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Abstract: 
In order to meet the objectives of workpackage WP1 it has been designed a prototype of bio-inspired robot 
eye, which could be used for the analysis of ocular motion and its interplay with vision both within the 
scope of WP1 and also within other workpackages and in view of the integration activities planned as final 
demonstration of the project’s results. This robot-eye has been designed like a platform to realize the 
human ocular motion and vision. 
This document describes the various modules that compose the robot-eye, in particular the mechanical 
components of the robot and their assembly procedure are described. Furthermore the actuation system and 
the control architecture that drive the eye are described. This robot-eye prototype can be easily integrated 
with the vision modules developed in the other workpackages. 
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1 Executive Summary
This document contains the design of a bioinspired robot eye which constitutes
the Delivrable 1.4 entitled Bioinspired Stereovision Robot System (Preliminary
version) of the EU Project EYESHOTS. Deliverable 1.4 is part of the workpack-
age WP1: Eye movements for Exploration of the 3D Space. In particular this
document is the first outcome of the activities of the worktask Task 1.3 Bioin-
spired Stereo Vision Robot System.
The workpackage WP1 is devoted to the study of ocular mechanics and oculo-
motor control, for both single eye and conjugate movements. The target is to
investigate how mechanics of the eye plant affects the strategies implemented by
the brain to drive typical biological motions ocular motions (including saccades
and smooth pursuit). A second goal is the study of the geometric and kinematic
effects of ocular motions on image flow, for supporting the estimation of 3D infor-
mation from ocular motions. Finally, from the engineering point of view the major
expected achievement is to develop a bio-inspired stereoscopic robot system ca-
pable to emulate the ocular motions to be used during the planned experimental
tests.
This prototype of a robot-eye has been designed on the geometrical and mechani-
cal analysis made with the simulation tool of bioinspired ocular models described
in the Deliverable D1.4a (Bioinspired Stereovision Robot System. Robot Proto-
type Prototype).
This device can be used for the analysis of ocular motion and its interplay with
vision both within the scope of WP1 and also within other workpackages and in
view of the integration activities planned as final demonstration of the project’s
results. It also possible perform comparative analysis with the common pan-tilt
platforms (used by UJI partner) commonly used in robot vision.
The main requirements of this prototype are the dimensions close to the human,
the capability to replicate the human ocular movements and the human vision per-
formance.
This document describe in detail all the mechanical components which form the
robot and others used for the assembly. A description of the embedded miscro-
camera is given which has small size and high performance. Furthermore the
actuation system that drive the eyeball is described, and the control architecture
(that define the ocular movements) is presented.
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2 Introduction
This document decribes the design of a bio-inspired stereo-vision robot with the
mechanics and motion characteristics of a human eye.
Many eye-head robots have been developed in the past few years, and several of
these are common pan-tilt systems, where a camera rotates about pan-tilt axes.
The main goal of this work is twofold: 1) to provide the guidelines for the imple-
mentation of a tendon driven robot, 2) to emulate the different types of human eye
movements for binocular vision experiments.
In fact the robot-eye prototype can be easily integrated with the vision algorithms,
developed in the other workpackages, to realize the human ocular motion and
human-like vison exeperiments.
Like the human eye the robot must obey to the laws (Listing’s Law and Half-Angle
Rule) [2], [3], [4] which specify the geometric and kinematics charatheritics of the
human eye movements. Indeed the geometry of the robot prototype is based on
the model described in [6] and the mechanical properties (viscosity and elasticity)
of the eye plant are considered [4], [5].
Relevant characteristics are also the dimensions of the robot-eye that are very
close to the human eye. The size have been due to various trade-offs during the
selection of the components available on-the-shelf (e.g. the eyeball, motors, on
board camera etc).
The first part of this document will focus on the description of the mechanical
structure of a prototype of humanoid robot eye. In particular the eyeball with the
vision system and the support structure for the eyeball and the actuation system
will be described.
In the second part the actuation system (which emulates the human extraocular
muscles) wiil be described. The actuation is performed by tendons, i.e. thin stiff
wires, pulled by force generators (DC motors). Finally in Section control system
architecture we will analyze the various modules involved in the control of the
ocular movements and in which way they comunicate.
The Appendix A contains the list of the main components that form the stereo-
vision robot system. The appendices from B to D contains the drawings (with
dimensions) of the mechanical components of the robot-eye, instead in the appen-
dices from E to J there are the datasheets of the microcamera, lens, actuators and
controllers, cables and connectors.
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3 Robot Eye Design
In this Section the mechanical structure of a prototype of humanoid robot-eye is
described and the design details of the various modules and subsystem are ana-
lyzed.
This prototype of a robot eye must emulate the mechanical structure and the mo-
tions of a human eye with a comparable working range.
This robot eye has approximately the shape of a truncated cone where the larger
diameter and smaller ones are respectively 34 and 45 mm, with an overall lenght
of 120 mm. The robot has been designed by assuming that the eyeball is a sphere
with three rotational degrees of freedom about its center, and the actuation system
driving the eyeball is a combination of linear motors, springs and tendons. Each
linear motor has two springs in parallel; the motor and the springs are connected
to the eyeball through the tendons. The three dimensional CAD model of the bio-

Figure 1: 3D model of the prototype of humanoid robot eye.

inspired robot eye (the tendons are not shown)is shown in Figure 1.
As it appears in Figure1 the motors are in a oblique position, in this way it is pos-
sible to place the two springs in parallel to the motor and give a compact shape to
the robot eye.
The robot-eye prototype is composed of different modules and subsystems (Figure
2). The main componets of the robot-eye are:

• the eyeball with the vision sytems (CMOS microcamera and lens),
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• the supporting structure (eyeball support, frame, front flange, rear flange),

• the actuation system (linear motors, springs and tendons),

• the control system architecture (industrial drives, I/O boards, real-time op-
erating system).

Figure 2: Lateral view of the eye robot prototype and its modules: 1 Eyeball, 2 Front flange, 3
Frame, 4 Spring, 5 Rear flange, 6 Linear motor, 7 Position sensor, 8 Eyeball support.

All these modules will be described in detail in the next sections.
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4 The Eyeball
The eyeball (Appendix A) is a precision DELRIN sphere with a diameter of 28
mm. The sphere has been divided in two parts: anterior half eye and posterior half
eye. These two parts are machined to host the vision system (commercial CMOS
microcamera, Appendix G, and optic, Appendix H) and to route camera power
supply, video and control signal cables (Appendix J) to the external electronics.
In Figure 3 the explosed view and the section of the 3D CAD model of the eyeball
are shown. The posterior half eye (Figure 5) is machined to host the CMOS mi-

(a) (b)

Figure 3: (a) Exploded view and components of the eyeball: 1 Lens, 2 Anterior half eye, 3
Posterior half eye, 4 CMOS Camera, 5 Screw . (b) Section of the 3D CAD model of the eyeball.

crocamera and a micro PCB board (with a board to board connector, Appendix I
used to interface the video signal cables with the on board camera. On the camera

Figure 4: Board to board camera connectors: (a) Receptacle connector (PCB board side). (b)
Header connector (camera side).

side there is a 20 pin header connector (Hirose DF12E3.5-20DP-0.5V), instead
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on the PCB board side there is a 20 pin receptacle connector (Hirose DF12E3.5-
20DS-0.5V, Appendix I) where the video signal cables are welded. The video
signal cables are twelve miniature cables (produced by Vishay) with a teflon insu-
lation, shield and conductors are made of silver plated copper.
On the posterior half eye there are eight holes (∅ 1.4 mm) for the screws that lock
the posterior half eye to the anterior half eye, and another hole (∅ 5 mm), to route
the video signal microcables out to the eyeball.

Figure 5: External and internal view of the posterior half eye module: 1 Screw holes, 2 Lens
housing , 3 Video signal microcables hole.

The anterior half eye (Figure 6) has four set of three holes. For each set of holes
the central one is the insertion point for the tendon attached to the linear motor
and the two lateral holes are the insertion points for the tendons attached to the
springs in parallel to the motor.

Figure 6: External and internal view of the anterior half eye module: 1 Motor and springs
insertion points, 2 Microcamera housing, 3 Screw holes.
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4.1 CMOS camera
In this Section we will analyze the main characteristics of the embedded digital
camera (EDC) hosts by the eyeball. The main requirements for the EDC are:

• commercial camera that belongs to the class of WEB-Cam devices,

• very small dimensions and weight,

• USB 2.0 comunication interface,

• low number of power supply and video signal cables,

The commercial EDC that match all this characteristics is the MU9PC-MH micro-
camera (Appendix G), shown in Figure 7, produced by SOFTHARD Technology
Ltd.

Figure 7: MU9PC microcamera.

The MU9PC Camera is a micro-camera with a resolution up to 5M (Color), a
CMOS image sensor and a USB 2.0 Interface. The camera has its own drivers for
XP/Vista/W7, both x86 and x64, all drivers are certified by Microsoft.
The MU9PC Camera Core specifications are in the following list:

• Resolution: up to 5M 2592x1944 pixels,

• Frame rate: up to 232 Frm/s 320x240 pixels,

• Sensor Type: CMOS RGB Bayer Matrix,

• Sensor Model: APTINA MT9P031,

• Sensor Size: 1/2.5 inch,
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• Sensor Active Area: 5.7 x 4.28 mm,

• Image Data Interface: USB 2.0,

• Data I/O: GPIO 2IN, 2OUT, Serial Port,

• Power Requirements: 5V USB, typ. 0.6W,

• Lens Mount: M12.

The housing of the MU9PC Camera is made of aluminum, the height, the width
and the depth of the camera are respectively 8.5, 15 and 15 mm with a total weight
of 3.6 g (without lens). In Figure 8 are shown the top and the bottom side and the
lateral view of the CAD model of the MU9PC microcamera.

Figure 8: The top and the bottom side and the lateral view of the CAD model of the MU9PC
microcamera.

4.2 Camera lens
The MU9PC microcamera (Appendix G) is provided without the lens. The lens
that we have chosen are produced by Sunex Inc.. In the previous Section we have
seen that the camera has an image format of 1/2.5 inch, thus we need a lens with
this image format. This isn’t a common format and it is diifcult to find a lens with
this format and with small dimensions. Furthermore there is a minimun order
quantity (>100) for this kind of lens. For this reasons we have chosen a lens with
an image format of 1/2 inch (DSL853 lens, Appendix H).
Note that to have a good image resolution it is necessary to cover the entire image
area, to do this the lens image circle (image format) must be equal or greater then
the imager diagonal.
The DSL853 lens is a multi-element glass lens, with a total weight of 2.6 g, opti-
mized for CMOS imager with 1/2 inch format. It is especially suited for building
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Figure 9: CAD model of the DSL853 lens.

low-cost, compact digital cameras because of the lowp rofile property of the lens
design. In Figure 9 is shown the CAD model of the DSL853 lens.
The key features of the DSL853 lens are:

• low profile: optical path length < 13.5 mm from lens front physical surface
to the image plane,

• all glass elements: compatible with outdoor environment,

• dual-mode aperture F/3.2: long depth of focus, optimized for focus opera-
tion,

• high image quality,

• low-cost.

Optical specifications of the DSL853 lens:

• imager resolution: 1/2”,
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• focal lenght: 8.0 mm,

• max. Image Circle: 8.6 mm,

• diagonal field of view: 56.2 deg,

• total path lenght: 12.9 mm.

14



EYESHOTS - Deliverable D1.4 5 SUPPORTING STRUCTURE

5 Supporting Structure
The structure (Appendix C) designed to support the eyeball, the motors and the
springs is composed of four distinct components (shown in Figure 10 and de-
scribed below ):

• eyeball support: a low friction support designed to hold the eyeball and to
implement the pointwise pulleys,

• frame: a structure cross, attached to the eyeball support, to hold the motors
and the springs,

• front flange: an anterior flange to lock the eyeball on the eyeball support,

• rear flange: a posterior flange to lock the motors and the springs on the
frame,

Figure 10: CAD model of the supporting structure: 1 Eyeball support, 2 Frame, 3 Front flange,
4 Rear flange.

5.1 Eyeball support
The eyeball support (Appendix C) module holds the eyeball, it is made of TEFLON
and has the major function of implementing the pointwise pulleys. The pulleys
route the actuation tendons and they ensure the correct mechanical implementa-
tion of Listing’s Law [2], [3], [4].
The position of the pointwise pulleys is simmetrical with respect to the position
of the insertion points on the eyeball (see Section 4). On the eyeball support there
are four groups of three pulleys: the central for the tendon attached to the linear
motor and the two lateral for the tendons attached to the springs.
In Figure 11 a sketch of the posterior and two different lateral views of the eyeball
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support is shown. In this picture the holes of the pointwise pulleys and the holes
for the screws that lock the front flange module on the eyeball support are high-
lighted.
The eyeball support is glued on the front of the frame.

Figure 11: CAD model of the eyeball support: posterior and two lateral view (A,B). Where: 1
Pointwise pulley holes, 2 Screw holes.

5.2 Frame
The frame (Appendix C) module is the central structure of the robot system and
is made of aluminum. The frame has a cross shape and its main function is to
support all the modules, that compound the robot, and the linear motors.
In Figure12the three dimensional, lateral and posterior views of the frame module
are shown . The cylinder on the front side of the frame has four holes, in this way

Figure 12: CAD model of the frame: 3D (A), lateral (B) and posterior (C) views. Where: 1
Hole for the power supply and video signal cables, 2 Central flange with the holes for the rods of
the linear motors, 3 Screw hole, 4 Hole for the rod of the motor in the front of the frame.

the rods of the linear motors can reach the extent necessary to cover the working
range of the robot eye comparable with the working range of the human eye.
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In the rear side of the frame there are eight holes for the screws that lock the rear
flange on the frame.
In the center of the frame there is a flange with four holes for the rods of the linear
motors. The four motors are locked on the frame between this central flange and
the rear flange.
From the front to the rear of the frame there is a hole to route the power supply
and video signals microcables from the on board camera to the external eletronics.

5.3 Front flange
The front flange (Appendix C) module is made of TEFLON. This module is a
flange with a ring shape used to lock the eyeball on the eyeball support.
In Figure 13 is shown a sketch of the front flange where are highlighted the four
holes for the screws that lock the front flange on the eyeball support.

Figure 13: CAD model of the frontal view of the front flange.

5.4 Rear flange
The rear flange (Appendix C) module is made of aluminum and its shape is opti-
mized to occupy minimum space.
The major functions of the rear flange module are to lock the four linear motors
on the frame and to sopport the springs (connected to the eyeball trought the ten-
dons).
In Figure 14 there is a sketch of the rear flange module.
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As we can see in this figure there are four holes (2) that allow the elongation of
the rods of the motors out of the frame, eight holes (1) for the screws where are at-
tached the springs and other eight holes (3) for the screws that lock the rear flange
module on the frame.

Figure 14: CAD model of the rear flange: frontal (A) and lateral (B) views. Where: 1 Spring
screw holes, 2 Motor rod holes, 3 Holes for the fixing screws.

18
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6 Assembly Procedure
In this Section the steps to assemble the various mudules (see previous section)
that compose the robot eye and the modules used for the assembly will be de-
scribed. Assembly procedure:

• the eyeball (Appendix B) is hold fixed by a suitable frame and the tendons
are locked in the insertion points on the anterior half eye,

• the tendon clamps (Figure15, Appendix D) are srewed on the rods of the
linear motors,

Figure 15: CAD Model of a tendon clamp: A Lateral view, B Section. Where: 1 Tendon hole.

• the eyeball support is glued on the frame,

• the four linear motors are mounted and locked (with the rear flange) on the
frame (Appendix C),

• the eyeball is inserted in the eyeball support (Appendix C), the tendons are
inserted in the poinwise pulley holes, and locked on the eyeball support with
the front flange (Appendix C),

• four tendons are connected to the four motors throught the tendon clamps,

• the spacers (Figure 16 A, Appendix D) are inserted in the rods of the motors
that come out from the rear flange,

• the washers (Figure 16 B, Appendix D) are mounted on the rods of the
motors that come out from the rear flange and are locked on the rods with
the screws,

• the zero gauge (Figure 16 C, Appendix D) module is mounted on the fron
side of the robot eye,
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• the pivot gauge (Figure 16 D, Appendix D) is inserted in the hole in the zero
gauge and in the anterior half eye.

At this point the eyeball (and thus the CMOS Camera) is aligned with the axis of
the frame. After that:

• the tendons are pulled and locked in the tendon clamps,

• the eight springs are mounted on the rear flange with the M3 screws and
connected to the spring tendons.

• the modules zero gauge, pivot gauge, washers and spacers are removed,

• the springs are trimmed.

Figure 16: CAD Model of the assembly modules: A Spacer lateral and frontal views, B, Washer
frontal and lateral views, C Zero gauge section and frontal view, D Pivot gauge frontal view and
section.
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7 Actuation System
The actuation system is composed of four tendons, four force generators (DC
brushless linear motors, Appendix E) and eignt springs.
The tendons are thin stiff wires, connected to the rods of the motors and to the
springs on one side and to the eyeball on the other side. The actuators pull the
tendons and drive the movements of the eyeball. There are two springs in parallel
to each motor that pull the tendons in the opposite direction with respect to the
motor one. The main funcitons of the springs are to emulate the elasticity of the
orbit of the human eye and to restore the zero position (primary position) of the
eyeball when the system isn’t actuated. The tension of the springs, and thus the
restoring force that act on the eyeball, can be regulated through the screws that
support the springs.

Figure 17: The LM0830 Faulhaber DC linear motor: A Explosed view of the linear motor, B
linear motor

The actuators chosen for the robot eye are linear DC servomotors (LM0830-040-
01) produced by Faulhaber. This new type of motors combines the speed and the
robustness of a pneumatic system with the flexibility and reliability features of
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an electro mechanical linear motor. The absence of residual static force and the
excellent relationship between the linear force and the current make these motors
ideal for use in micro-positioning applications like the robot eye. In Figure 17 are
shown the linear motor (B) and the explosed view of the linear motor (A). This
actuator provide a linear motion of the tendons with a small stroke (40 mm, in the
current implementation, and less 20 mm for an eye of human size) 1 and limited
pulling force. In fact this motor produce a continuous force of 1,03 N, with an ac-
celeration of 147.8 m/s2 and a speed of 2.4 m/s2 2. Furthermore this linear motor
ensures a very low error in repeatability and precision (respectively 40 and 140
µm) of the rod movement and thus of the robot eye ocular movements.
The linear motors are equipped with analog Hall sensors providing the main feed-
back for the control of the ocular movements.

1Indeed for the eyeball with 28 mm of diameter a stroke of 21 mm is sufficient to cover the
working range but the linear motor is sold with a stroke of two sizes: 15 and 40 mm.

2theorical value, referring only to the motor.
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8 Control system architecture
The control system architecture is implemented as a three level hierarchical struc-
ture (Figure 18). At the highest level there is the Host PC with a common Win-

Figure 18: Sketch of the control system architecture for the stereo vision robot

dows XP operating system. Here is insatalled a Simulink (MATLAB Toolbox)
algorithm that acquires and processes the video signal and computes the reference
eye position (eye movement) sent to the next level.
After thet, at the Real-Time PC (Target PC) level, the four motor commands are
computed from the input reference eye position. The Real-Time PC is a mchine
with installed the xPC Target real-time kernel and a set of I/O boards to comu-
nicate with the next level (Digital Servo Drive, Appendix F). The xPC Target
product (MATLAB Toolbox) is a solution for prototyping, testing and running
real-time applications using standard PC hardware. In our case on the Target PC
runs, in real-time, the Simulink model with the algorithm that computes the motor
commands.
A CAN board (CAN-AC2-PCI), mounted on the Target PC, send the motor com-
mand messages to the digital servo drives with the CANOpen comunication pro-
tocol. A Ethernet card is used to acquire the reference eye position via TCP/IP
messages.
At low level there are four digital servo drives (MCLM 3003/06 C), one for each
motor, with implemented a PI control loop to control the motor command in-
puts. This type of controller is designed for linear DC-Servomotors with linear
Hall sensors. This motion controller is based on a high performance digital signal
processor (DSP), which enables tight control (velocity control, velocity profile,
positioning mode), precise positioning and very low speeds. On the device there
is a CANOpen interface for integration in a CAN network with transfer rate up to
1Mbit/s and comunication with the Target PC throught the CANOpen communi-
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cation protocol.

(a) (b)

Figure 19: (a) Picture of the MCML3003/06C. (b) Frontal and laterla views of the
MCML3003/06C.

The dimension of the MCLM3003/06C controller are very small: 65, 58 and 27.5
mm respectively for width, depth and height.
With the Motion Manager software the communication parameters can be config-
ured, and the auto tuning of the PI controller parameters can be executed.
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9 Conclusions
This is a starting point to realize a bioinspired robot-eye. During the design of
the robot-eye prototype the mechanical characteristics of the human oculomotor
plant (eyeball, orbital tissue, soft pulley) and the geometrical assumptions (in-
sertion points, pointwise pulleys) ensuring the mechanical implementation of the
Listing’ Law and the Half-Angle Rule have been considered.
Furthermore using the linear motors, tendons and springs it is possible emulate
the four recti extra-ocular muscles. Thus this prototype is completely different
from a common pan-tilt vision system (used by UJI group), where the actuation
acts on the joints (instead of the body) and on a pan-tilt camera it is impossible
implements the two ocular laws.
On the robot eye it is possible realize eye movement (saccadic, smooth pursuit,
vergence), and stereo vision exeperiments, in fact this system can be easily inte-
grated with the various vision modules developed by UG, KU Leuven partners.
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EYESHOTS - Deliverable D1.4 A BILL OF MATERIAL (BOM)

A Bill Of Material (BOM)

Product Description Vendor Quantity
MUP9PC Micro 5M Color CMOS Camera

with USB 2.0 Interface.
SOFTHART
Technology Ltd.

1

DLS853 Compact DSC Lens For CMOS Im-
ager.

Sunex Inc.. 1

LM0830-040-01 Linear DC-Servomotor. FAULHABER. 4
MCLM3003/06C Digital servo drive. FAULHABER. 4
L08.90.02 Flexboard adapter. FAULHABER. 4
STC-36T-12 Miniature cable. Vishay. 1
DF12E3.5-20DS-
0.5V

Board to board receptacle connec-
tor.

Hirose. 1
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EYESHOTS - Deliverable D1.4 B EYEBALL DESIGN (003A0001)

B Eyeball Design (003A0001)
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EYESHOTS - Deliverable D1.4 B EYEBALL DESIGN (003A0001)

Anterior half eye Design (003P0001)
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EYESHOTS - Deliverable D1.4 B EYEBALL DESIGN (003A0001)

Posterior half eye Design (003P0010)
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EYESHOTS - Deliverable D1.4 C SUPPORTING STRUCTURE DESIGN

C Supporting Structure Design

Eyeball Support Design (003P0002)
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EYESHOTS - Deliverable D1.4 C SUPPORTING STRUCTURE DESIGN

Frame Design (003P0005)
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EYESHOTS - Deliverable D1.4 C SUPPORTING STRUCTURE DESIGN

Front Flange Design (003P0004)

33



EYESHOTS - Deliverable D1.4 C SUPPORTING STRUCTURE DESIGN

Rear Flange Design (003P0009)
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EYESHOTS - Deliverable D1.4D ASSEMBLY PROCEDURE COMPONENTS DESIGN

D Assembly Procedure Components Design

Spacer Design (003P0006)
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Washer Design (003P0003)
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Zero gauge Design (003P0011)
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Pivot gauge Design (003P0012)
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Tendon clamp Design (003P0008)
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EYESHOTS - Deliverable D1.4E LINEAR MOTOR LM0830-040-01 DATA SHEET

E Linear motor LM0830-040-01 Data Sheet
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EYESHOTS - Deliverable D1.4E LINEAR MOTOR LM0830-040-01 DATA SHEET
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EYESHOTS - Deliverable D1.4F MOTION CONTROLLER MCLM3003-06C DATA SHEET

F Motion Controller MCLM3003-06C Data Sheet
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EYESHOTS - Deliverable D1.4F MOTION CONTROLLER MCLM3003-06C DATA SHEET
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EYESHOTS - Deliverable D1.4F MOTION CONTROLLER MCLM3003-06C DATA SHEET
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EYESHOTS - Deliverable D1.4 G MICROCAMERA MU9PC-MH

G Microcamera MU9PC-MH

Specification
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EYESHOTS - Deliverable D1.4 G MICROCAMERA MU9PC-MH

Camera Design
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EYESHOTS - Deliverable D1.4 H LENS S-MOUNT DSL853

H Lens S-Mount DSL853

Specification

Lens Design
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EYESHOTS - Deliverable D1.4 I PCB BOARD (AGC501P1)

I PCB Board (AGC501P1)
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EYESHOTS - Deliverable D1.4 J MINIATURE CABLES (STC-36T-12))

J Miniature cables (STC-36T-12))
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