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1. Introduction 

This chapter addresses the design of a robot eye featuring the mechanics and motion 
characteristics of a human one. In particular the goal is to provide guidelines for the 
implementation of a tendon driven robot capable to emulate saccadic motions. 
In the first part of this chapter the physiological and mechanical characteristics of the eye-
plant1 in humans and primates will be reviewed. Then, the fundamental motion strategies 
used by humans during saccadic motions will be discussed, and the mathematical 
formulation of the relevant Listing’s Law and Half-Angle Rule, which specify the geometric 
and kinematic characteristics of ocular saccadic motions, will be introduced. 
From this standpoint a simple model of the eye-plant will be described. In particular it will 
be shown that this model is a good candidate for the implementation of Listing’s Law on a 
purely mechanical basis, as many physiologists believe to happen in humans. Therefore, the 
proposed eye-plant model can be used as a reference for the implementation of a robot 
emulating the actual mechanics and actuation characteristics of the human eye. 
The second part of this chapter will focus on the description of a first prototype of fully 
embedded robot eye designed following the guidelines provided by the eye-plant model. 
Many eye-head robots have been proposed in the past few years, and several of these 
systems have been designed to support and rotate one or more cameras about independent 
or coupled pan-tilt axes. However, little attention has been paid to emulate the actual 
mechanics of the eye, although theoretical investigations in the area of modeling and control 
of human-like eye movements have been presented in the literature (Lockwood et al., 1999; 
Polpitiya & Ghosh, 2002; Polpitiya & Ghosh, 2003; Polpitiya et al., 2004). 
Recent works have focused on the design of embedded mechatronic robot eye systems (Gu 
et al., 2000; Albers et al., 2003; Pongas et al., 2004). In (Gu et al., 2000), a prosthetic 
implantable robot eye concept has been proposed, featuring a single degree-of-freedom. 
Pongas et al., (Pongas et al., 2004) have developed a mechanism which actuates a CMOS 
micro-camera embedded in a spherical support. The system has a single degree-of-freedom, 
and the spherical shape of the eye is a purely aesthetical detail; however, the mechatronic 
approach adopted has addressed many important engineering issues and led to a very 

1 By eye-plant we mean the eye-ball and all the mechanical structure required for its 
actuation and support. 

Source: Humanoid Robots, New Developments, Book edited by: Armando Carlos de Pina Filho
ISBN 978-3-902613-02-8, pp.582, I-Tech, Vienna, Austria, June 2007
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interesting system. In the prototype developed by Albers et al., (Albers et al., 2003) the 
design is more humanoid. The robot consists of a sphere supported by slide bearings and 
moved by a stud constrained by two gimbals. The relevance of this design is that it actually 
exploits the spherical shape of the eye; however, the types of ocular motions which could be 
generated using this system have not been discussed. 
In the following sections the basic mechanics of the eye-plant in humans will be described 
and a quantitative geometric model introduced. Then, a first prototype of a tendon driven 
robot formed by a sphere hold by a low friction support will be discussed. The second part 
of the chapter will described some of the relevant issues faced during the robot design. 

2. The human eye 

The human eye has an almost spherical shape and is hosted within a cavity called orbit; it 
has an average diameter ranging between 23 mm and 23.6 mm, and weighs between 7 g and 
9 g. The eye is actuated by a set of six extra-ocular muscles which allow the eye to rotate about 
its centre with negligible translations (Miller & Robinson, 1984; Robinson, 1991).  
The rotation range of the eye can be approximated by a cone, formed by the admissible 
directions of fixation, with an average width of about 76 deg (Miller & Robinson, 1984). The 
action of the extra-ocular muscles is capable of producing accelerations up to 20.000 deg sec-2

allowing to reach angular velocities up to 800 deg sec-1 (Sparks, 2002).  
The extra-ocular muscles are coupled in agonostic/antagonistic pairs, and classified in two 
groups: recti (medial/lateral and superior/inferior), and obliqui (superior/inferior). The four recti 
muscles have a common origin in the bottom of the orbit (annulus of Zinn); they diverge and 
run along the eye-ball up to their insertion points on the sclera (the eye-ball surface). The 
insertion points form an angle of about 55 deg with respect to the optical axis and are placed 
symmetrically (Miller & Robinson, 1984; Koene & Erkelens, 2004). (Fig. 1, gives a qualitative 
idea of the placement of the four recti muscles.) The obliqui muscles have a more complex path 
within the orbit: they produce actions almost orthogonal to those generated by the recti, and 
are mainly responsible for the torsion of the eye about its optical axis. The superior oblique has 
its origin from the annulus of Zinn and is routed through a connective sleeve called troclea; the 
inferior oblique starts from the side of the orbit and is routed across the orbit to the eye ball. 

Recent anatomical and physiological studies have suggested that the four recti have an 
important role for the implementation of saccadic motions which obey to the so called 
Listing’s Law. In fact, it has been found that the path of the recti muscles within the orbit is 
constrained by soft connective tissue (Koornneef, 1974; Miller, 1989, Demer et al., 1995, 
Clark et al. 2000, Demer et al., 2000), named soft-pulleys. The role of the soft-pulleys to 

Fig. 1. Frontal and side view of the eye: qualitative placement of recti muscles.

55 deg
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generate ocular motions compatible with Listing’s Law in humans and primates is still 
debated (Hepp, 1994; Raphan, 1998; Porrill et al., 2000; Wong et al., 2002; Koene & Erkelens 
2004; Angelaki, 2004); however, analytical and simulation studies suggest that the 
implementation of Listing’s Law on a mechanical basis is feasible (Polpitiya, 2002; Polpitiya, 
2003; Cannata et al., 2006; Cannata & Maggiali, 2006). 

3. Saccadic motions and Listing’s Law 

The main goal of the section is to introduce saccades and provide a mathematical 
formulation of the geometry and kinematics of saccadic motions, which represent the 
starting point for the development of models for their implementation.  
Saccadic motions consist of rapid and sudden movements changing the direction of 
fixation of the eye. Saccades have duration of the order of a few hundred milliseconds, 
and their high speed implies that these movements are open loop with respect to visual 
feedback (Becker, 1991); therefore, the control of the rotation of the eye during a saccade 
must depend only on the mechanical and actuation characteristics of the eye-plant. 
Furthermore, the lack of any stretch or proprioceptive receptor in extra-ocular muscles 
(Robinson, 1991), and the unclear role of other sensory feedback originated within the 
orbit (Miller & Robinson, 1984), suggest that the implementation of Listing’s Law should 
have a strong mechanical basis.  
Although saccades are apparently controlled in open-loop, experimental tests show that 
they correspond to regular eye orientations. In fact, during saccades the eye orientation is 
determined by a basic principle known as Listing’s Law, which establishes the amount of 
eye torsion for each direction of fixation. Listing’s Law has been formulated in the mid of 
the 19th century, but it has been experimentally verified on humans and primates only 
during the last 20 years (Tweed & Vilis, 1987; Tweed & Vilis, 1988; Tweed & Vilis, 1990; 
Furman & Schor, 2003). 
Listing's Law states that there exists a specific orientation of the eye (with respect to a head 
fixed reference frame <h> = {h1,h2,h3}), called primary position. During saccades any 
physiological orientation of the eye (described by the frame <e> = {e1,e2,e3}), with respect to 
the primary position, can be expressed by a unit quaternion q whose (unit) rotation axis, v,
always belongs to a head fixed plane, L. The normal to plane L is the eye’s direction of 

fixation at the primary position. Without loss of generality we can assume that e3 is the 
fixation axis of the eye, and that <h>  <e> at the primary position: then, L = span{h1, h2}.

Fig. 2 shows the geometry of Listing compatible rotations. 

In order to ensure that v∈ L at any time, the eye’s angular velocity , must belong to a plane 

P , passing through v, whose normal, n , forms an angle of /2 with the direction of fixation 

at the primary position, see Fig. 3. This property, directly implied by Listing’s Law, is 
usually called Half Angle Rule, (Haslwanter, 1995). During a generic saccade the plane P is

rotating with respect to both the head and the eye due to its dependency from v and . This 
fact poses important questions related to the control mechanisms required to implement the 
Listing’s Law, also in view of the fact that there is no evidence of sensors in the eye-plant 
capable to detect how P is oriented. Whether Listing’s Law is implemented in humans and

primates on a mechanical basis, or it requires an active feedback control action, processed by 
the brain, has been debated among neuro-physiologists in the past few years. The evidence 
of the so called soft pulleys, within the orbit, constraining the extra ocular muscles, has 
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suggested that the mechanics of the eye plant could have a significant role in the
implementation of Half Angle Rule and Listing’s Law (Quaia & Optican, 1998; Raphan 1998; 
Porril et al., 2000; Koene & Erkelens, 2004), although counterexamples have been presented 
in the literature (Hepp, 1994; Wong et al., 2002). 

Fig. 2 Geometry of Listing compatible rotations. The finite rotation of the eye fixed frame 
<e>, with respect to <h> is described by a vector v always orthogonal to h3.

Fig. 3. Half Angle Rule geometry. The eye’s angular velocity must belong to the plane P

passing through axis v.

4. Eye Model 

The eye in humans has an almost spherical shape and is actuated by six extra-ocular 
muscles. Each extra-ocular muscle has an insertion point on the sclera, and is connected 
with the bottom of the orbit at the other end. Accordingly to the rationale proposed in 
(Haslwanter, 2002; Koene & Erkelens, 2004), only the four rectii extra-ocular muscles play a 
significant role during saccadic movements. In (Lockwood et al., 1989), a complete 3D model 
of the eye plant including a non linear dynamics description of the extra-ocular muscles has 
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been proposed. This model has been extended in (Polpitiya & Ghosh, 2002; Polpitiya & 
Ghosh, 2003), including also a description of the soft pulleys as elastic suspensions (springs). 
However, this model requires that the elastic suspensions perform particular movements in 
order to ensure that Listing’s Law is fulfilled. The model proposed in (Cannata et al., 2006; 
Cannata & Maggiali, 2006), and described in this section, is slightly simpler than the 
previous ones. In fact, it does not include the dynamics of extra-ocular muscles, since it can 
be shown that it has no role in implementing Listing’s Law, and models soft pulleys as fixed 
pointwise pulleys. As it will be shown in the following, the proposed model, for its 
simplicity, can also be used as a guideline for the design of humanoid tendon driven robot 
eyes.

4.1 Geometric Model of the Eye 

The eye-ball is assumed to be modeled as a homogeneous sphere of radius R, having 3
rotational degrees of freedom about its center. Extra-ocular muscles are modeled as non-
elastic thin wires (Koene & Erkelens, 2004), connected to pulling force generators (Polpitiya 
& Ghosh, 2002). Starting from the insertion points placed on the eye-ball, the extra-ocular 
muscles are routed through head fixed pointwise pulleys, emulating the soft-pulley tissue. 
The pointwise pulleys are located on the rear of the eye-ball, and it will be shown that 
appropriate placement of the pointwise pulleys and of the insertion points has a 
fundamental role to implement the Listing’s Law on a purely mechanical basis.  
Let O be the center of the eye-ball, then the position of the pointwise pulleys can be 
described by vectors pi, while, at the primary position insertion points can be described by 
vectors ci, obviously assuming that |ci| = R. When the eye is rotated about a generic axis v
by an angle , the position of the insertion points can be expressed as: 

θ ∀ …i ir = (v, ) c  = 1 4R i  (1) 

where R(v, ) is the rotation operator from the eye to the head coordinate systems. 
Each extra-ocular muscle is assumed to follow the shortest path from each insertion point to 
the corresponding pulley, (Demer et al., 1995); then, the path of the each extra-ocular 
muscle, for any eye orientation, belongs to the plane defined by vectors ri and pi. Therefore, 
the torque applied to the eye by the pulling action i 0, of each extra-ocular muscle, can be 
expressed by the following formula: 

1 4i iτ
×

∀ = …
×

i i
i

i i

r p
m =

r p
 (2) 

Fig. 4. The relative position of pulleys and insertion points when the eye is in the primary position.
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From expression (2), it is clear that |pi| does not affect the direction or the magnitude of mi

so we can assume in the following that |pi| = |ci|. Instead, the orientation of the vectors pi,
called principal directions, are extremely important. In fact, it is assumed that pi and ci are 
symmetric with respect to the plane L; this condition implies: 

1 4i⋅ ⋅ ∀ … ∀ ∈i iv c  = v p   = , v( ) ( ) L  (3) 

Finally, it is assumed that insertion points are symmetric with respect to the fixation axis:  

( ) ( ) , 1 4i j⋅ ⋅ ∀ …3 i 3 jh c  = h c   =  (4) 

and

( ) ( ) 0 , 1 4i j⋅ ∀ …3 1 4 2c - c c - c =   =  (5) 

4.2 Properties of the Eye Model 

In this section we review the most relevant properties of the proposed model. First, it is 
possible to show that, for any eye orientation compatible with Listing’s Law, all the torques 
mi produced by the four rectii extra-ocular muscles belong to a common plane passing 

through the finite rotation axis v L, see (Cannata et al., 2006) for proof.  

Theorem 1: Let v L be the finite rotation axis for a generic eye orientation, then there exists 

a plane M, passing through v such that: 

= 1 4 i∈ ∀ …im M

A second important result is that, at any Listing compatible eye’s orientation, the relative 
positions of the insertion points and pointwise pulleys form a set of parallel vectors, as 
stated by the following theorem, see (Cannata et al., 2006) for proof.  

Theorem 2: Let v L be the finite rotation axis for a generic eye orientation, then: 

( - ) ( - ) 0 , 1 4i i j jr p r p  =  i j× = ∀ …

Finally, it is possible to show that planes M and P are coincident, see (Cannata et al., 2006) 

for proof. 

Theorem 3: Let v L be the finite rotation axis for a generic eye orientation, then: 

= 1...4 i iω∈ ∀m P

Remark 1: Theorem (3) has in practice the following significant interpretation. For any 
Listing compatible eye orientation any possible torque applied to the eye, and generated 
using only the four rectii extra-ocular muscles, must lay on plane P .

The problem now is to show, according to formula (2), when arbitrary torques mi P can

be generated using only pulling forces. Theorem 2 and theorem 3 imply that mi are all 
orthogonal to the vector n , normal to plane P . Therefore, formula (2) can be rewritten as: 

4

1

i( )
i

γ
=

= − ×n r  
i

(6)

where:

0 1 4i
i i

τ
γ = ≥ ∀ =

× in r
(7)

take into account the actual pulling forces generated by the extra-ocular muscles. From 
formula (6), it is clear that is orthogonal to a convex linear combination of vectors ri. Then, 
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it is possible to generate any torque vector laying on plane P , as long as n belongs to the 

convex hull of vectors ri as shown in Fig. 5. 

Fig. 5. When vector n belongs to the convex hull of vectors ri then rectii extra-ocular 
muscles can generate any admissible torque on P .

Remark 2: The discussion above shows that the placement of the insertion points affects the 
range of admissible motions. According to the previous discussion when the eye is in its 

primary position any torque belonging to plane L can be assigned. The angle β formed by 

the insertion points with the optical axis determines the actual eye workspace. For an angle 

β = 55 deg the eye can rotate of about 45 deg in all directions with respect to the direction of 
fixation at the primary position.  

Assume now that, under the assumptions made in section 3, a simplified dynamic model of 
the eye could be expressed as:  

ω =I (8)

where I is a scalar describing the momentum of inertia of the eye-ball, while ω is its angular 

acceleration of the eye. Let us assume at time 0 the eye to be in the primary position, with 
zero angular velocity (zero state). Then, the extra-ocular muscles can generate a resulting 
torque of the form: 

v= (t) (9)

where v L is a constant vector and (t) a scalar control signal. Therefore, and ω are 
parallel to v; then, it is possible to reach any Listing compatible orientation, and also, during 
the rotation, the Half Angle Rule is satisfied. Similar reasoning can be applied to control the 
eye orientation to the primary position starting from any Listing compatible orientation and 
zero angular velocity. 
The above analysis proves that saccadic motions from the primary position to arbitrary 
secondary positions can be implemented on a mechanical basis. However, simulative 
examples, discussed in (Cannata & Maggiali, 2006), show that also generic saccadic motions 
can be implemented adopting the proposed model. Theoretical investigations on the model 
properties are currently ongoing to obtain a formal proof of the evidence provided by the 
simulative tests.  
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5. Robot Eye Design 

In this section we will give a short overview of a prototype of humanoid robot eye designed 
following the guidelines provided by the model discussed in the previous section, while in 
the next sections we will discuss the most relevant design details related to the various 
modules or subsystems. 

5.1 Characteristics of the Robot 

Our goal has been the design of a prototype of a robot eye emulating the mechanical 
structure of the human eye and with a comparable working range. Therefore, the first and 
major requirement has been that of designing a spherical shape structure for the eye-ball 
and to adopt a tendon based actuation mechanism to drive the ocular motions. The model 
discussed in the previous sections allowed to establish the appropriate quantitative 
specifications for the detailed mechanical design of the system.  
At system level we tried to develop a fairly integrated device, keeping also into account the 
possible miniaturization of the prototype to human scale. The current robot eye prototype 
has a cylindrical shape with a diameter of about 50 mm and an overall length of about 100
mm, Fig. 6; the actual eye-ball has a diameter of 38.1 mm (i.e. about 50% more than the 
human eye). These dimensions have been due to various trade-offs during the selection of 
the components available off-the-shelf (e.g. the eye-ball, motors, on board camera etc.), and 
budget constraints. 

5.2 Components and Subsystems. 

The eye robot prototype consists of various components and subsystems. The most relevant, 
discussed in detail in the next sections, are: the eye-ball, the eye-ball support, the pointwise 
pulleys implementation, the actuation and sensing system, and the control system architecture. 

Fig. 6. Outline of the robot eye.   

The design of the eye-ball and its support structure, has been inspired by existing ball 
transfer units. To support the eye-ball it has been considered the possibility of using thrust-
bearings, however, this solution has been dropped since small and light components for a 
miniature implementation (human sized eye), were not available. The final design has been 
based on the implementation of a low friction (PTFE) slide bearing, which could be easily 
scaled to smaller size.  
The actuation is performed by tendons, i.e. thin stiff wires, pulled by force generators. The 
actuators must provide a linear motion of the tendons with a fairly small stroke (about 30
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mm, in the current implementation, and less than 20 mm for an eye of human size), and 
limited pulling force. In fact, a pulling force of 2.5 N would generate a nominal angular 
acceleration of about 6250 rad sec-2 , for an eye-ball with a mass 50 g and radius of 20 mm,
and about 58000 rad sec-2 in the case of an eye of human size with a mass of 9 g and radius of 
12 mm. The actuators used in the current design are standard miniature DC servo motors, 
with integrated optical encoder, however, various alternative candidate solutions have been 
taken into account including: shape memory alloys and artificial muscles. According to 
recent advances, (Carpi et al., 2005; Cho & Asada, 2005), these technologies seem very 
promising as alternative solutions to DC motors mostly in terms of size and mass (currently 
the mass of the motors is about 160 g, i.e. over 50% of the total mass of the system, without 
including  electronics). However, presently both shape memory alloys and artificial muscles 
require significant engineering to achieve operational devices, and therefore have not be 
adopted for the first prototype implementation. 
In the following the major components and subsystems developed are reviewed.  

6. The Eye-Ball 

The eye ball is a precision PTFE sphere having a diameter of 38.1 mm (1.5in). The sphere has 
been CNC machined to host a commercial CMOS camera, a suspension spring, and to route 
the power supply and video signal cables to the external electronics. A frontal flange is used 
to allow the connection of the tendons at the specified insertion points, and to support 
miniature screws required to calibrate the position of the camera within the eye ball. On the 
flange it is eventually placed a spherical cover purely for aesthetical reasons. Fig. 7 and Fig. 
8 show the exploded view and the actual eye-ball.  

Fig. 7. Exploded view of the eye-ball. 

Fig. 8. The machined eye-ball (left), and the assembled eye-ball (camera cables shown in 
background). 
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The insertion points form an angle of 55 deg, with respect to the (geometric) optical axis of 
the eye, therefore the eye-ball can rotate of about 45 deg in all directions. The tendons used 
are monofiber nylon coated wires having a nominal diameter of 0.25 mm, well 
approximating the geometric model proposed for the extra-ocular muscles. 

7. Supporting Structure 

The structure designed to support the eye ball is formed by two distinct parts: a low friction 
support, designed to hold the eye ball, Fig. 9, and a rigid flange used to implement the 
pointwise pulleys, and providing appropriate routing of the actuation tendons) required to 
ensure the correct mechanical implementation of Listing’s Law, Fig. 13. 

.
Fig. 9. CAD model of the eye-ball support (first concept). 

7.1 The Eye-Ball Support 

The eye-ball support is made of two C-shaped PTFE parts mated together, Fig. 10. The rear 
part of the support is drilled to allow the routing of the power supply and video signal 
cables to and from the on board camera. 
The eight bumps on the C-shaped parts are the actual points of contact with the eye-ball. The 
placement of the contact points has been analysed by simulation in order to avoid interference 
with the tendons. Fig. 11 shows the path of one insertion point when the eye is rotated along 
the boundary of its workspace (i.e. the fixation axis is rotated to form a cone with amplitude of 
45 deg). The red marker is the position of the insertion point at the primary position while the 
green markers represent the position of two frontal contact points. The north pole in the figure 
represents the direction of axis h3. The frontal bumps form an angle of 15 deg with respect to 
the equatorial plane. The position of the rear bumps is constrained by the motion of the camera 
cables coming out from the eye-ball. To avoid interferences the rear bumps form an angle of 35
deg with respect to equatorial plane of the eye.  

7.2 The Pointwise Pulleys 

The rigid flange, holding the eye-ball support, has the major function of implementing the 
pointwise pulleys.  The pulleys have the role of constraining the path of the tendons so that, 
at every eye orientation, each tendon passes through a given head fixed point belonging to 
the principal direction associated with the corresponding pointwise pulley.   
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Let us assume the eye in a Listing compatible position A, then we may assume that a generic 
tendon is routed as sketched in Fig. 12. The pulley shown in the figure is tangent to the 
principal direction at point pi, and it allows the tendon to pass through pi. Assume now to 
rotate the eye to another Listing compatible position B; if the pulley could tilt about the 
principal axis, during the eye rotation, the tangential point pi would remain the same so that 
the tendon is still routed through point pi. Therefore, the idea of the pulley tilting (about the 
principal axis) and possibly rotating (about its center), fully meets the specifications of the 
pointwise pulleys as defined for the eye model. 

Fig. 10. The eye-ball support  is formed by two PTFE parts mated together (final design). 

Fig. 11. During Listing compatible eye motions, the insertion points move within the region 
internal to the blue curve. The red marker represents the position of the insertion point at the 
primary position, while the green markers are the positions of (two of) the frontal contact 
points on the eye-ball support. The fixation axis at the primary position, h3, points upward.  
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Fig. 12. Sketch of the tendon’s paths, showing the tilting of the routing pulley when the eye 
is rotated from position A to position B (tendons and pulleys diameters not to scale). 

Fig. 13. Detail of the flange implementing the pointwise pulleys. The tendon slides along a 
section of a toroidal surface. 

A component featuring these characteristics could be implemented, but its miniaturization 
and integration has been considered too complex, so we decided to implement a virtual 
pulley, to be intended as the surface formed by the envelope of all the tilting pulleys for all 
the admissible eye orientations. Since the pulley tilts about the principal axis at point pi, then
the envelope is a section of a torus with inner diameter equal to the radius of the tendon, 
and external radius equal to the radius selected for the pulley. Then, the implementation of 
the virtual pulley has been obtained by machining a section of a torus on the supporting 
flange as shown in Fig. 13. 
The assembly of the eye-ball and its supporting structure is shown in Fig. 14. 
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8. Sensing and Actuation 

The robot-eye is actuated by four DC servo-motors, producing a maximum output torque of 
12 mNm, and pulling four independent tendons routed to the eye as discussed in the 
previous section. The actuators are integrated within the structure supporting the eye, as 
shown in Fig. 15 and Fig. 16.  

Fig. 14. The eye-ball and its supporting parts. 

Fig. 15. Four DC motor actuate the tendons; pulleys  route the tendons towards the eye-ball 

The servo-motors are equipped with optical encoders providing the main feedback for the 
control of the ocular movements. A second set of sensors for measuring the mechanical 
tension of the tendons is integrated in the robot. In fact, as the tendons can only apply 
pulling forces, control of the ocular movements can be properly obtained only if slackness of 
the tendons or their excessive loading is avoided. The tension sensors are custom made and 
integrated within the supporting structure of the eye, Fig. 17.   
Each sensor is formed by an infrared led/photodiode couple separated by a mobile shutter,
preloaded with a phosphore-bronze spring. As shown in Fig. 18, the tension of the tendon 
counter-balances the pre-load force thus varying the amount of IR radiation received. The 
sensor output is the current generated by the photodiode according to the following 
equation:

 I p = kp (f)E0 (10)

where Ip is the current generated by the photodiode, kp is the characteristic parameter of the 
photodiode, E0 is the IR radiation emitted by the led, and (f) is a monotonic non-linear 
function of the tendon’s tension depending on the system geometry. Each sensor is 
calibrated and a look-up table is used to map its current to tension characteristic. 
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Fig. 16. The body of the MAC-EYE robot. All the motors are integrated within the body; 
furthermore, all the cables from and to the eye-ball and the embedded optical tension 
sensors are routed inside of the structure.  

Fig. 17. Implementation of the embedded sensors for measuring the mechanical tension of 
the tendons. The picture shows the shutter and its preloading spring, cables and tendons. 

9. Robot Control System 

9.1 The control architecture 

The control architecture is implemented as a two level hierarchical system. At low level are 
implemented two control loops for each actuator. In the first loop a P-type control action 

regulates the tension of the i-th tendon at some constant reference value *
if , while in the 

second loop a PI-type action controls the motor velocity as specified by signal *
iq , see Fig. 

19. The tension feedback control loop makes the eye-ball backdrivable, so the eye can be 

positioned by hand. Both the reference signals *
iq  and *

if  are generated by the higher level 

control modules which implement a position based PI-type controller. 
Currently, the major task implemented is that of controlling the eye position during 

emulated saccadic movements. Therefore, coordinated signals *
iq  and *

iq must be generated 

for all the actuators. In order to compute the appropriate motor commands a geometric and 
a kinematic eye model are implemented as described below. 
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Fig. 18. Sketch of the tension sensor (not to scale). 

Fig. 19. Robot eye control scheme. The picture shows the control loops related to a single 
actuator.

Assume that a given reference trajectory for the eye is given and expressed by a rotation 

matrix )(* tR , and an angular velocity )(* tω . Then, an algebraic and a differential mapping, 

relating the eye orientation to the displacement of the tendons, can be easily computed. In 
fact, as shown in Fig. 20, for a given eye orientation the tendon starting from the insertion 
point ri remains in contact with the eye-ball up to a point ti (point of tangency). From ti the 
tendon reaches the pointwise pulley and then moves towards the motor which provides the 
actuation force. For a given position of the eye there exists a set of displacements of the free 
end of the tendons corresponding to the amount of rotation to be commanded to the motors. 
According to Fig. 20, for each tendon this amount can be computed (with respect to a 
reference eye position, e.g. the primary position), using the formula: 

 xi = R(φi - φ0i) (11)
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Fig. 20. The plane of tendon i for a generic eye orientation. Angle αi is constant for any eye 
orientation.

where xi is the amount of displacement of the free end of the tendon, while φi and φ0i are the 
angles (with positive sign), formed by vectors ri and ti at a generic eye orientation, and at the 
primary position, respectively. Signs are chosen so that if xi < 0 then the corresponding

tendon must be pulled in order to orient the eye as specified by matrix )(* tR . In order to 

compute xi the angle φi can be determined, as follows. According to Fig. 20, the angle αi must 
be constant for any eye orientation and can be expressed as:  

= −

i

1
i

d

R
cosα (12)

If the eye orientation is known with respect to frame <h>, then ri is known, hence: 

cos( )i i iRd α φ+ = ⋅i ir p  (13) 

and finally, from equations (12) and (13), we obtain: 

−
⋅

= −−

i

1

i

ii1
i

d

R

Rd
coscos

pr
φ  (14) 

The time derivative of φi can be computed by observing that ii rr ×= ω , where ω is the 

angular velocity of the eye, then, the time derivative of equations (13) can be written as: 

( ) iiiiii Rd
dt

d
φφα )sin( +−=⋅ pr  (15) 

Therefore, we obtain the following equality: 

( ) iiiiii Rdp φφαω )sin( +−=⋅× r  (16) 

Then, by observing that ( ) ( ) ωω ⋅×=⋅× iiii pp rr , we have: 

( ) ωφ ⋅×
×

−= ii
ii

i p
p

1
r

r
 (17) 

Then, if )(* tR  and )(* tω  are the desired trajectory and angular velocity of the eye, the 

reference motor angles and velocities can be computed using formulas (11), (14) and (17) as: 

φi

ri pi

ti

αi

Insertion point i

Pointwise pulley i
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where Rm is the radius of the motor pulley. 

9.2 The control architecture 

The computer architecture of the robot eye is sketched in Fig. 23. A PC based host computer 
implements the high level position based control loop and the motor planning algorithm 
(18). Currently the high level control loop runs at a rate of 125 Hz.
The low level control algorithms are implemented on a multi-controller custom board, Fig. 
21, featuring four slave micro-controllers (one for each motor), operating in parallel and 
coordinated by a master one managing the communications through CAN bus with higher 
level control modules or other sensing modules (e.g. artificial vestibular system). The master 
and slave microcontrollers communicates using a multiplexed high speed (10 Mbits) serial 
link and operate at a rate of 1.25KHz.

Fig. 21. The prototype custom embedded real-time controller. The board has dimensions of 
69 × 85mm2.

Fig. 22. Complete stereoscopic robot system 
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Fig. 23. Sketch of the computer control architecture. 

10. Conclusions 

This chapter has shown the feasibility of a tendon driven robot eye featuring the 
implementation of Listing’s Law on a mechanical basis. The design of the robot is based on a 
model which is strongly inspired on assumptions derived from physiological evidence. 
The achievements discussed in this chapter represent the starting point for the 
development of a more complex humanoid robot eye. From the mechanical point of 
view the most important advancement is represented by the possibility of extending the 
actuation to six tendons in order to enable the implementation of more complex ocular 
motions as the vestibulo-ocular reflex. From a theoretical point of view a more complete 
analysis of the properties of the proposed eye model could provide further 
understanding of the dynamics of saccadic motions. Furthermore, other issues such as 
eye miniaturization and embedding of image processing algorithms modules for direct 
visual feedback represent important challenges for the development of fully operational 
devices.
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