














































































CARTER C. COLLINS 

of the globe and of only one muscle. This value can be subtracted from a 
measurement including the elasticity of both muscles and the globe, to yield 
a value for elasticity of the other muscle alone. Thus, three appropriate mea­
surements allow calculation of the three individual and independent elastici­
ties associated with the restraining tissues of the globe, the lateral rectus 
muscle, and the medial rectus muscle. The method of performing these mea­
surements is summarized in Table I ,  a protocol for differential forced duc­
tion measurements. 

A typical record obtained by our forced duction technique is shown in 
Fig. 39, and indicates that there is a considerable region in which the length­
tension characteristic is essentially linear. It  is this linear slope which we use 
in calculation of the values of the elements of a clinical static oculomotor 
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Fig. 39. Typical results of procedure 2 of the differential forc.ed duct ion measurement with the free 
left eye fixed at 20• left rotation while the tension required to pull the right eye temporally through 
a 40 degree arc is continuously recorded as a function of eye rotation in mm. This record measures the 
elasticity of the right medial rectus muscle and the globe restraining tissues. (These raw tension values 
must be multiplied by a factor greater than one to correct for the thi'ckness and resulting greater 
radius of curvature at the suction-held contact lens). 

model for each patient studied. The values of elasticity calculated from the 
forced duction measurements compare well with those measured directly 
during surgery, tending to establish the validity of the indirect forced duc­
tion methods. 

Fig. 40 presents a simplified linear model of the innervated human pe­
ripheral oculomotor apparatus. I n  this model the spring constants of each 
muscle can be evaluated, as can those of the passive orbital tissue restraining 
motion of the globe. In addition, the contributions of the contractile ele­
ments can also be calculated. It is by this means that we hope to be able to 
distinguish between muscular and tissue elasticity anomalies or deviations 
from the normal balance of reciprocal innervation interplaying upon the 
medial and lateral rectus muscles producing normal eye movements. 

CONCLUSIONS 

The physiological measurements performed in these studies have pro­
vided detailed evaluations of the various elements of the oculomotor plant. 
Their interrelationships have perm(tted more precise analytic descriptions of 
orbital mechanics. From these preliminary studies it is clear that the oculo-
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Fig. 40. A simplified linear model of the peripheral oculomotor apparatus. Each K represents a spring 
constant of AT/AL, X represents the hypothetical length of a contractile element which is set by its 
magnitude of innervation, �. resulting in a muscle tension, T. Ocular deviation or position is shown as 
8. The five l)arameters of this clinical model, Ko, KL, KM, XL and XM can be evaluated for an indi· 
vidual patient by five differential forced rl:�ction measurements (see text and Table 1). 

Equations of ocular fixatk for this model can be given as: 
TM = (XM + r8)KM;TL � (XL- rB)KL;To = rBKo at equllibrium, 
T M + T 0(/at.) = T L + T O(med.)• and by substitution, 
8 = (XLKL - XMKM)/r(KL + KM + Ko) 

motor neuromechanical plant is basically quite nonlinear and that further 
work will be required to elucidate its exact nature. 

The model evolved here resembles that due to Robinson (1968); how­
ever, the magnitude of each of the elements is not constant. Our results con­
firm Cook and Stark's hypothesis (1967) of proportionality between viscosity 
(B) and tension which was assumed from the original work of Hil l  { 1938). 
In addition, the elasticity (K) is also proportional to tension, as was first sur­
mised by Fick {1871 ). Linearity of each of the individual components of the 
oculomotor model can be assumed only over a small segment of eye rotation. 
The magnitudes of the viscoelastic elements change not only with tension 
due to muscle length, but also due to isometric developed tension changes. 
This observation that the values of the viscoelastic elements vary directly 
with tissue tension may be of fundamental utility. It  indicates that tissue 
tension should vary exponentially with muscle length,that is: 

If K = dT/dL = mT 
then 

T = emL 

The general form of the mechanical impedance of all tissues measured 
appears quite similar. Two series viscoelastic Voigt elements with the magni­
tude of each element varying directly with tension appears to adequately 
model each tissue element. The increase of viscoelasticity with length per­
forms a natural snubbing or shock-absorbing action, that is, an increasing 
resistance and reactance to over-stretch. However, at very high velocities 
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viscous resistance (damping) decreases which facilitates rapid saccadic move­
ments with less energy expenditure. 

It will also be noted from the length-tension curves that as the muscle 
is lengthened the stiffness-of the active element apparently remains constant 
up to approximately primary length and then falls with the inverse function 
of the stiffness-length characteristic of the passive element. Thus, the elas­
ticity of the total stimulated muscle remains constant over nearly the entire 
range of eye movements, particularly at high levels of stimulation. This re­
sults in linear, parallel length-tension curves over the greater range of eye 
movements and innervations. 

This observed linearity permits us to describe the peripheral oculomotor 
plant in the static state in terms of a simple linear clinical model which can 
be evaluated for individual patients by means of a differential forced duction 
technique. 

Although the isometric tension of the contractile element increases as 
the square of innervation, eye position varies linearly with innervation. This 
occurs because the muscle is loaded by the square law characteristic of its 
antagonist. The oculorotary muscles work together in reciprocally innervated 
push-pull opposition to cancel the large nonlinearities in each. 

Although orbital viscosity and elasticity vary widely over the normal 
range of eye movements the mechanical time constants of the oculomotor 
system appear essentially fixed. These are the time constants to which the 
oculomotor control system has become adapted. Tile most rapid saccadic eye 
movements are produced by a burst of maximal oculorotary muscle tension 
so well modulated that no eye movement overshoot occurs. Robinson (per­
sonal communication) has found separate control signals in the oculomotor 
nuclei which are each proportional to the viscosity (B) and elasticity (K) of 
the oculomotor plant. These control signals occur in the ratio of B/K = r, 
the major time constant of the peripheral oculomotor system. 

We have found evidence for, and will pursue further, the appearance of 
a small viscosity in parallel with the series elastic component of the contrac­
tile element, resulting in a time constant somewhat less than 5 milliseconds. 
Also in our model there may be a time constant of the order of 1 0  milli­
seconds associated with the series elastic component of the passive element, 
which will be further studied. The disparity in values of K2G between the cat 
and the human must be resolved by more definitive measurements which we 
can now undertake in the human. 

Dynamically the complete oculomotor plant appears as a first order 
second degree system. Certain approximations may permit lumping and lin­
earization of constants to reduce t!le complexity, but the system rem·ains in­
herently grossly nonlinear over a large range of eye movements. Insights de­
rived from the dynamic mechanical measurements and calculations of the 
oculomotor system of the cat should permit us to better guide further re­
sear<>h and interpretation of the mechanical parameters of the human ocu­
lomotor system which may be of clinical significance. 
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