Horizontal Left Muscle Force. Arrows represent the direction of the forces.
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Consideringthat the right eye movespwardagl,r degrees, the original displacemekk sris

reduced making the resulting displaceméj s a8lsg T h e di s gicen beebmokent sed
in the displacement inside of s = @@k se sk 88lvr LT sr Muscle contraction expands the

series elastic component making the resulting displacerdegie ska®lr se sk Muscle
contraction shortens the length tension component making the resulting displadementx
ahr LT sr The damping component modedi the force velocity relationshify, A8, s resists

the muscle contraction. The amount of resistive force produced by the damping component is

based upon the velocity of contraction of the length tension component.

By considering the inferiorectus, oiginally the length of the displacement in the series
elasticity and the length tension springs added togettikis Uvr r increases when the eye
moves to thaipb y vgerhaking the resulting displacemeiik g+  gxdBoth length tension
and series elasticity components | engtJyxen as
can be split into the displacement of the series elasticity component and the length tension
component:aelyr= sk se i# &gk (v i The resulting displacement for the series elasticity
component ishr se 7 a®lvr_se rand for the length tension componenthig v irFa&hr LT IR
The damping component modeling the force velocity relationBhjpAd, ;- ,x resists the muscle
stretching. The amount of resistive force is based upon the velocity of stretching of the length

tension component.

We can writeequation of force with which the part of the diagram responsible for the
contraction (active state tensgrdamping componestlength tension compone)tpulls the

series elasticity component
Tyr = —Fur €0S Oyg — KLT(QHR,LT,MR + AeHR?LT?MR) cos Oy — BANTAG.HR,LT,MR cos Oyp

Tir = —Fpsin 6 — KLT(GVR_LT_IR + AGVR_LT_IR) sin g — BANTAQVR_LT_IR sin Or

12
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Tsgp = —Fsg sin g — KLT(GVR,LT,SR - AgVR?LT?SR) sin Ogg + BAGAG'VR,LT,SR sin Osp
Tyr = _KSE(QHR_SE_MR + AQHR_SE_MR) cos Oyp

Tir = _KSE(HVRJEJR + AHVR,SEJR) sin Og

Tsp = _KSE(QVR_SE_SR + AQVR_SE_SR) Sin Ogp

Above sixequationscan be used to calculate fosCBur  Tir, Tsr in terms of the eye rotation
Abyr AByrand displacemest AByp 11 mr, AByr 17 1R »AByr 17 sr Of the length tension

componerg of eachmusclerespectively

3.2.1. Medial Recuts Muscle ForcgT,) of the Horiztonal Left Muscle Force

Ksk (Bur_sp_mr + ABxR sk mr) €OS Oumr — Fug €05 Oyg — Kir(Onr i mr + MOy i1 mr) €OS Oyr

- BANTAQHR_LT_MR cosOyr =0
Taking into consideration that,;z yr = Our 11 Mg + Our sz mr @Nd AByp = ABug 17 mr + ABug sE MR

the following equation can be calculated:

Our mr + B0nr = Oug 11 MR + Our_semr + AOur 17 Mr + AOur 55 MR
Our mr + BOng — Ong 17 mr — AOur 11 MR = Our_se_mr + AOur sv MR
KSE(GHR,MR + AOug — Our it MR — AHHR,LT,MR) — Fyr — KLT(GHR,LT,MR + AHHR?LT?MR) — BanrDOyug 17 mg = 0

KSE(AQHR - AQHR,LT,MR) - FMR - KSEQHR,LT,MR + KSEHI-IR,MR - KLTGHR,LT,MR - KLTABHR,LT,MR

- BANTAQHR_LT_MR =0

ASSIgnlngﬁMR = FMR + KSEGHR_LT_MR - KSEGHR_MR + KLTGHR_LT_MR

KSE(AHHR - AQHR_LT_MR) = FMR + KLTAHHR_LT_MR + BANTAQHR_LT_MR

13
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_KSE(AQHR - AQHR_LT_MR) = _FMR - KLTABHR_LT_MR - BANTAQ.HR_LT_MR

New equatiorior T,z can be written as:

Tur = —Kse(80ug — AOug 17 mr)

Tur = —Fur — KirBOug 17 mr — BantAOug 11 mr
Tur
K + ABpg = AOug 11 MR
SE
o Tur .
Tyr = —Fur — Kir Ko + AOygr | — BantAOugr 11 MR
SE

_ FMRKSE _ AGHRI(SE —E AH
KSE + KLT KSE + KLT ANT HR_LT_MR

TMR -

TMR = _KSE (AQHR - AQHR_LT_IVIR)

3.2.2. Inferior Recuts Muscle ForcgT,;) of the Horiztonal Left Muscle Force

KSE(GVRJEJR + AHVR,SEJR) Sin g — Figsin g — KLT(HVR,LTJR + AHVR,LTJR) Sin6;g — BantABOyg 11 1R SiN Og

=0

Taking into consideration that,, ;x = 8yr 17 i + Ovr sg 1z @Nd AByg = AByg 17 1k + AByg 55 1r

the follwing equation can be calculated:

Ovrir + A0yg = Oy 17 1r + Ovr sgir + AByg 17 1 + AByg sp 1R
Oyrir +A0yg — Oyr 17 1R — AOyr 17 1R = Ovr seir + AOyr sE iR

KSE(QVRJR + AHVR - eVR,LTJR - AeVR,LTJR) - FIR - KLT(GVR,LTJR + AGVR,LTJR) - BANTAB.VR,LTJR =0

14
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KSE(AQVR - AHVR_LT_IR) - FIR - KSEBVR_LT_IR + KSEeVR_IR - KLTQVR_LT_IR - KLTAQVR_LT_IR - BANTAéVR_LT_IR

=0

AssigningF; = Fig + Kgg Ovr 1R — KseOvr_ir + KirOvr 171k

KSE(AHVR - AeVR,LT,IR) = FIR + KLTAGVR,LTJR + BANTAG'VR,LTJR

_KSE(AQVR - AeVR,LTJR) = _FIR - KLTAHVR,LTJR - BANTAG'VR,LTJR

New equatiorior T;; can be written as:

Tir = —Ksg(80yr — MOy 17 18)

Tir = —F"IR — KirAOyg 11 1r — BANTAQVR,LTJR
Tir
X + Abyr = Abyg 17 1R
SE
4 Tir .
Tip = —Fig — Kir K + AOyg | = BantAbyg 11 18

SE

ﬁIRKSE AGVRI(S'E 5

Tiw = - — Bynr26
1R Ksg + Ky Ksg + Kip ANTROVR_LT_IR

TIR = _KSE(AHVR - A6VR7LTJR)

3.2.3. Superior Recuts Muscle ForcgTgyg) of the Horiztonal Left Muscle Force

—Ksg(Byr_se_sr + MOy si_sr) Sin Osg + Fsg sin Osg + Kir(Oyr 17 sr — DOyg 17 sr) Sin Osg

- BAGAQVR,LT,SR sinfgg =0
Taklng IntO COﬂSlderatlon tha‘/RisR = QVRfLTst + GVRfsEst and AGVR = AeVR?LT?SR - AgVR?SE?SR

the follwing equation can be calculated:

15
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HVR_SR - AQVR = GVR_LT_SR + QVR_SE_SR - AQVR_LT_SR + AQVR_SE_SR

QVR_SR - AQVR - QVR_LT_SR + AQVR_LT_SR = QVR_SE_SR + AQVR_SE_SR

_KSE (QVR_SR - AQVR - QVR_LT_SR + AQVR_LT_SR) + FSR + KLT(QVR_LT_SR - AQVR_LT_SR) - BAGAQVR_LT_SR =0

_KSE (AQVR_LT_SR - AQVR) + (FSR _KSE(QVR_SR - QVR_LT_SR) + KLTQVR_LT_SR)_KLTAQVR_LT_SR - BAGAG.VR_LT_SR

=0

ASSIQnIngFSR = FSR_KSE(HVR,SR - GVR,LT,SR) + KLTGVR,LT,SR

KSE (AQVR_LT_SR - AQVR) = ﬁSR_KLTAHVR_LT_SR - BAGAéVR_LT_SR

_KSE (AHVR,LT,SR - AeVR) = :7:5R+KLTA9VR,LT,SR + BAGAH‘VR,LT,SR

New equation fory,; can be written as:

Tsp = _KSE(AQVR_LT_SR - AHVR)

Tsg = :7:3R+KLTA6VR7LT,SR + BAGAéVRfLT,SR

Tsr
AByr ——— = AByr 17 sr
SE
_ ~ TSR .
Tsg = —Fsp+Ki7 (AOygr — o + BugAOyr 17 sk
SE

ﬁSRKSE AHVRI(.S‘E‘

=_ + B, A0
Ksg + Kir - Ksg + Kir AGTTVRALT-SK

Tsp = _KSE(AQVR,LT,SR - A9VR)

16
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3.2.4. Formulating Horizonal Left Muscle Force (Tyg 1 ur)

THR_L_MF =Tyr + Tir + Tsr

T _ FurKsg _ AByrKsg —B.Ad _ FirKse _ AByrKsg B Ad _ FrKsp
HR_L_MF Kep + Ky Kog + Kpp  oANTACHRLTMR ~ = — = g~ BantA0veur ik —KSE T K,
AByrKsg L
————— + BacAOyr 11 sr
Ksp + K7 o
Tur L mr = — Kep + Ko SE — Kep + Ky — BanrAOug 11 mr — BantAOvr 17 MR + BacAOvr 1T sk

Tur . mr = —Ksg (AHHR - AHHR_LT_MR) - KSE(AGVR - AGVR_LT_IR)_KSE (AQVR_LT_SR - A9VR)
Tur . mr = —Ksg (AQHR - AHHR_LT_MR) + KsgAOyr 17 1r—KsgAOyr 17 sr
Tur . mr = —Ksg (AQHR — AOug 11 mr — AOyg 17 R + AHVR_LT_SR)

THR,L,MF = _KSE (AHHR - AHHR,LT,MR - AHVR,LTJR + AGVR,LT,SR) (5)

_ (FMR + Fip + ﬁSR) _ AbyrKse — B AD — B A ©®)
Kep + Kyp SE Kep + Kyp ANTBUHR LT _MR ANTBUVR LT MR

THR_L_MF =

+ BAG AG.VR_LT_SR

3.3. Vertical Top Muscle Force(VR_T_MF)

Considering the verticamovement of the eye in the righijpward eye movement
assuming that theuperiorrectusplay the role of the agonist, MMM of théertical Top Muscle
Force (HR_T_MF), pulling the eyeglobe in the positiverertical direction represented in the

Figure9.

17



HCI Lab, Department of Computer Science, Texas State Univ8esitilarcos

Lets assume that prior to the eye movement, the length of the displacement in the series
elasticity and the length tension spring componantthe vertical direction added together is
dvr sr- Considering that the right eye moves to thyeward by sefr degrees, the original
displacementdyr sr is reduced making the resulting displacemefk sr - a#hr. The
di s pl acw cae letrokain the displacement inside ofa&lg: = sawk sesk- &R LT
Muscle contraction expands the series elastic component making the resulting displacement
dvr sesrta@hr sesr- Muscle contraction shortens the length tension component making the
resulting displacementhr ts= - &g (Tr. The damping component modeling the force
velocity relationshipB,;Af,r sz resists the muscle contraction. The amount of resistive force
produced by the damping component is based upon the velocity of contraction of the length

tension component.

_—
A0, ; K, 1Oy 17 sk =4Oy 11 s ) C05Cp
<

B, A® CosO,

. AG” " VR_LT SR SR

Kop(Oyp s& s AOyr sg 17/ C05Csp

VR T _MF

@VR_SE_SR @VR_L T SR

A
Y
A
Y

A
Y

VR_SR

Figure9. Vertical Top Muscle Force. Arrows represent the direction of forces.
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We can write the equation of force with which the part of the diagram responsible for
contraction by thesuperiorrectus (activestate tension, damping component, length tension

component) pulls the series elasticity component.

Tyg 1 sr = Fsgp cOsOsg + KLT(HVR,LT,SR - AGVR,LT,SR) cos b — BAGAQLT,SR Cos Ogp ™

Resisting thecontraction, the series elasticity compoisent superior rectus propagates the

contractile force by pulling the eye globe with the same foigerTur.

Tygr 1 mr = KSE(QVR_SE_SR + AGVR_SE_SR) cos Ogsp ®)

Equationg7) and(8) can be used to calculate the fofgg 4, in terms of the eye rotatiakd, ,

and displacemetf,, ;r sz Of the length tension component of the muscle.

ForKss  DByeKss ©)

KSE + KLT KSE + KLT

TVR_T_MF = - BAGAéLT_SR

Tygr 7 mr = Ksg (AHVR,LT,SR - AHVR) (10

3.4. Vertical Bottom Muscle Force(VR_B_MF)

Assuming that the@rojecttions ofmedial rectusand inferor rectuplay the role of the
antagonistand lateral rectus plays the agonigte MMM of theVertical Bottom Muscle Force

in the positive directiomepresented in theigure 10.

By considering the medial rectugjginally the length of the displacement in the series
elasticity and the length tension springs added togethkrisr nrduriNCreases when the eye

moves to t hg makinggthetresuitigg dispthcemetiir vr +  ardBoth length

19
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tension and series elasticity components lengthen as a result of the agonist pull. The eye rotation
aalyr can be split into the displacement of the series elasticity component and the length tension
componentaslir= &k se v 8¢k LT vr The resulting disgicement for the series elasticity
component is dur se vA@d®hr se v and for the length tension component is

dur LT Mrta8hr (T vr The damping component modeling the force velocity relationship
BunrAB,r yr Tesists the muscle stretching. The amount of resistive force is based upon the

velocity of stretching of the length tension component.

Considering that the right eye moves to thght by axl,r degrees, the original
displacementateral rectus,dyr | r is reduced making the resulting displacem#it - a&l r.
The displacemengl r can be broken in the displacement inside of agisr = sk se sk
alvr LT sr Muscle contraction expands the series elastic component making the resulting
displacementhr se .r+88Hr seLr. Muscle contraction shortens the length tension component
making the resulting displacemeiiir |1 r- 88hr LT The damping component modeling the
force velocity relationshifB,;A8,r 5 resists the muscle contraction. The amount of resistive
force produced by the damping component is based upon the velocity of contraction of the length

tension component.

By considering the inferior rectustiginally the length of the displacement in theries
elasticity and the length tension springs added togetikis Uvr rincreases when the eye
moves to thaipb y v@enhaking the resulting displacemefik g+ eadBoth length tension
and series elasticity components | engtJygren as
can be split into the displacement of the series elasticity component and the length tension
component:aslyr= sk se i# &k 7 1r The resulting displacement for the series elasticity

component ishr = rte&r < r and for the length tension componenthig (1 irFa8hr LT IR
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The damping component modeling the force velocity relationBhjpAd, ;- ,x resists the muscle
stretching. The amount of resistive force is based upon the velocity of stretching of the length

tension component

We can write the equation of force with which the part of the diagram responsible for the
contraction (active state teams, damping componest length tension componeitpulls the

series elasticity component

Tyr = —Fyg Sin Oyp — KLT(GHR_LT_MR + AGHR_LT_MR) sinOyg — BANTAQHR_LT_MR Sin Oy
Tip = —Fr cos i — KLT(HVR,LTJR + A6’VR,LTJR) cos O — BANTAH‘VR,LTJR cos g

Tip = —Fpsinfp — KLT(GHR_LT_LR - AHHR_LT_LR) sinfg + BAGAQHR_LT_LR sin 6.5

Tur = _KSE(HHR,SE,MR + AeHR,SE,MR) sin Oy

Tir = _KSE(HVRJEJR + AHVR,SEJR) cos Og

Tig = _KSE(QHR_SE_LR + AHHR_SE_LR) sin O

Above six guationscan be used to calculate foscgr Tk Tir in terms of the eye rotatiohdy
AbyranddisplacemerstAbyg 1 mr, AOyr 17 1R » AOhr 17 LR Of the length tension componeraf

eachmusclerespectively
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_ Gur se Lr L Our L7 1R _
Our 1k
K 1Cur 17 18 " ACur 11 18 ) SO
B,6ACup 11 1r SnCpp —
Kse(Our se 1x" ACur se 1z /SMCpg
0+
____________ ’
: 40
K, T(@HR_L rur T4 @HR_L 7 mr IS Or VRS
B ® Sin®, .
Nt Cnr 11 mr MR Koo (Cur se mr™t 4Cur se am /SOy
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—
_ Oyr se 1w - Ovr 11 1R _
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Figure10. Vertical Top Muscle Force. Arrows represent the directiath@forces.

3.4.1. Medial Recuts Muscle ForcgT,;) of the Vertical Bottom Muscle Force

KSE(HHR,SE,MR + AQHR,SE,MR) sin Oyg — Fyg Sin Oyp — KLT(QHR,LT,MR + A6’HR,LT,MR) sin Oy

- BANTAQ‘HR,LT,MR sinfygr =0
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Taking into consideration that,z vz = Our 11 mr + Onr se mr @Nd AByr = ABug 17 MR + ABug sE MR
the follwing equation can be calculated:

Our mr + B0nr = Oug 11 MR + Our_semr + AOur 17 mr + AOur 58 MR
Our mr + 80nr — Ong 11 mr — AOur 11 Mr = Our_se_mr + AOur 55 MR
KSE(QHR,MR + AOnr — Our it MR — AGHR,LT,MR) — Fyr — KLT(GHR,LT,MR + A6’HR,LT,MR) — BanrDOyug 17 mr = 0

KSE(AHHR - AeHR,LT,MR) - FMR - KSEHHR,LT,MR + KSEHI-IR,MR - KLTHHR,LT,MR - KLTAGHR,LT,MR

- BANTAQHR,LT,MR =0
AssigningFyg = Fyg + KsgOur 1r mr — KseOur mr + KirOur 17 mr
Ksg(A0ug — AOyg 1 mr) = Fur + KirBOug 1r g + BantBbur 11 mr
—Ksg(86yg — DOyr 11 mr) = —Fur — KirBOug 11 mr — BantAOur i1 mr

New equatiorior T,z can be written as:

Tur = —Ksg(80ug — AOug 17 mr)

TMR = _ﬁMR - KLTAHHR_LT_MR - BANTAQHR_LT_MR

Tur
K + AOpg = AOug 11 MR
SE

A Tur :
Tur = —Fur — Kir Ko + ABur ) — BanrBOur i1 mr
SE

_ FMRKSE _ AGHR1<SE B Ag
KSE + KLT KSE + KLT ANT HR_LT_MR

TMR -

Tyr = —Ksg (AQHR - AQHR_LT_MR)
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3.4.2. Inferior Recuts Muscle ForceT,;) of the Vertical Bottom Muscle Force

KSE(HVRJEJR + AHVR,SEJR) cos O — Fipcos 0jg — KLT(HVR,LTJR + A6’VR,LTJR) €0s 0;g — BantAByg 11 1R COS Og

=0
Taking into consideratiothat 8,z ;x = 8y 17 1z + Ovr sp g @Nd AByg = AByg 11 g + AByg sk 1R
the follwing equation can be calculated:
Ovrir + A0y = Oyr 171k + Ovrseir + BOyr 17k + AOyr e iR
QVR_IR + AQVR - QVR_LT_IR - AHVR_LT_IR = HVR_SE_IR + AHVR_SE_IR
KSE(QVR_IR + AQVR - QVR_LT_IR - AGVR_LT_IR) - FIR - KLT(HVR_LT_IR + AHVR_LT_IR) - BANTAQ.VR_LT_IR = 0

KSE(AQVR - AQVR_LT_IR) - FIR - KSEGVR_LT_IR + KSEGVR_IR - KLTGVR_LT_IR - KLTAQVR_LT_IR - BANTAQ.VR_LT_IR

=0
AssigningFr = Fig + Ksgbyr 17 1z — Ksebvr_ir + Kirbyr 17 ir
Ksg(A0yr — Ay 17.1r) = Fir + KirAOyg 11 1r + BanrAOyg i1 i
—Ksg(A6yr — Ay 17 1r) = —Fir — KirAByg 11 1r — BanrAOyg 17 1r

New equatiorior T;; can be written as:

Tir = —Ksg(80yr — MOy 17 1%)

Tir = —Fig — KirBOyg 11 1r — BantAByr i1 18
Tig .
7o + AByg = AOyr 17 1R
SE
- Tir .
Tig = —Figp — Kir K + AByg | — BanrAOyr 11 1R

SE

24



HCI Lab, Department of Computer Science, Texas State Univ8esitilarcos

FIRKSE AeVRI<SE 5

Tig =— - - BANTAéVR LT_IR
Ksg + Kir Ksg + Kip ”

TIR = _KSE(AQVR - AQVR_LT_IR)

3.4.3. Lateral Recuts Muscle ForcgT,;) of the Vertical Bottom Muscle Force

—Ksp(Our_se 1k + DO s5 1) SN Oig + Fig sin 01z + Kir(Our i1 1r — Dur o7 1r) S O1g

— Byg AéHR_LT_LR sinfg =0
Taklng |nt0 COﬂSlderatlon thEHHRiLR = HHRfLTfLR + HHRfsEfLR and AHHR = AGHR?LT?LR - AGHR?SE?LR

the follwing equation can be calculated:

Onr 1R — AOur = Our 17 1R + Onr sE LR — AOug 17 1R + AOug sE LR
Onr 1R — AOur — Our 11 1R + AOur 17 1R = Onr sE LR + A0k sE LR
~Ksg (01 1r — DOur — Onr i1 ik + DOur i1 1r) + Fir + Kir (O or 1r — AOur 7 1r) — BagAOur 17 1r = 0

_KSE (AHHR,LT,LR - AeHR) + (FLR_KSE(HHR,LR - HHR,LT,LR) + KLTHHR,LT,LR)_KLTAGHR,LT,LR - BAGAG.HR,LT,LR

=0
ASSIgnIngFLR = FLR_KSE(HHRfLR - eHRfLTfLR) + KLTHHRfLTfLR
_KSE (AHHRfLTfLR - AeHR) = _FLR+KLTA9HR7LT7LR + BAGAG'HRfLTfLR

New equatn forT,, can be written as:

Tir = —Ksg (AQHR_LT_LR - AHHR)
Tir = —Fir+KirAOug 17 1r + BagAOur 11 1r

Tir
AOyg — _K = AeHR_LT_LR
SE
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a4 Tir
Tir = —Fip+Kpr (AOpg — 7

) + BagAOyg 17 11
SE

- _ FLRKSE AQHRI<SE
KSE + KLT KSE + KLT

+ BAG AQ.HR_LT_LR

Tir = —Ksg (AQHR,LT,LR - AHHR)

3.4.4. Formulating Vertical Bottom Muscle Force(Tyg s ur)

Tyr g mr = Tur + Tir + Tir

TVR?B?MF = _KSE (AHHR - AHI-IRfLTfMR) - KSE(AHVR - AGVRfLTJR) - KSE(AHHRfLTfLR - AGHR)

TVR,B,MF = KSEAGHR,LT,MR - KSE (AHVR - AHVR,LTJR) - KSEAHHR,LT,LR

Tygr g mr = —Ksg (AHVR — AOyg 17 1R — AOpp 11 MR T AeHR?LT?LR) 1y
T _ FurKse _ AByRKsE B Ad _ FirKsg _ AByrKsg B Ad _ FirKse
VR_B_MF Kep + Ky Kog + Kpp  oANTACHRLT MR ~ =g — = g~ BantA0ve it ik —KSE T K,
AOurKep L .
—+ B,.A0
Kep + Kpp | DAGAOHRLT LR
FurKsg FirKsg FirKsg ABypKsg . < .
T __ _ _ - — BuyrA0 — BuyrA8
VR_B_MF Kep + Kip  Kep + Kip Kop + Kpp  Kop + Kpp  ANTECHRLT MR = BantB0vR L7 IR
+ BagAOyg 17 1r
Fyr + Fr + F AB K. R . R . (12
Tyr g Mr = — SRR IR E — —TRSE BantAOug 11 mMr — BantAOvr 17 1R
- Ksg + Kir Ksg + Ki7 o -

+ BagAOur 17 1r

3.5. Oculomotor Plant Mechanical Model Equations
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The lateral rectus as the agonist appHesizontal Right Muscle érce(HZ_R_MF)to the eye
globe that can be calculated 8y andError! Reference source not foundThose equations can be
combined together:

FLRKSE _ AByrKsE —B..AG (13
Ksg + Kir Ksg + Kir AGTTHRITLR

KSE(AQHR_LT_LR - AQHR) =

The medial rectus, superior rectus and inferior rectus collectively as the antaauplist the
Horizontal Left Muscle Brce(HZ_L_MF) to the eye globe that can be calculated®)ynd(6).
Those equations can be combined together:

KSE(AQHR - AQHR_LT_MR - AQVR_LT_IR + AQVR_LT_SR) (14)

= Kep + Kyp SE m + BanrAOkr 17 mr + BantAOvr 11 MR

- BAG AG.VR_LT_SR

Appl ying Newtonds second | aw, t haizostalyequal$
the acceleration of the eye globe multiplied by the inertth@kye globe.

]AHHR = THR_R_MF - THR_L_MF - KpAgHR - BpAgHR

J-Eye gl ob A®-sye iotat®nAd velacjty of the eye rotationyd eye rotation
accelerationTyg r yr » andTyp ; yr @ssigning from previousquationscan be transformed into:

]AQHR = KSE(AQHR,LT,LR - AGHR) - KSE(AHHR - AGHR,LT,MR - AHVR,LTJR + AOVR,LT,SR) - KpAHHR (15)
— ByAfyg

Thesuperiorrectus as the agonist appldertical Top Muscle lerce(VR_T_MF)to the eye
globe that can be calculated 9y and(10). Those equations can be combined together:

FsrKse _ AByrKsg — B A (16)
Keg + Kir Ksg + Kip AGTTVRITSR

KSE(AQVR_LT_SR - AHVR) =

The medial rectudateralrectus and inferior rectus collectively as the antagosmpgilies the
Vertical Bottom Muscle rce(VR_B_MF)to the eye globe that can be calculateq1dyError!
Reference sourceot found. and(12). Those equations can be combined together:
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K5 (AByr — AOyg 17 1r — AOkg 17 MR + AOug 17 1R) )

Fug + Eip + Fig AByrKsy . o .
< Keg + Kip SEY e Tk - K.y + BanrAOug 11 mr + BantAOvr 17 1R
- B

GAQHR LT_LR
Appl ying Newtonds second | aw, t haizostalyequal$
the acceleration of the eye globe multiplied by the ineftiae eye globe.
J AH;R = TVR_T_MF - TVR_B_MF - KpAeVR - BpAgVR

J-Eye gl ob A®-sye iotat®nAd velacjty of the eye rotationyd eye rotation

accelerationTyy r yr » andTyp ; yr @ssigning from previousquationsan be transformed into:

]AQVR = KSE (AHVR_LT_SR - AHVR) - KSE(AHVR - AGVR_LT_IR - AHHR_LT_MR + AGHR_LT_LR) - KpAQVR (18)
— B,Abyg
Two differential equations can be added as

AQ.HR - AéHR (19)

AQ.VR = AH.VR (20)

The dynamics of the active state tension for the agonist muscle at every time interval,

[tsac_stast taG_sac_pulse_sdi{tAG_sac_pulse_starfAG_sac_pulseend [tAG_sac_pulseend Tsacend CaN be personated
with the following equation for horizontal movement:

Nag — Fyp ag () (21

FHR_AG ) =
TAG_sac

The dynamics of the active state tension for the antagonist muscle at every time interval

[tsac_staﬁt tANT_sac_puIse_ste]rt[tANT_salc_puIse_starttANT_sa(:_puIsee_nd] [tANT_sac_puIsegnd, tsac _enc] can be
personated with the following equation fasrizontal movement:

Nynr — ﬁHR_ANT(t) (22

TANT _sac

F ur ant (£) =
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The dynamics of the active state tension for the agonist muscle at every time interval,

[tsac_staﬁt tAG_sac_puIse_st;}rt[tAG_sac_puIse_starttAG_sac_puIsee_ncl [tAG_sac_puIsegnd, tsac _end] can be perSOﬂated
with the following equation for vertical movement:

Ny — Fyr ag (©) (23

Fyg_ac (t) = 7
AG_sac

The dynamics of the active state tension for the antagonist muscle at every time interval

[tsac_staht tANT_sac_puIse_stgrt[tANT_sac_puIse_starttANT_sac_puIsee_nd] [tANT_sac_puIsegnd; tsac _en(l can be
personated with the following equation fartical movement:

Nayr — F vr ant (1) (29

TANT _sac

F vr ant (£) =

There are twelve differential equatiofi$3),(14),(15),(16),(17),(18),(19),(20),(21),(22),(23),(24))

with 12 variablesp g 1t 1k PUr T MR PUr T sk PUr LT 1R PUR PUr Fur, Firs Fsr Firs
Ay , AByg

3.6. Oculomotor Plant Mechanical Model Equationsin Vector Format

THR,R,MF = ﬁLR + ﬁHR,R,MF + ﬁAG,LR (25)
Turimr = Fur + Fig + Fog + Fug__ur + Favrur + Fanr_ir + Fag sz (26)
JAOyg = ?HR,R,MF + T)HR,L,MF + TK;LHR + TBP,HR @7
T)VR,T,MF = ﬁSR + ﬁVR,T,MF + ﬁAG,SR (28)
Tvrmr = Fur + Fir + Fig + Fyp g ur + Fanr_ur + Fanr_ir + Fag i (29
JAByg = ?VR,T,MF + ?VR,B,MF + TKP,VR + TBP,VR (30)
AByp = AOyg (31)
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AQ.VR = AQVR (32)
. Nag — Fyr ac () (33
Fug ac (t) = T—_
AG_sac
. Nanr — ﬁHR_ANT ) (34
Fyg ant () = 7
ANT _sac
. Nag — Fyg_ac (©) (39
Fyr g (£) = T—_
AG_sac
. _ Nanr — Fyr_anr(®) (36)
Fyg_ant () = 7
ANT _sac
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4. Left Downward Eye Movement

4.1. Horizontal Left Muscle Force (HR_L_MF)

Tyr 1 mr = —Fugr cos Oyg — KLT(QHR_LT_MR - AQHR_LT_MR) cos Oy + BAGAQLT_MR cos Oy (37
Resisting the contraction, the series elasticity compsnehtmedial rectugpropagates the
contractile force by pulling the eye globe with the same forge Tur.

Thr 1 mr = _KSE(QHR,SE,MR + AeHR,SE,MR) €os Oy (38)

Equationg37) and(38) can be used to calculate the forge, ve in terms of the eye rotation

AByr and displacemetfy ;. ur Of the length tension component of the muscle.

_KSE(QHR_SE_MR + AQHR_SE_MR) cos Oyr + Fup oS Oyp + KLT(HHR_LT_MR - AGHR_LT_MR) cos Oy

— By A6"HR,LT,MR cosOygr =0
Taklng |nt0 COﬂSlderatlon th%RﬁLR = eHRfLTfMR + HHRfsEfMR and AHHR = AeHR?LT?MR - AeHR?SE?MR

the follwing equation can be calculated:

O1r mr — BOur = Our 17 MR + Our se mr — DOur 11 mr + AOur sk MR
O1r mr — BOur — Onr 17 MR + AOur 11 MR = Onr se mr + AOur s MR
—Ksg (Our mr — DOur — Onr i1 mr + DOur it mr) + Fur + Kir(Our 1 mr — DOur v mr) — BagBOur 17 mr = O

_KSE(AHHR_LT_MR - AHHR) + (FMR_KSE(GHR_MR - HHR_LT_MR) + KLTGHR_LT_MR)_KLTAHHR_LT_MR

- BAGAQHR_LT_MR =0

ASSIQnIngFMR = FMR_KSE(QHR_MR - eHR_LT_MR) + KLTQHR_LT_MR
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_KSE (AQHR_LT_MR - AQHR) = _FMR +KLTA9HR_LT_MR + BAGAQHR_LT_MR

New equation fory , ,» can be written as:

THR,L,MF = _KSE (AQHR,LT,MR - AGHR)

Tur i mr = —Fur+KirB0ur 11 mr + BacAOur 11 mr
Abyr — 7}1;—;1‘” = AOyr 17 MR
A Tyr 1 mr ;
Tyr 1.mr = —FurtKir <A9HR - T) + BagAOyr 11 Mr
Tur_1mr = —Ksg (A0 17 mr — DOpg) (39
FyrKsp AOyrKse (40)

+ BaAOur 11 MR

T =
HR-LME Ksg + Kir Ksg + Kir

4.2. Horizontal Right Muscle Force (HR_R_MF)

Tir = Fir 0 O1g + Kir(Ong 17 1r + AOpg 17 1) €OS Oy + BanrAbOyg 117 1 €OS O1p
Tip = FlrsinOip + K g (GVR_LT_IR - AGVR_LT_IR) sin g — BAGAQVR_LT_IR Sin Og

Tsr = Fsg 5in Osg + Kir(Byr 17 sr + MOy 11 5r) Sin Osg + BanrAbyg 17 1z Sin Osg
Tig = KSE(QHR_SE_LR + AHHR_SE_LR) cos Orp

Tir = Ksg (QVR,SEJR + AQVR,SEJR) sin Or

Tsgp = KSE(QVR_SE_SR + AGVR_SE_SR) Sin Ogp
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Above six guationscan be used to calculate fosag: T T« in terms of the eye rotatickf
AByrand displacemesiNOyg 11 1r, AByr 17 1r » ABur LT sk Of the length tension componeiolf

eachmusclerespectively
4.2.1. Lateral Recuts Muscle ForcgT,;) of the Horiztonal Right Muscle Force

—Kse (QHR_SE_LR + AQHR_SE_LR) cosOpp + Frcos O + KLT(QHR_LT_LR + AQHR_LT_LR) cos O1p

+ BanrAOug 17 1r€OS O g =0

Taking into consideration that,z ;zx = Our 1 1 + Onr se Lk @Nd A8y = AOug 17 1k + AOug sk 1r
the follwing equation can be calculated:

Our tr + A0ur = Onp 17 1R + Our se LR + AOur 17 1R + AOug sk 1R
Our R + A0ur — Onr i1 1R — AOur 17 1R = Our sE LR T+ AOuR sE LR

_KSE(HHR,LR + AOur — Opr 1T 1R — A6’HR,LT,LR) + Fip+ KLT(GHR,LT,LR + A91~1R,LT,LR) + BANTAQHR,LT,LR =0

—Ksg (AGHR - AeHR?LT?LR) + Fip — Ksg (HHR,LR - HHR,LT,LR) + Ki70up 17 1R + KirAOug 11 1r + BANTAG.HR,LT,LR
=0

ASSIQnIngﬁLR = FLR - KSE(GHR_LR - GHR_LT_LR) + KLTQHR_LT_LR

KSE (AQHR - AQHR_LT_LR) = ﬁLR + KLTAGHR_LT_LR + BANTAG.HR_LT_LR

New equatiorior T, can be written as:

TLR = KSE(AQHR - AQHR_LT_LR)

TLR

AHHR_LT_LR = AOyp K_
SE

" Tir ;
T,r = Fir +Kip (AQHR - K_) + BantAOug 17 1R
SE
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F .K AGy R K. N .
S T + BantAOug 17 1R

" Ksg + Kip Kop + Kir

TLR

Tip = KSE(AQHR - AQHR,LT,LR)

4.2.2. Superior Recuts Muscle ForceTgy) of the Horiztonal Right Muscle Force

—Kse (QVR_SE_SR + A9VR_SE_SR) sin Osp + Fsg sin Osg + KLT(QVR_LT_SR + AQVR_LT_SR) sin fgp

+ BunrAOyg 17 1R SINOsp =0

Taking into consideration that,; sz = 8yr 11 sr + Ovr s5 sk @Nd AByg = AByg 11 sk + AOyg o5 sk
the follwing equatiorcan be calculated:

Ovr sp + AOygr = Oyg 17 sr + Ovr se sk + AOyg 11 sr + ABygr sk sk
Ovr sp + BBy — Oy 17 sr — AOByg 17 sr = Ovr se sk + Abyr sk sk

_KSE(HVRJR + ABygr — Oyr 17 5R — AQVR,LT,SR) + Fop + KLT(HVR,LT,SR + AGVR,LT,SR) + BANTAG.VR,LT,LR =0

—Ksg (AHVR - AHVR,LT,SR) + Fop — KSE(HVRJR - 9VR,LT,5R) + Ki70vg 17 sr + KirAOyg 17 sr + BANTAG.VR,LT,SR
-0

ASSIQnIngﬁSR = FSR - KSE (GVR_SR - HVR_LT_SR) + KLTHVR_LT_SR

KSE (AQVR - AHVR_LT_SR) = ﬁSR + KLTAGVR_LT_SR + BANTAGVR_LT_SR

New equatiorior T can be written as:

Tsp = Ksg (AQVR - AQVR_LT_SR)

Tsr
AHVR_LT_SR = Abyp — K
SE

TSR .
Tsg = Ser + K7 <A9VR - K_> + BanrAOyg 11 sk
SE
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FSRKSE AHVR1<SE 5

Tsp = + Banr A0y 11 sr
Ksg + Kir Ksg + Kir ”

Tsr = Ksg (AQVR - AG'VR,LT,SR)

4.2.3. Inferior Recuts Muscle ForceT,;) of the Horiztonal Right Muscle Force

—Ksg (QVR_SE_IR + A9VR_SE_1R) sin g + Fp sin6jp + KLT(QVR_LT_IR - AQVR_LT_IR) sin g — BAGAQVR_LT_IR sin Or
=0

Taking into consideration thmVR_IR = Oyr.rrir + Ovr.ser ANd DBy = AOyg 11 1 — AOyr sE iR

the follwing equation can be calculated:

Ovrir — Abyr = Oyririr + Ovr.seir — AOyr 7 ik + AOyr e iR

GVRJR - AeVR - HVR,LTJR + AHVR,LTJR = HVR,SEJR + AHVR,SEJR

_KSE(HVRJR - AeVR - HVR,LT,IR + AHVR,LTJR) + FIR + KLT(HVR,LTJR - AHVR,LTJR) - BAGAG.VR,LTJR =0

_KSE( AHVR,LTJR - AHVR) + FIR - KSE(HVR,IR - HVR,LTJR) + KLTHVR,LTJR - KLTAGVR,LTJR - BAGAG'VR,LTJR
=0

ASSIQnIngﬁIR = FIR - KSE (GVR_IR - HVR_LT_IR) + KLTGVR_LT_IR

KSE( AHVR_LT_IR - AHVR) = pIR - KLTAGVR_LT_IR - BAGAGVR_LT_IR

New equation for,, can be written as:

Tigr = KSE( AByg 11 1R — AHVR)

Tir _
Ko + AOyr = AOyr TR
SE

o Tig .
Tiw = Fin = Kur (= + 86u) = BaoB0yn ir 1n
SE
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FirK. AByrK. . .
IRBsE VREsg BuoMbyr 7 1m

" Kep +Kir Ko + Kip

TI R

Tir = KSE( AByg 11 1R — AHVR)

4.2.4. Formulating Horizonal RightMuscle Force(Tyg g ur)

Tur pmr = Tip + Tig + Tor

THR,R,MF = KSE (AQHR - AHHR,LT,LR) + KSE( AGVR,LTJR - AGVR) + KSE (AGVR - AGVR,LT,SR)

THR_R_MF = KSE (AQHR - AHHR_LT_LR + AGVR_LT_IR - AGVR_LT_SR)

ﬁLRKSE AHHRKSE =~ . FIRKSE AQVRKSE a 0 FSRKSE
T, = + BuyrlAd + - Y 4 SROSE
HR_R_MF KSE + KLT KSE + KLT ANT HR_LT_LR KSE + KLT KSE + KLT AG VR_LT_IR KSE + KLT
AbyrKsp | 4 :
Kep + K,y + BanrAOyr 17 sk
(FLR + FIR + FSR) AHHRKSE ~ o ~ . ~ o
THRiRiMF = KSE + KLT SE m + BANTAHHRiLTiLR - BAGAGVRiLTilR + BANTAGVR,LT,SR
(FLR + ﬁIR + ﬁSR) ~ . ~ N ~ . (41)
THR_R_MF = K + K KSE + BANTAGHR_LT_LR - BAGAQVR_LT_IR + BANTAQVR_LT_SR
SE LT

Tur rmr = KSE(AQHR —AOug 17 1R + AOByg 17 R — AHVR_LT_SR) (42)
4.3. Vertical Bottom Muscle Force(Tyg s mr)
Tyr g mr = —Figcos 01 — KLT(GVR_LT_IR - AGVR_LT_IR) cos O + BAGAQVR_LT_IR cos Og (43

Resisting the contraction, the series elasticity compsnehtmedial rectugpropagates the

contractile force by pulling the eye globe with the same forge Tur.
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Tygr B mr = _KSE(HVR_SE_IR + A91/1!2_51-:_11!2) cos Og (44)

Equationg43) and(44) can be used to calculate the forges vr in terms of the eye rotation

A6y and displacememtfy, ;r ;r Of the length tension component of the muscle.

KSE(QVR_SE_IR + A9VR_5E_1R) cos O;p — Fip cos 01 — KLT(QVR_LT_IR - AQVR_LT_IR) cos Oip + BAGAQVR_LT_IR cos Or

=0
Taking inb consideration thab,, ,x = 8yr 17 ir + Ovr s5 1z @Nd AByg = AByg 17 1 — AByr 55 1r

the follwing equation can be calculated:

HVRJR - AeVR = eVR,LTJR + HVR,SE,IR - AHVR,LTJR + AHVR,SEJR

HVRJR - AeVR - HVR,LTJR + AHVR,LTJR = HVR,SE,IR + AHVR,SEJR

KSE(HVRJR - AeVR - HVR,LT,IR + AHVR,LTJR) - FIR - KLT(HVR,LTJR - AHVR,LTJR) + BAGAG.VR,LTJR =0

KSE (AHVR,LTJR - AHVR) - FIR + KSE(HVRJR - HVR,LTJR) - KLTHVR,LTJR + KLTAGVR,LTJR + BAGAG.VR,LTJR =0

AssigningF, = Fig + Ksp(8yg 17 1p — HVRJR) + Kir0vp 17 1R

_KSE (AHVR,LTJR - AHVR) = _FIR + KLTAHVR,LTJR + BAGAH.VR,LTJR

New equation for,; 5 ,» can be written as:

TVR,B,MF = _KSE (AQVR,LTJR - AGVR)

TVR _B_MF

AByg — Ko = AQVR_LT_IR

TVR?B?M F

Tyr g mr = —Fig + Kip <A9VR - ) + BAGAQ.VR,LTJR

SE

37



HCI Lab, Department of Computer Science, Texas State Univ8esitilarcos

T _ FirKsg AbyrKsp L BAD (45)
VR_B_MF Kep + Kip  Kog + Ko7 A6ROVR LT IR
Tyr g mr = —Ksg (AQVR_LT_IR - AQVR) (46)

4.4, Vertical Top Muscle Force(Tyg 1 ur)

Tip = Fipsinfg + KLT(QHR_LT_LR + AQHR_LT_LR) sin6 g + BANTAéHR_LT_LR sin 6.5

Tyr = Fyg sinOyg + KLT(QHR,LT,MR - AeHR,LT,MR) SinOyg — BagABur 17_mr SIN Oyr

Tsgr = Fsg cos Osg + KLT(GVR_LT_SR + AGVR_LT_SR) cos Osp + BANTAQVR_LT_LR cos Osg
Tir = KSE(QHR,SE,LR + AHHR?SE?LR) sinBp
Tyr = KSE(QMR_SE_MR + AHMR_SE_MR) sin Oyg

Tsr = KSE(QVR,SE,SR + AHVR,SE,SR) cos Osp

Above six guationscan be used to calculate fosog: Tur T IN terms of the eye rotatidhd,;
Abyrand displacemest\Oyp 11 17, AOyr 1T MR » AOur 17 sk Of the length tensionomponerd of

eachmusclerespectively

4.4.1. Lateral Recuts Muscle ForcgT ;) of the Vertical Top Muscle Force

—Ksp(Our_se 1k + DO sg 1) SN Oig + Fig sin 01 + Kir(Oug i 1r + DOug 17 1r) SN O1g
+ BunrBOug 17 1r SN =0

Taklng |nt0 COﬂSIderatlon thaHRiLR = GHRJJ[LR + 9HR75E7LR and ABHR = AgHR?LT?LR + AeHR?SE?LR

the follwing equation can be calculated:

HHR_LR + AHHR = HHR_LT_LR + GHR_SE_LR + AeHR_LT_LR + AHHR_SE_LR

HHR_LR +A4 HHR - QHR_LT_LR -4 HHR_LT_LR = GHR_SE_LR +4 HHR_SE_LR
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—Ksg (QHR_LR + AOur — Opr 1T 1R — AQHR_LT_LR) +Fr + KLT(QHR_LT_LR + AQHR_LT_LR) + BANTAéHR_LT_LR =0

_KSE (AQHR - AQHR_LT_LR) + FLR - KSE(QHR_LR - QHR_LT_LR ) + KLTQHR_LT_LR + KLTAQHR_LT_LR

+ BANTAG'HR,LT,LR =0

ASSIgnIngﬁLR = FLR - KSE(QHR_LR - QHR_LT_LR) + KLTQHR_LT_LR

KSE (AQHR - AQHR_LT_LR) = FLR + KLTAQHR_LT_LR + BANTAQ.HR_LT_LR

New equatiorior T, can be written as:

TLR = KSE(AQHR - AQHR_LT_LR)

Tip
AQHR_LT_LR = AOyp — _K
SE
- Tir :
Tir = Fig + K7 | AOyg TR + BantAOur 11 1R
SE

F K AByr K. ~ .
S e + BanrtAOur 17 LR

B KSE + KLT KSE + KLT

TLR

TLR = KSE(AQHR - AQHR_LT_LR)

4.4.2. Superior Recuts Muscle ForcgTgg) of the Vertical Top Muscle Force

—Ksp(Ovr_se_sr + Ay si sr) €OS O + Fsg c0s Osg + Kir(Oyr 17 sr + AByg i1 sr) €OS Osg

+ BANTAQ‘VR,LT,LR cos fgg =0
Taklng IntO COﬂSlderatlon thaVRisR = HVRfLTst + GVRfsEst and AGVR = AeVR?LT?SR + AeVR?SE?SR

the follwing equation can be calculated:

HVR_SR + AHVR = QVR_LT_SR + HVR_SE_SR + AQVR_LT_SR + AHVR_SE_SR
HVR_SR + AHVR - QVR_LT_SR - AGVR_LT_SR = HVR_SE_SR + AHVR_SE_SR

_KSE(HVR_SR + AQVR - eVR_LT_SR - AeVR_LT_SR) + FSR + KLT(HVR_LT_SR + AGVR_LT_SR) + BANTAQVR_LT_LR =0
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—Ksg (AQVR - AQVR_LT_SR) + Fop — KSE(QVR_SR - BVR_LT_SR) + Ki70yg 17 sr + KirAOyp 11 sr + BANTAéVR_LT_SR
-0

ASSIQnIngFSR = FSR - KSE (GVR,SR - HVR,LT,SR) + KLTHVR,LT,SR

KSE (AHVR - AHVR,LT,SR) = FSR + KLTAGVR,LT,SR + BANTAH‘VR,LT,SR

New equatiorior T, can be written as:

Tsp = Ksg (AGVR - AeVR?LT?SR)

Tsp
A9VR,LT,3R = Abyr — _K
SE
~ Tsp :
Tsg = Fsp + Kip | ABpr — )T BynrAByg 11 sk

SE

FrK. ABy R K. ~ .
SR R+ BantABvg 11 sr

" Kse + Kir  Kog + Kir

TS R

Tsp = Ksg (AGVR - AeVR?LT?SR)

4.4.3. Medial Recuts Muscle ForcgT,;) of the Vertical Top Muscle Force

_KSE(HHR_SE_MR + AQHR_SE_MR) Sin Oyp + Fyg sin Oy + KLT(GHR_LT_MR - AGVR_LT_MR) Sin Oyr

- BAGAQHR_LT_MR sinfyr =0
Taking into consideration that,;z yr = Our 11 Mg + Onr sz mr @Nd AByr = ABug 17 mr — ABug st MR

the follwing equation can be calculated:

QHR,MR - AQHR = QHR,LT,MR + 6HR,S'E,MR - ABHR,LT,MR + AQHR,SE,MR
QHR,MR - AQHR - QHR,LT,MR + AQHR,LT,MR = 6HR,S'E,MR + AQHR,SE,MR

_KSE (HHR,MR - AeHR - eHR,LT,MR + AeHR,LT,MR) + FMR + KLT(eHR,LT,MR - A0HR,LT,MR) - BAGAB.HR,LT,MR =0
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_KSE (AQHR_LT_MR - AQHR) + (FMR_KSE(BHR_MR - QHR_LT_MR) + KLTeHR_LT_MR)_KLTAgHR_LT_MR

- BAGAéHR_LT_MR =0
ASSigningﬁMR = FMR_KSE(GHR_MR - HHR_LT_MR) + KLTGHR_LT_MR

KSE (AQHR_LT_MR - AQHR) = ﬁMR_KLTAQHR_LT_MR - BAGAQ.HR_LT_MR

New equation fory , ,» can be written as:

Tur = Ksg (AQHR_LT_MR - AHHR)

TMR = FMR _KLTAGHR,LT,MR - BAGAH'HR,LT,MR

Tur

K. + AOpp = AQHR_LT_MR
SE

A Tur )
Tyr = Fur—Kir Ko + A0yr ) — BagAOur 11 MR
SE

ﬁMRKSE AQHRI(SE 5 A
- BAGAGHR_LT_MR

B KSE + KLT KSE + KLT

TM R

Tur = K (AHHR,LT,MR - A91~1R)

4.4.4. Formulating Vertical Top Muscle Force(Tyg 1 ur)

Tyr v mr = Ter + Tur + Tsr

ﬁLRKSE AOyrKsE A . pMR K AByrKsE PN . pSRKSE
+ By AO + - — B,;AB _—
Ksg + Kir Kgg + Kip ANTZUHRALTLR Ksg + Kir Ksg + Kir AGTTHRLTMR Ksp + K7

TVR_T_MF =

Kep + K,y + BanrAOyr 17 sk
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(Fig + Fug + Fg) AByrKsE " . S R . (47)
Kep + Kop sEt K. 1K, + BanrAOug 11 1R — BagAOur 11 mr + BantAOyr 11 sk

TVR_T_MF =

TVR,T,MF = KSE (AQHR - AHHR,LT,LR) + KSE (AHHR,LT,MR - AHI-IR) + KSE (AHVR - AGVR,LT,SR)

TVR,T,MF = KSE (AHVR - AGVR,LT,SR + AHHR,LT,MR - AGHR,LT,LR) (48)
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5. Muscle Model Equations

5.1. Right Upward Eye Movement Equations

THR,R,MF = KSE (ABHR,LT,LR - ABHR) (49)

ﬁLRKSE AQHRI(SE A A (50)
T = - — BB
HR_R_MF KSE + KLT KSE + KLT AG HR_LT_LR
THR?L?MF = _KSE (ABHR - AHHRfLTfMR - A9VR7LTJR + A9VR7LT7$R) (51)
(Fug + Fig + Fog AOyrKsp . . . I (52
THR?L?MF = - KSE + KLT ) SE — KSE + KLT - BANTAGHRfLTfMR - BANTABVRfLTJR + BAGAGVRfLTfSR
TVR_T_MF = KSE (AQVR_LT_SR - AeVR) (53)
ﬁSRKSE AHVRI(SE s A (54)
T, = - — B0
VR_T_MF KSE + KLT KSE + KLT AG VR_LT_SR
TVR?B?MF = _KSE (AHVR - A9VR7LTJR - A9HR7LT7MR + ABHRfLTfLR) (55)
Fyp + Fig + Fig AOyrKsp . . . L (56)
Tyrgmr = — <W SE T Kop + Kyp BantAOur 17 mr — BantA0vr 171k + BacAOur 17 1R
5.2. Left Downward Eye Movement Equations
THR_L_MF = —Ksg (AHHR_LT_MR - A‘91-1}2) (57)
ﬁMRKSE AHHRKSE (58)

THR?L?MF = + B\AGAéHRfLTfMR

Ksg + K Ksg + Kip
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