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Abstract: this report develops force equations for four extraocular muscles — medial, lateral
recti and superior, inferior recti. Derived forces allow moving an eye globe in two
dimensional plane.

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 paper works only with the
oculomotor plant that consists of the lateral (the muscle that is closer to the ear), the medial (the
muscle that is closer to the nose), the superior (the muscle that is closer to the forehead) and
inferior (the muscle that is closer to the cheek) recti, eye globe and surrounding tissues.
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Figure 1. Left eye diagram front view
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Figure 2. Left eye diagram side view

The eye globe’s radius is 11mm. The lateral, medial, superior and the inferior recti are
modeled through a system of mechanical components described in latter sub-sections. Each
muscle can play the role of the agonist or the antagonist. The agonist muscle pulls the eye globe
in the required direction and the antagonist muscle resists the pull. Each of the following section
is modeled based on the role that each muscle plays in a particular situation. As an example
when the eye globe moves to the direction of upper right direction, the lateral/superior recti
support for the movement and medial/inferior recti resist the movement based on the role of the
muscle at that instance. Lateral/superior plays the agonist and medial/inferior plays the
antagonist role in this particular situation. Evoked by muscle movement, an eye can move in
eight different directions : Right horizontal, Left horizontal, Top vertical, Bottom vertical, Right
upward, Left upward, Right downward and Left downward. This paper discusses only Right
upward movement and Left Downward as examples, but the model can be modified to allow eye

globe movements in all directions.

2. Two Dimensional Oculomotor Plant Mathematical Model (2DOPMM)

The OPMM is consist of four contour points, each with eye muscle attached 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 rectus. The subscript notation will

identify with LR the parameters that belong to the 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 muscles. The figure illustrates the eye in the coordination position (0, 0) with
respect to the eye center axis in the rest position, with muscles compensate the reactions of each

muscle and stabilize the eye in the coordination framework.

Figure 3. Oculomotor Plant Mathematical Model with four muscle forces

When eye moves to a particular position from the coordination position (0, 0) as one of eight
basic movement types listed above, each muscle connected to the eye globe contract or stretch

accordingly.
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Figure 4. Positive Upward movement with muscle forces

Consider a positive upward movement of the right eye, which move the eye’s visual axis
from the coordination position (0, 0). The lateral rectus and the superior rectus provide forces to
move the muscle to the required position and stable on the target visual axis. The muscle medial
rectus and inferior rectus stretches and contest the movement in the required direction. When eye
fixate upon the target visual axis, muscles compensate the forces and stabilize on the new visual
axis. Rotations of each muscle because of the horizontal and vertical movement of eye from its
origin, ®yr and ®yr mMakes a rotation angle in with respective to each of muscle connected to
the eye globe, by lateral rectus, superior rectus, medial rectus and inferior rectus as O g Osr

Owmr, Ok respectively.
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Figure 5. Positive Upward movement with vertically and horizontally projected 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 and this provides four basic muscle

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

Horizontal Right Muscle Force (Tug r vr) ' TirCosOg
Horizontal Left Muscle Force (Tur L we) : TsrCosOsg T

Vertical Top Muscle Force (Tvs 1 wmF) . TurCosOpr + TsrSiNOgr+ TRSINOR —>
Vertical Bottom Muscle Force (Tvg s wr) . TirCosOr + TyrSin®ug + T RSING, & l

3. Positive Upward Eye Movement

The lateral rectus MMM, holding the eye in a fixation state, is represented by Figure 6

Neuronal control signal N r creates active tension force F"HR_LR that works in parallel with the
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length-tension force Fyg ;7 & . Altogether they produce tension Tyg g mr = Fur 1z + Fur 17 18

that is propagated through the series elasticity components to the eye globe THR_R_MF =
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Figure 6. Muscle Mechanical Model. Red arrows represent direction of the forces

Scalar values of the forces are as following: Length tension force of lateral rectus is
Frr_it 1R = KitOhr LT LR Where \@ur_se_r 1S the displacement of the spring in the horizontal
direction and Kgge is the spring’s coefficient, and force propagated by the series elasticity
component is T r=Ksgbur se_1r, Where Our se r IS the displacement of the spring in the

horizontal direction and Ksg is the spring’s coefficient.

Tension TLR applied by lateral rectus to the eye globe is counterbalanced by tension of
medial rectus, superior rectus and inferior rectus TMR + TSR + T,R and tension created by passive

elasticity of those muscles and the tissue surrounding the eye globe K,A6. The MMM becomes
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more complex during eye rotations, making it to present MMMs for the horizontal and vertical

muscle forces. To provide more detail, muscle forces are presented with scalar values.

3.1. Horizontal Right Muscle Force (HR_R_MF)

The agonist muscle contracts, rotates the eye globe and stretches the antagonist muscle.
Assuming that the lateral rectus play the role of the agonist, Figure 7 presents the MMM of the

Horizontal Right Muscle Force (HR_R_MF), pulling the eye-globe in the positive direction.

Lets assume that prior to the eye movement, the length of the displacement in the series
elasticity and the length tension spring components in the horizontal direction added together is
Onr Lr. Considering that the right eye moves to the right by Afugr degrees, the original
displacement Opg g IS reduced making the resulting displacement 6nr (r - AOur. The
displacement ABur can be broken in the displacement inside of is ABur =AOHR s IR -
ABur LT (R Muscle contraction expands the series elastic component making the resulting
displacement 6xr se (r+ABHR s Lr- Muscle contraction shortens the length tension component
making the resulting displacement 8r 11 1r- ABHr LT Lr. The damping component modeling the
force velocity relationship B,;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.
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Figure 7. Horizontal Right Muscle Force 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) pulls 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 components of lateral rectus propagates the

contractile force by pulling the eye globe with the same force Tur r mF.

Tur g mr = Ksg (QHR,SE,LR + AgHR?SE?LR) cos O, @)
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Equations Error! Reference source not found. and Error! Reference source not found. can be used to
calculate the force Tur r_mr in terms of the eye rotation A8y, and displacement A8y 1 g 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

Taking into consideration that 6, ;x = Oug 17 1r + Our se Lr ANd AByg = AByg 17 1k — AOug 5 1R
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
ASSIgnlng FLR = FLR_KSE(HHRfLR - eHRfLTfLR) + KLTGHRfLTfLR

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

New equation for Ty r mr 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 that the projecttions of
medial rectus, and inferor rectus play the role of the antagonist, and superior rectus plays the
agonist, MMM of the Horizontal Left Muscle Force in the positive direction can be represented

in Figure 8

By considering the medial rectus, originally the length of the displacement in the series
elasticity and the length tension springs added together is 6ur mr. GHr Mr INCreases when the eye
moves to the right by Afnr, making the resulting displacement 61g Mr + ABHr. Both length
tension and series elasticity components lengthen as a result of the agonist pull. The eye rotation
AByr can be split into the displacement of the series elasticity component and the length tension
component: AGur=A6Hr se MrRTABHR LT Mr. The resulting displacement for the series elasticity
component IS  6ur se MrtAGHr se v and  for the length  tension component s
Onr LT MRTAOHR LT Mr. The damping component modeling the force velocity relationship
BunrAB,r yg resists the muscle stretching. The amount of resistive force is based upon the

velocity of stretching of the length tension component.

10
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Figure 8. Horizontal Left Muscle Force. Arrows represent the direction of the forces.
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Considering that the right eye moves upward A6yr degrees, the original displacement 6yr sr iS
reduced making the resulting displacement 6yg sg - Afsg. The displacement ABsg can be broken
in the displacement inside of is Afsg =A6vr se sr - Abyvr LT sr- Muscle contraction expands the
series elastic component making the resulting displacement Oyr se sr+A6vr se sr. Muscle
contraction shortens the length tension component making the resulting displacement 6yg Lt sr -
A6vr L7 sr- The damping component modeling the force velocity relationship B,;A8, 1 g 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 rectus, originally the length of the displacement in the series
elasticity and the length tension springs added together is 6yr r. ®vr g iNCreases when the eye
moves to the up by A6y, making the resulting displacement 6yr |r + Abyr. Both length tension
and series elasticity components lengthen as a result of the agonist pull. The eye rotation AByr
can be split into the displacement of the series elasticity component and the length tension
component: A6yr=A6vr se IRTAbGvr LT 1r- The resulting displacement for the series elasticity
component is Ovr se rTAOvr se ik and for the length tension component is Gyr 11 IRTAOR LT IR
The damping component modeling the force velocity relationship B,y7A8, 1 ;5 resists the muscle
stretching. The amount of resistive force is based upon the velocity of stretching of the length

tension component.

We can write equation of forces with which the part of the diagram responsible for the
contraction (active state tensions, damping components, length tension components) pulls the

series elasticity components.

Tur = —Fug oS Oyg — KLT(QHR,LT,MR + AeHR?LT?MR) oS Our — BantAOur 11 MR COS Our

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 six equations can be used to calculate forces Tyr , Tir, Tsr in terms of the eye rotation
Abyr ABygand displacements ABygp 11 mr,AByr 17 1R »AByr 17 sg OF the length tension

components of each muscle respectively.

3.2.1. Medial Recuts Muscle Force (T,) 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 cosOygr =0
Taking into consideration that Our mr = Our 1t Mr + Our se g ANd AOyp = AOyg 17 Mr + AOur 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

ASSIQnIng FMR = 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 equation for T, 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 Force (T,) 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 6y, ;x = 6yr 17 1r + Ovr sg 1z @D 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

Assigning Fig = Fiz + KseOvr 11 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 equation for 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 Force (Tgg) 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 sinfBgg =0
Taking into consideration that 8,z sx = 8y 17 sr + Ovr se sk aNd AByg = AByg 11 sr — AByr sk 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

ASSIQnIng FSR = 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 for Ty, 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(SE
KSE + KLT KSE + KLT

+ EAG AG.VR_LT_.SR

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 Q)
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 vertical movement of the eye in the right upward eye movement,
assuming that the superior rectus play the role of the agonist, MMM of the Vertical Top Muscle
Force (HR_T_MF), pulling the eye-globe in the positive vertical direction represented in the

Figure 9.

17
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Lets assume that prior to the eye movement, the length of the displacement in the series
elasticity and the length tension spring components in the vertical direction added together is
6vr sr. Considering that the right eye moves to the upward by A6yr degrees, the original
displacement 6yr sg is reduced making the resulting displacement 6y sr - Abwr. The
displacement AByr can be broken in the displacement inside of is AGyr =AGvr st sr- AOvR LT SR
Muscle contraction expands the series elastic component making the resulting displacement
Ovr se srTABVR se sr- Muscle contraction shortens the length tension component making the
resulting displacement 6yg 11 sk - Abvr LT sr- The damping component modeling the force
velocity relationship B,gAf, sg 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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4._
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. AG” " VR_LT SR SR

Kop(Oyp s& s AOyr sg 17/ C05Csp
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A
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A
Y

VR_SR

Figure 9. 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 the superior rectus (active state 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 7

Resisting the contraction, the series elasticity components of superior rectus propagates the

contractile force by pulling the eye globe with the same force Tyr 1 me.

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

Equations (7) and (8) can be used to calculate the force Ty 4 in terms of the eye rotation A6y,

and displacement A8y ;7 sr Of the length tension component of the muscle.

ﬁSRKSE _ AByRrKsg _B..AD ©)
Keg + Kir Ksg + Kir AGTTLTSR

TVR_T_MF =

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

3.4. Vertical Bottom Muscle Force (VR_B_MF)

Assuming that the projecttions of medial rectus, and inferor rectus play the role of the
antagonist, and lateral rectus plays the agonist, the MMM of the Vertical Bottom Muscle Force

in the positive direction represented in the Figure 10.

By considering the medial rectus, originally the length of the displacement in the series
elasticity and the length tension springs added together is 61r mr. OHr Mr INCreases when the eye

moves to the right by AByr, making the resulting displacement 6u4r vr + ABnr. Both length

19
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tension and series elasticity components lengthen as a result of the agonist pull. The eye rotation
A6y can be split into the displacement of the series elasticity component and the length tension
component: A6ur=Abur se MrRTABHR LT Mr. The resulting displacement for the series elasticity
component IS Our se vRtAOr se vv and  for the length tension component is
Onr LT MRTABHR (T Mr- The damping component modeling the force velocity relationship
BuntAB,r yg resists 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 the right by Afur degrees, the original
displacement lateral rectus, 6ur Lr is reduced making the resulting displacement 6yr (r - AGir.
The displacement Afr can be broken in the displacement inside of is Afsg =A6yr sE sr -
AByr LT sr. Muscle contraction expands the series elastic component making the resulting
displacement Gur se 1rTABHR se_Lr- Muscle contraction shortens the length tension component
making the resulting displacement 64r 17 1r - Abhr LT LR The damping component modeling the
force velocity relationship B,;A8,r . 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 rectus, originally the length of the displacement in the series
elasticity and the length tension springs added together is 6yr r. Ovr g inCreases when the eye
moves to the up by AByg, making the resulting displacement 6yr r + AGyr. Both length tension
and series elasticity components lengthen as a result of the agonist pull. The eye rotation AByg
can be split into the displacement of the series elasticity component and the length tension
component: AGywr=AbO\r se IRTAOvr (7 1r- The resulting displacement for the series elasticity

component is Ovr_se ir+ABvr se_r and for the length tension component is Gyg 1 IRTAOR LT IR
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The damping component modeling the force velocity relationship B,y7A8, 1 ;& 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 tensions, damping components, length tension components) pulls the

series elasticity components.

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 equations can be used to calculate forces Tys Tir Tir in terms of the eye rotation Ay,
AByrand displacements AByg 17 mr, AOyr 17 1R » AOhR 17 LR OF the length tension components of

each muscle respectively.
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Figure 10. Vertical Top Muscle Force. Arrows represent the direction of the forces.

3.4.1.

Medial Recuts Muscle Force (T,z) 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 6,z yr = Our 11 Mg + Onr semr @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
Assigning Fyg = 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 equation for T, 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 Force (T,) 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 consideration that 8,z ;x = 8y 171z + Ovr sp g AN AByg = AByg 11 18 + AByg sE 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 + A9VR - 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
Assigning Fir = Fig + Ksgbyr 17 1z — KseOvr_ir + Kirbyr o7
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 equation for 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
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FIRKSE AeVRI<SE 5

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

TIR = _KSE(AQVR - AQVR_LT_IR)

3.4.3. Lateral Recuts Muscle Force (T,z) 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
Taking into consideration that 6, ;x = Oug 17 1r + Onr 56 Lr ANd AByg = AByg 17 1k — AOug 5 1R
the follwing equation can be calculated:
HHR,LR - AHHR = HHR,LT,LR + HHR,SE,LR - AHHR,LT,LR + AHI-IR,SE,LR
HHR,LR - AHHR - eHR,LT,LR + AHI-IR,LT,LR = HHR,SE,LR + AHI-IR,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 (AHHR,LT,LR - AeHR) + (FLR_KSE(HHR,LR - HHR,LT,LR) + KLTHHR,LT,LR)_KLTAGHR,LT,LR - BAGAG.HR,LT,LR

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

New equation for T, 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) (11)
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 applies Horizontal Right Muscle Force (HZ_R_MF) to the eye
globe that can be calculated by (3) and Error! Reference source not found.. Those 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 antagonist, applies the
Horizontal Left Muscle Force (HZ_L_MF) to the eye globe that can be calculated by (5) and (6).
Those equations can be combined together:

KSE(AQHR — AOyg 17 mr — AOyr 1T R + AQVR_LT_SR) (14)
(ﬁMR + FIR + FSR) AByrKsg ~ . . .
= Ko + Kip SE Ko + KLT_ + BanrAOug 11 mr + BantAOyr 11 MR

- BAG AG.VR_LT_SR

Applying Newton’s second law, the sum of all forces acting on the eye globe horizontally, equals
the acceleration of the eye globe multiplied by the inertia of the eye globe.

]AHHR = THR_R_MF - THR_L_MF - KpAgHR - BpAgHR

J - Eye globe’s inertia, A8 - eye rotation, A@ velocity of the eye rotation, A8 eye rotation
acceleration. Tyg r mr , and Typ ; yr assigning from previous equations can be transformed into:

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

The superior rectus as the agonist applies Vertical Top Muscle Force (VR_T_MF) to the eye
globe that can be calculated by (9) 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 rectus, lateral rectus and inferior rectus collectively as the antagonist, applies the
Vertical Bottom Muscle Force (VR_B_MF) to the eye globe that can be calculated by (11)Error!
Reference source not found. and (12). Those equations can be combined together:
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KSE(AQVR - AgVR_LT_IR - ABHR_LT_MR + AQHR_LT_LR) (17)

=\—F% | Ksg + 77—+ BantQOur 17 mMr + BantAOvr 17 1R
< Ksg + K7 Ksg + K7 o o

- BAG AQ.HR_LT_LR

Applying Newton’s second law, the sum of all forces acting on the eye globe horizontally, equals
the acceleration of the eye globe multiplied by the inertia of the eye globe.

J AH;R = Tyr r.mr — Tvr_B_mr — KpAOyg — BpAgVR

J - Eye globe’s inertia, A9 - eye rotation, A@ velocity of the eye rotation, A8 eye rotation
acceleration. Tyr r mr , and Typ 1 r assigning from previous equations can 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)

AB.VR = AH.VR (20)

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

[tsac_start, tAG sac pulse start] [tAG_sac_pulse starts tAG_sac_pulse_end] [tAG sac_pulse_end, tsac_end] 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_start, tANT_sac_puIse_start] [tANT_sac_puIse_starh tANT_sac_puIse_end] [tANT_sac_puIse_ end, tsac_end] can be
personated with the following equation for horizontal 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_stam tAG_sac_puIse_start] [tAG_sac_puIse_start, tAG_sac_puIse_end] [tAG_sac_puIse_ end, 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_start, tANT_sac_puIse_start] [tANT_sac_puIse_starh tANT_sa\c_puIse_end] [tANT_sac_puIse_ end, tsac_end] can be
personated with the following equation for vertical movement:

Nayr — F vr ant (1) (24)

TANT _sac

F vr ant (£) =

There are twelve differential equations ((13),(14),(15),(16),(17),(18),(19),(20),(21),(22),(23),(24))
with 12 variables 40ug 11 1r . 40ur 11 Mr . 4O 17 sz AOwr 1T 1R , AOur AOur, Fygr, Fig, Fsp, Eig,
AByg , AByg

3.6. Oculomotor Plant Mechanical Model Equations in 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 (©) (35)
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 components of medial rectus propagates the
contractile force by pulling the eye globe with the same force Tur L me.

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

Equations (37) and (38) can be used to calculate the force T,z . wr in terms of the eye rotation

AByg and displacement A8y 1 mr 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

— Byg A6"HR,LT,MR cosOyr =0
Taking into consideration that 6, .x = Our 17 Mg + Onr se mr AN AOur = AByg 17 mr — AOur 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

ASSIQnIng FMR = FMR_KSE(QHR_MR - eHR_LT_MR) + KLTQHR_LT_MR

31



HCI Lab, Department of Computer Science, Texas State University- San Marcos

_KSE (AQHR_LT_MR - AQHR) = _FMR +KLTA9HR_LT_MR + BAGAQHR_LT_MR

New equation for Ty , yr 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 equations can be used to calculate forces T.x Tir Tsr in terms of the eye rotation A6y
AByrand displacements AByg 11 1r, AByr 1T 1r » ABur LT sr OF the length tension components of

each muscle respectively.
4.2.1. Lateral Recuts Muscle Force (T,z) 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 6,z 1z = Oug 1 1 + Onr se Lk @ ABug = ABup 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

ASSIQnIng ﬁLR = FLR - KSE(GHR_LR - GHR_LT_LR) + KLTQHR_LT_LR

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

New equation for 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 Force (Tsg) 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 6y sg = 6yr 11 sk + Ovr s5 sk @Nd AByg = AByg 17 sk + AOyg o5 sk
the follwing equation can 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

ASSIQnIng ﬁSR = FSR - KSE (GVR_SR - HVR_LT_SR) + KLTHVR_LT_SR

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

New equation for 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

34



HCI Lab, Department of Computer Science, Texas State University- San Marcos

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 Force (T,z) 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 that Ovrir = Ovrirar + Ovroseir @nd MOy = AOyg 17 1k — DOyr_se ik

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

ASSIQnIng ﬁIR = 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 T, 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 components of medial rectus propagates the

contractile force by pulling the eye globe with the same force Tugr L mr.
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Tygr B mr = _KSE(HVR_SE_IR + A91/1!2_55_11!2) cos Og (44)

Equations (43) and (44) can be used to calculate the force Ty s we in terms of the eye rotation

A8y and displacement A8y ; ;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 into consideration that 6y, ;x = 6yr 17 1r + Ovr sg 1z @D AByg = AByg 17 1 — AByg 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

Assigning Fip = Fig + Kgp(8y 17 1p — HVRJR) + Kir0vp 17 1R

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

New equation for T, 5 yr 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 - ) + BAGAG.VR,LTJR

SE
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T _ FirKsp AbyrKsE L BAD (45)
VR_B_MF Kep + Kip  Kop + Ky | AGSVVRLTIR
Tyr p mr = —Ksg (AQVR_LT_IR - AQVR) (46)

4.4. Vertical Top Muscle Force (Tyg 1 mr)

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 equations can be used to calculate forces T x Tugr Tsr IN terms of the eye rotation Afyp
Abyrand displacements AByg 11 1r, AByr LT MR » AOur 17 sk OF the length tension components of

each muscle respectively.

4.4.1. Lateral Recuts Muscle Force (T.) 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

Taking into consideration that 6, ;x = Ougr 17 1r + Ok 56 Lr ANd AByg = AByg 17 1k + AOug 55 1k

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

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

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

New equation for 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 Force (Tsg) 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 cosBsg =0
Taking into consideration that 8,z sx = 8yr 11 sr + Ovr sp sk aNd AByg = AByg 11 sr + AByr sk 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

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

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

New equation for 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 Force (T,z) 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 6,z yr = Our 11 Mg + Onr se mr @nd AByr = ABug 17 mr — ABug sk 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
ASSigning ﬁMR = 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 for Ty , yr 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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TVR_T_MF = KSE + KLT SE KSE + KLT + BANTAQHR_LT_LR - BAGAQHR_LT_MR + BANTAQVR_LT_SR

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)

42



HCI Lab, Department of Computer Science, Texas State University- San Marcos

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 = _KSE (AQHR_LT_MR - AHHR) (57)
ﬁMRKSE AHHR KSE (58)

THR?L?MF = + B\AGAéHRfLTfMR

Ksg + K Ksg + Kip
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Tur rmr = Kse (ABHR — AOyr 11 1R + AOvg 17 IR — A9VR_LT_5R) (59)
(ﬁLR +FIR +FSR) AGHRKSE ~ . ~ . ~ . (60)
Thr rmr = T KetkK, etRo K, + BantA0ur 17 1R — BagAOvr_ 17 ir + BantAOvr i1 sk
TVR_B_MF = _KSE (AHVR_LT_IR - AHVR) (61)
ﬁIRKSE ABVRKSE s ; (62)
Tyr 5 Mr = + BagAByg 17 1R

Ksg + Kir - Ksg + Kip

TVR_T_MF = KSE (AHVR - AGVR_LT_SR + AHHR_LT_MR - AHHR_LT_LR) (63)

(ﬁLR + Fyr + ﬁSR) AByRrKsg (64)

— 2 4 B,urAD — B0 + ByyrAB
SE aNTAOHR LT LR 4620uR 17 MR t+ BantAOvr LT sR
Ksg + K7 Ksg + K7 - - -

TVR_T_MF =

5.3. Muscle Model properties

With the use of above eye movements, we found feature properties in each 8 equations of
movements; Right Upward and Left Downward, to develop muscle model equations. These
feature properties are used to build muscle model equations, which can be used to calculate 8
equations in all four types of eye movements: Right Upward, Right Downward, Left Upward,

and Left Downward.

Eye Movement Agonist Antagonist

Right Upward Lateral Rectus Medial Rectus

Superior Rectus Inferior Rectus

Left Downward Medial Rectus Lateral Rectus

Inferior Rectus Superior Rectus
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In order to calculate 8 force equations for a particular eye movement, muscle model properties

needs to be identified. In our model we found following model properties in each of the eye

movement to successfully predict force equations.

Plane — Horizontal (HR) or Vertical (VR)

ForceDirection — Top (T), Bottom (B), Right (R), or Left (L)

AgonistMuscles — Agonist Muscles of the eye movement model ( muscles that contribute
to ForceDirection)

AntagonistMuscles — Antagonist Muscles of the eye movement model ( muscles that
contribute to ForceDirection)

Sign — For this research, following ForceDirection sign convention was used.
ForceDirections Right (R), Top (T) as positive and ForceDirections Left (L), Bottom (B)

as negative.

Above properties can be easily extracted with the use of a muscle model diagram. Formation of

muscle model equations is explained in the following.

5.3.1.

Formulating Muscle Model Equations

Equations (49), (53), (57), and (61) show a similar pattern in its formation, by changing its
sign based on its ForceDirection. Also, displacements in length tension due to horizontal
(HR) or vertical (VR) eye movement is only based on AgonistMuscles of that particular
plane (HR, or VR). This information is used to formulate following muscle model

equation.

Muscle Model 1 Tplane_FarceDirection_MF = iKSE (Aeplane_LT_AgonistMuscle - Aeplane)
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Equations (50), (54), (58) and (62) show a similar pattern in its formation, by changing its
sign based on its ForceDirection. Also the active state tension of the agonist muscle
always takes the sign of the ForceDirection and other two components takes the opposite
sign of the ForceDirection. This information is used to formulate following muscle model

equation.

FAgonistMuscleKSE — AeplaneKSE — 5 .
Muscle Model 2 Tplane,ForceDirection,MF =X K + K K + K + BAGABplane,LT,AgonistMuscle
SE LT SE LT

Equations (51) , (55) , (59) and (63) show a similar pattern in its formation, by changing its
sign based on its ForceDirection. Also, sign of the displacements in Series elasticity is
same as the sign of the ForceDirection. Furthermore, the displacement in length tension
of the AgonistMuscle is always positive and the displacement in length tension of the
AntagonistMuscle is always negative. They both take a plane perpendicular to the
ForceDirection plane. Also, displacement in the length tension component of the plane
always an Antagonist muscle which takes negative sign for it. This information is used to

formulate following muscle model equation.

Muscle Model 3 Tplane_ForceDirection_MF

= iKSE (Aeplane - ABplame_LT_Am:aLgonistMuslce
- ABPerpermiL'cularPla_ne,LT,Ant:a_gonist:Muscle
+ ABPerpendicularPlcme_LT_AgonistMuscle)

Equations (52) , (56), (60) and (64) show a similar pattern in its formation, by changing

its sign based on its ForceDirection. Also, collective values of the active state tensions
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take the similar sign as the ForceDirection. Active state tensions are consists of single
agonist and two antagonist muscles. Damping component of the agonist muscle always
takes the opposite sign of the ForceDirection. But Damping components of the antagonist
muscles always take the sign similar to the ForceDirection. Damping components of the
antagonist muscles are consists of one from the same plane as the ForceDirection and
other in a perpendicular plane. Displacement of the Series elasticity component takes the
same sign as ForceDirection. This information is used to formulate following muscle
model equation.

Muscle Model 4 T

plane_ForceDiretion_MF

+ (FAgonistMuscle + FAntagonistMuscle + FAntagonistMuscle)

N Ksg + Kir

AGplaneKSE — =5 .

Ko+ K + BAGABPerpendicularPlane_LT_AgonistMuscle
SE LT

+ BANTABplane_LT_AntagonistMuscle

Ksg

i BANTABPerpendicularPlane,LT,AntagonistMuscle

5.3.2. Criteria to build 8 Muscle Equations using Muscle Model Equations

¢ Identify Muscle Model properties using the Muscle Model Diagram, given that antagonist
muscles are defined as those that are pulling the eye globe and the antagonist muscles as
those that are being pulled.
e Following muscle force equations need to be identified
o Horizontal Left Muscle Force (2 equations)
o Horizontal Right Muscle Force (2 equations)
o Vertical Top Muscle Force (2 equations)

o Vertical Bottom Muscle Force (2 equations)
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With the use of identified Model Properties, apply model equations in the following

manner

©)

If there are no force components in this ForceDirection concider
AntagonistMuscles=NULL. When this is the case use model equation 1 and 2 to
calculate force equations

Else use model equation 3 and 4 to calculate rest of the force equations

Following plane, muscle relationship needs to be used throughout the force equation

calculation

(@]

If a particular equation consists of plane LT _AgonistMusice or
plane_LT_AntagonistMuscle or PerpendicualarPlane_LT_AgonistMuscle or
PerpendicularPlane_LT_AntagonistMuscle, then muscle should be in the plane
specified by the relationship.

Example:
Plane=HR ForceDirection=R AgonistMuscles= LR AntagonistMuscles=NULL Sign=positive
Tplane_direction_MF = iKSE (Aeplane_LT_AgonistMuscle - Agplane)

Tur r.mr = Ksi (AGHR,LT,LR - AGHR)

Muscle should be in the plane specified in the muscle model properties.

Following sign convention needs to be used in appropriate muscle equations. For this

research, following ForceDirection sign convention was used. ForceDirections Right

(R), Top (T) as positive and ForceDirections Left (L), Bottom (B) as negative.
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5.4. Eye movements: Right Upward, Right Downward, Left Upward, and Left Downward
using Muscle Model Equations

5.4.1. Right Upward Eye Movement

Right Upward Modé
Agonist: LR, SR
Antagonist: MR,IR

? Tsr
< Tur * Trrt Tsp
Tir >

TLR * TIR+ TMR

5.4.1.1. Horizontal Right Muscle Force

Plane

HR

ForceDirection

R

AgonistMuscles

LR

AntagonistMuscles

NULL

Sign

positive

By considering muscle model 1:

T,

plane_ForceDirection MF = iKSE (ABplane,LT,AgonistMuscle - Agplane)

Tur r.mr = Ksi (AHHR,LT,LR - ABHR)

By considering muscle model 2:

T,

FAgonistMuscleKSE — AleaneKSE — 5

plane_ForceDirection_MF =T

+ BAGAQ i
K K K K plane_LT_AgonistMuscle
SE LT SE LT

ﬁLRKSE ABHRKSE 5

Tur r.mr =

Ksg + Kir Ksg + Kir

- BAG AéHR?LT?LR
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5.4.1.2. Vertical Top Muscle Force

Plane VR
ForceDirection T
AgonistMuscles SR
AntagonistMuscles NULL
Sign positive

By considering muscle model 1:
Tplane_ForceDirection_MF = iKSE (Agplane_LT_AgonistMuscle - Agplane)

Tyr 1 mr = Ksg (AHVR_LT_SR - AGVR)

By considering muscle model 2:

FAgonistMuscleKSE — AGplaneKSE —

T irecti = F Byghd ;
plane_ForceDirection_MF - AG plane_LT_AgonistMuscle
Kse + K7 Kse + Kir
T _ FsrKsg AbyrKse B, AB
VR_T_MF — — Dag VR_LT_SR

Ksg + Kir Ksg + Kpp

5.4.1.3. Horizontal Left Muscle Force

Plane HR
ForceDirection L
AgonistMuscles SR
AntagonistMuscles MR,IR
Sign negative

By considering muscle model 3:

Tplane,ForceDirection,MF

= iKSE (Agplane - AGplane,LTflntagorLisL’Muslce - AGPerpendicula.rPlane,LT,ATLt:a_gom'st:Muscle

+ AHPerpendicula.rPlane,LT,AgonistMuscle)

Tur_1mr = —Ksg (ABHR — 8Oy 17 mr — DOy 7R + AHVR_LT_SR)

By considering muscle model 4:

Tplane_ForceDirection_MF

I
I+

(FAgonistMuscle + FAntagoniStMuscle + FAntagonistMuscle) AleaneKSE

+ BAGAePerpendicularPlane,LT,AgonistMuscle i BANTAleane,LT,AntagonistMuscle
+

BANTAePerpenditularPlane_LT_AntagonistMuscle
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(Fsg + Eyg + Fir) AOyrKsp .~ . R . . .
THR,L,MF = - KSE + KLT SE — KSE + KLT + BAGABVR,LT,SR - BANTABHR,LT,MR - BANTAHVR,LTJR

5.4.1.4. Vertical Bottom Muscle Force

Plane VR
ForceDirection B
AgonistMuscles LR
AntagonistMuscles MR,IR
Sign negative

By considering muscle model 3:
T

plane_ForceDirection_MF

= iKSE(AQplane - AGplane_LT_zflntagonistMuslce - AGPerpendiz:ularPlune_LT_Antagom’stMuscle

+ ABPerpenn:licula.rPlmne,LTflgonistMuscle)

TVR?B?MF = _KSE (ABVR - A0VR7LTJR - ABHRfLTfMR + ABHRfLTfLR)

By considering muscle model 4:

Tplane,ForceDirection,MF
-+ (ﬁAgonistMuscle + ﬁAntagonistMuscle + ﬁAntagonistMuscle) Kew + AgplaneKSE
N Kse + Kir SE = Keg + Kyir
+ AAGAéPerpendicularPlane_LT_AgonistMuscle t BANTAéplane_LT_AntagonistMuscle
+ EANTAéPerpendicularPlane_LT_AntagonistMuscle

(Fur + Fip + Fuz) AOyrKsp o - . o .
TyrpMr = — Kep + K.7 SE T Kep + Kup + BaAOur 11 1R — BantAOvr 111r — BantAOur 1T MR
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5.4.2. Left Downward Eye Movement

Left Downward Mode
Tur * Tirt Tor

Agonist: MR,IR
< Tur
T * Tt Teg
—>

Antagonist: LR, SR
Tir ‘

5.4.2.1. Horizontal Left Muscle Force

Plane HR
ForceDirection L
AgonistMuscles MR
AntagonistMuscles NULL
Sign negative

By considering muscle model 1:

Tplane_ForceDirection_MF = iKSE (Aleane_LT_AgonistMuscle - Agplane)

Turimr = —Ksg (ABHR_LT_MR - A91~1R)

By considering muscle model 2:

FAgonistMuscleKSE — AeplaneKSE —

T irecti = F BygAd ;
plane_ForceDirection_MF - AG plane_LT_AgonistMuscle
Kse + Kir Kse + Kir
_ FMRKSE ABHRI(SE 5 ;
Tyr1mr = + BacAOur LT MR

Ksg + Kir Keg + Kip

5.4.2.2. Vertical Bottom Muscle Force

Plane VR
ForceDirection B
AgonistMuscles IR
AntagonistMuscles NULL
Sign negative
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By considering muscle model 1:

Tplane,ForceDirectian,MF = iKSE (ABplane,LT,AgonistMuscle - Agplane)

Tyr g.mr = —Ksg (AQVR_LT_IR - A91/12)

By considering muscle model 2:

_ FAgonistMuscleKSE — AleaneKSE — & .
Tplane_ForceDirection_MF -1 Ker + K Ker + K, + BAGAgplane_LT_AgonistMuscle
SE LT SE LT

T _ FirKse AByrKsg
VRBME Ksg + Kir - Ksg + K7

+ BagBbyg 17 1r

5.4.2.3. Horizontal Right Muscle Force

Plane HR
ForceDirection R
AgonistMuscles IR
AntagonistMuscles LR,SR
Sign positive

By considering muscle model 3:

T,

plane_ForceDirection_MF
= iKSE (Aeplane - Aeplane_LT_Antag::mistMuslce - AgPerpendicqurPlane_LT_Antagom’stMuscle
+ AaPerpendiculaLrPlane_LT_Agom‘st:Muscle)

THR?R?MF = KSE (AHHR - A9HR7LT7LR - A9VR7LT7$R + AHVRfLTJR)

By considering muscle model 4:

T,

plane_ForceDirection_MF

(FAgonistMuscle + FAntagonistMuscle + FAntagonistMuscle) Kew + Agplane KSE
SE —
Kse + Kir Ksg + Kir

BAGAHPerpendicularPlane_LT_AgonistMuscle t BANTAHplane_LT_AntagonistMuscle

F
i BANTAHPerpendicularPlane,LT,AntagonistMuscle

(Fig + Fip + Fsg) AOyrKsp - . . . . .
THR,R,MF = KSE + KLT SE KSE + KLT - BAGABVR,LTJR + BANTAHHR,LT,LR + BANTAHVR,LT,SR
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5.4.2.4. Vertical Top Muscle Force

Plane VR
ForceDirection T
AgonistMuscles MR
AntagonistMuscles LR, SR
Sign positive

By considering muscle model 3:

T,

plane_ForceDirection_MF
= iKSE(AQplane - AGplane_LT_zflntagonistMuslce - AGPerpendiz:ularPlune_LT_Antagom’stMuscle
+ ABPerpenn:licula.rPlmne,LTflgonistMuscle)

TVR?T?MF = KSE (AHVR - ABVRfLTfSR - AeHRfLTfLR + AeHRfLTfMR)

By considering muscle model 4:

T,

plane_ForceDirection_MF

AGplaneKSE
Ksg + Kir

(FAgonistMuscle + FAntagonistMuscle + FAntagonistMuscle)
Kse + Kir

Il
I+

Ksp +

)

AGAePerpendicularPlane_LT_AgonistMuscle t BANTAHplane_LT_AntagonistMuscle

>

F
i_ ANTABPerpendicularPlane,LT,AntagonistMuscle

(ﬁMR + Fp + FSR) ABypKsp . o . . .
Tyrr.mr = Kep + K,y SEY Ry + Ky BagAOur 11 mr + BantAOvr 11 sk + BantAOur 17 1R

5.4.3. Left Upward Eye Movement

Left Upward Mode
Agonist: SR,MR
Antagonist: LR, IR

T
<
Tir * Tt Tor

"
TMR
_>

¥

TMR * TLR+ TIR
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5.4.3.1. Horizontal Left Muscle Force
Plane HR
ForceDirection L
AgonistMuscles MR
AntagonistMuscles NULL
Sign negative

By considering muscle model 1:

Tplane_ForceDirection_MF = iKSE (Agplane_LT_AgonistMuscle - Agplane)

Turimr = —Ksg (AQHR_LT_MR - AHHR)

By considering muscle model 2:

Tplane_ForceDirection_MF =X

FAgonistMuscleKSE — AGplaneKSE — &

Ksp + Kip
FyrKse AOypKsr -~ .
T =— + By A8
HR_L_MF KSE + KLT KSE + KLT AG HR_LT_MR

Ksg + K7

+ BAG Aleome_LT_AgfmistM uscle

5.4.3.2. Vertical Top Muscle Force
Plane VR
ForceDirection T
AgonistMuscles SR
AntagonistMuscles NULL
Sign positive

By considering muscle model 1:

Tplane_ForceDirection_MF = iKSE (Aleane_LT_AgonistMuscle - Aeplane)

Tyr r.mr = Ksg (AHVR,LT,SR - AGVR)

By considering muscle model 2:

Tplane,ForceDirection,MF =T

ﬁSRKSE

FAgonistMuscleKSE — AleaneKSE —

Ksg + K7
AByrKsg

T, = -
VRIME ™ Kep + Kir Kop + Kir

- EAG AéVR?LT?SR

Ksg + K7

+ BAG AHzola_ne,LT,AgonistMuscle
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5.4.3.3. Horizontal Right Muscle Force

Plane HR
ForceDirection R
AgonistMuscles IR
AntagonistMuscles LR, SR
Sign positive

By considering muscle model 3:

Tplane_ForceDirection_MF
= iKSE(AQplane - AGplane_LT_zflntagonistMuslce - AGPerpendiz:ularPlane_LT_Antagom’stMuscle
+ A8Perpenn:licula.rPlmne,LTflgonistMuscle)

THR?R?MF = KSE (ABHR - AHHRfLTfLR - AHVRfLTfSR + ABVRfLTJR)

By considering muscle model 4:

Tplane,ForceDirection,MF

(FAgonistMuscle + FAntagonistMuscle + FAntagonistMuscle) Aaplane KSE
SE L
KSE + KLT KSE + KLT

I
I+

BAGABPerpendicularPlane,LT,AgonistMuscle i BANTABpla.ne,LT,Anta.gonistMuscle

F
i_ BANTABPerpendicularPlane,LT,AntagonistMuscle

(Fig + Fig + Fsg) AOurKsge 5 . - - . o .
Tur_r.mr = Kep + K.7 et R+ Ky BygAByr 17 1R + BantAOur 11 1r + BantAOvr 17 sk

5.4.3.4. Vertical Bottom Muscle Force

Plane VR
ForceDirection B
AgonistMuscles MR
AntagonistMuscles LR, IR
Sign negative

By considering muscle model 3:

Tplane_ForceDirection_MF
= iKSE (Aeplane - Aeplane_LT_AntagonistMuslce - AePerpendicularPlane_LT_Antago'nistMuscle
+ AHPerpendicula_rPlam?,LlegonL'stMuscle)

TVR?B?MF = _KSE (AQVR - A9VR7LTJR - A9HR7LT7LR + A0HR7LT7MR)
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By considering muscle model 4:

Tplane_ForceDirection_MF

(FAgonistMuscle + FAntagonistMuscle + FAntaganistMuscle) Aeplane KSE

Il
I+

Ksg + K7 S8 = Ksg + Kir

+ BAGABPerpendicularPlane,LT,AgonistMuscle i BANTABplane,LT,AntagonistMuscle
+

BANTABPerpendicularPlane_LT_AntagonistMuscle

_ (FMR + PR+ FIR)

_ D6yeKsg

T; =
VR_B_MF KSE + KLT

SE + BagAOur 17 mr — BanrDOvr 17 1k — BantAOur 17 1k
Ksg + K1

5.4.4. Right Downward Eye Movement

Right Downward Modé
Agonist: LR,IR
Antagonist:MR,SR

‘— TMR * TIR+ TSR
TLR

w ¥

TLR ¥ TSR+ TMR

T

5.4.4.1. Horizontal Right Muscle Force

Plane HR
ForceDirection R
AgonistMuscles LR
AntagonistMuscles NULL
Sign positive

By considering muscle model 1:

Tplane,ForceDirection,MF = iKSE (ABplane,LT,AgonistMuscle - Agplane)

Tur rmr = Ksg (AQHR,LT,LR - ABHR)

By considering muscle model 2:

FAgonistMuscleKSE — AleaneKSE — 5

+ BAG ABpla_ne,LT,AgonistMuscle

Tplane,ForceDirection,MF =T

Ksg + K7 Ksg + K7
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FLRKSE

ABHRKSE

T - _
HRRME ™ Kee + Kir - Kog + Kip

- EAG AéHR?LT?LR

HCI Lab, Department of Computer Science, Texas State University- San Marcos

5.4.4.2. Vertical Bottom Muscle Force
Plane VR
ForceDirection B
AgonistMuscles IR
AntagonistMuscles NULL
Sign negative

By considering muscle model 1:

T,

Tyr g.mr = —Ksg (AQVR_LT_IR - AHVR)

By considering muscle model 2:

plane_ForceDirection. MF = iKSE (Agplane_LT_AgonistMuscle - Agplane)

FAgonistMuscleKSE — AGplaneKSE — &

Ty F Direction. MF = X
ptane_ForceDirection_ KSE + KLT
FirKsg AOyrKse | 5 -
Tyrpmr = — + BygAOyr 17 1R
- Ksg + Kir  Ksg + K7 T

Ksg + K7

+ BAG Aleome_LT_AgfmistM uscle

5.4.4.3. Horizontal Left Muscle Force
Plane HR
ForceDirection L
AgonistMuscles IR
AntagonistMuscles MR, SR
Sign negative

By considering muscle model 3:

Tplane,ForceDirection,MF

= iKSE (Agplane - Aleame,LTflnttzgonistMuslce - AHPerpendicula_rPlam?,LlentagonistMuscle

+ AePe'rpendicularPlane_LT_AganistMuscle)

Tur_1mr = —Ksg (ABHR — AOur_ 17 mr — AOyg 17 sk + ABVR_LT_IR)

By considering muscle model 4:
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T,

plane_ForceDirection_MF

(FAgonistMuscle + FAntagonistMuscle + FAntaganistMuscle) Aeplane KSE
SE L
KSE + KLT KSE + KLT

Il
I+

+ BAGABPerpendicularPlane,LT,AgonistMuscle i BANTABplane,LT,AntagonistMuscle
+

BANTABPerpendicularPlane_LT_AntagonistMuscle

(ﬁIR + Fyr + FSR) _ AOyrKsi
Ksg + K7 SF " Kep + Kir

THR_L_MF =- + BAGAGVR_LT_IR - EANTAQHR_LT_MR - EANTAHVR_LT_SR

5.4.4.4. Vertical Top Muscle Force

Plane VR
ForceDirection T
AgonistMuscles LR
AntagonistMuscles MR, SR
Sign positive

By considering muscle model 3:

Tplane,ForceDirection,MF
= iKSE (Aeplane - Aepln:me,LT,AntmgonistMuslce - AGPerpendicula.rPlane,LTflntagtJnistMuscle
+ ABPerpenn:licula.rPlmne,LT,AgonistMuscle)

Tyr 1 mr = Ksg (ABVR —AOyr 17 sk — AOyp 1T MR + AQHR_LT_LR)

By considering muscle model 4:

T,

plane_ForceDirection_MF

(FAgonistMuscle + FAntagonistMuscle + FAntagonistMuscle) Agplane KSE
SE L
KSE + KLT KSE + KLT

I
I+

AGAHPerpendicularPlane_LT_AgonistMuscle t BANTAHplane_LT_AntagonistMuscle

F
i_ BANTAHPerpendicularPlane,LT,AntagonistMuscle

(Fur + Fur + Fsg) AOyrKse " . o .
Tyrr.mr = Kep + Ko et e v Ky BygAOur 17 1r + BantAOvgr 17 sr + BantAOur_17_MrR
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