
DESIGN AND REALISATION OF A 3-DOF SPHERICAL PARALLEL MANIPULATOR

DEMO DESIGN: 
THE VIRO AGILE EYE

A new design of the Agile Eye, a parallel manipulator with three rotational 
degrees of freedom, has been realised and validated. The original design was 
mechanically overconstrained, whereas the new design is not. Also, the 
advantages of 3D printing have been exploited in the link design. A real-time 
controller was developed that implements, by use of inverse kinematics, the 
motion planning for the intended applications: vision-based object tracking or 
laser manipulation. Performance in terms of workspace, velocity and acceleration 
is above specification. This paves the way for interesting vision and laser 
applications in robotics.

The Agile Eye is a spherical parallel manipulator 
capable of orienting a camera or a laser pointer 
with high speed and accuracy in three rotational 
degrees of freedom (DoFs). For vision 
applications, for example in robotics, this 

mechanism can achieve better performance than the human 
eye in terms of angular velocity and visual range. Also, it 
outperforms the classical serial mechanisms for tracking 
fast-moving objects due to its high acceleration and 3-DoF 
orientation. The first working prototype of the Agile Eye 
was designed 30 years ago [4] and constructed in 1993 [5] 
by the Laboratoire de Robotique of the Université Laval in 
Quebec, Canada [6]. See the video [V1] for an impression; 
Figure 1 gives a screenshot. More Agile Eye projects and 
simulations [V2] can be found online.

VIRO, an international engineering firm [7] specialising in 
engineering and project management, headquartered in 
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Hengelo (Ov), the Netherlands, decided to develop a new 
version of the Agile Eye – designated as the VIRO Agile Eye 
for clarity – as a demonstration device matching the 
performance of the original Canadian prototype, and use 
rapid prototyping (3D printing) in the realisation phase, for 
increased design freedom and cost constraints. The video 
[V3] gives a short overview of the project.

Geometry
Figure 2 shows the mechanical concept of the VIRO Agile 
Eye. The central component, called the end-effector, can 
rotate in three directions and is driven by a symmetrical 
threefold parallel mechanism. Each part of the mechanism 
comprises a proximal link (fixed to the motor axis) and a 
distal link, connected via a line hinge to the end-effector. 
The proximal and distal links are connected to each other 
via a line hinge. Just as in the original prototype, the 
geometry has been designed such that all hinge axes 
intersect in the rotational centre of the mechanism, where 
the end-effector is positioned. However, the original design 
featured a perpendicular angle in the proximal link that was 
removed in the VIRO design (as has been done previously 
in other Agile Eye design projects).

An in-depth geometrical study [5] provided the design rules 
for choosing dimensions for the mechanism. From this 
study the optimal configuration of the line hinges was 
derived, yielding high stiffness and an unlimited orientation 
workspace not divided by singularity surfaces (which 
should be avoided, because otherwise the equations of 
motion do not yield unique solutions), and hence the largest 
rotational freedom of the end-effector. This configuration 
was found to be orthogonal: the intermediate hinge, 
connecting the proximal and distal links, is orthogonal to 
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2  Mechanical concept 
of the VIRO Agile Eye in 
side and top views.

  Turquoise: stable base 
frame and cabinet for 
electronics.

  Brown: motors.
 Grey: motor support.
 Yellow: proximal links.
 Red: distal links.
 Green/blue: end-effector.

3  Functional system 
architecture. Sub-
systems 3 to 6 define 
the VIRO Agile Eye. 

4  Definition of the 
end-effector rotational 
coordinates.

the motor axis as well as to the end-effector line hinge. 
Within this design space, a trade-off can be made between 
workspace and attainable speed/acceleration; this trade-off 
is parametrised by the angle of the motor axis relative to 
the base platform. For the VIRO Agile Eye, the optimal 
angle of the motor axis with the base platform was 
determined to be 54.74°.

A straightforward realisation of the Agile Eye mechanism is 
overconstrained, i.e. there are more mechanical constraints 
than DoFs. Using Grubler’s analysis [8], the number of 
overconstraints can be determined. Seven bodies (three 
proximal links, three distal links and one end-effector) each 
with six DoFs yield a total of 42 DoFs. With three DoFs to 
be left unconstrained, 39 DoFs remain to be constrained by 
the mechanism. The constraints are provided by nine line 
hinges (three at each motor axis joint, intermediate joint 
and end-effector joint), defining five DoFs each (and 
leaving one DoF unconstrained), yielding a total of 45. 

This analysis thus presents a (45 – 39) sixfold over-
determination. In practice, this means that for a straight-
forward realisation, manufacturing tolerances have to be 
tight, to prevent excessive friction or even blocking of 
motion. For the VIRO Agile Eye, it was decided to resolve 
the overdetermination by adapting the design of the line 
hinges. This is elaborated further below.

Requirements
For the complete system six sub-systems can be 
distinguished; see Figure 3.
Two modes of operation have been defined for the 
VIRO Agile Eye:
•  tracking a trajectory with a laser pointer (pointing/

writing);
•  tracking an object with a camera attached to the end-

effector (vision-in-the-loop). 
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The specifications were derived for the vision-based object 
tracking application. For the end-effector, the rotational 
range (see Figure 4) is specified as φmax = θmax = 60° around 
the in-camera-plane axes and ψmax = 30° around the normal 
of the camera plane. The positioning accuracy during 
motion has to be better than ±0.2° over the full trajectory. 
This leads to a required maximum measurement 
uncertainty of ±0.02° at the motor axes. To match the specs 
of the original Agile Eye [10], a velocity of 1,100°/s and an 
acceleration of 33,000°/s2 were specified for the motors. 

Acceleration is the most critical performance parameter. 
Therefore, motor dynamics are critical and the design has 
to be optimised for low mass moments of inertia. With the 
expected parameters, it was calculated that an estimated 
nominal motor torque of 0.13 Nm is required. 

Design and realisation
Figure 5 shows the main components of the VIRO Agile Eye 
and the interior of the housing with the electronic components. 

Mechanics
- Dimensions
The dimensions of the VIRO Agile Eye were determined as 
a trade-off between size (large enough for demonstration 

purposes and fairs, yet portable) and performance (the 
smaller the size, the better performance: lower inertial 
moments enable higher accelerations, given the available 
motor torque), taking into account the dimensions required 
for the end-effector. From the space taken up by the end-
effector and its external interface (connecting it to the 
mechanism), the minimum dimensions of the parallel 
mechanism were determined. The end-effector was 
3D printed so that an optimum geometry with minimum 
weight and volume could be achieved. 

- Joints
The construction of the original Agile Eye with line hinge 
joints is overconstrained. Therefore alternatives were 
considered. One option was to make the links compliant to 
some extent, to accommodate for manufacturing tolerances 
and prevent excessive friction/blocking. The disadvantage 
of this option is that eigenfrequencies are lowered. Hence, 
a more fundamental alternative connection principle was 
chosen: replacing three line hinges with spherical joints, 
releasing three times two DoFs and hence removing all 
overdetermination. 

A spherical hinge takes up more space than a line hinge, 
thus limiting the rotational range. To minimise this negative 
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5  Construction of the 
VIRO Agile Eye.

 (a)  Main components.
 (b)  Housing with 

the electronic 
components (room 
for the embedded 
computer indicated). 

6  Design of hinge 
connections.

 (a)  Spherical hinge 
connection between 
the distal link and 
the end-effector.

 (b)  Line hinge 
connection between 
the proximal and the 
distal link.
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effect, it was decided to integrate the spherical hinge into 
the end-effector (Figure 6a). It is implemented as a spherical 
slide bearing, with two roller bearings on the distal link to 
compensate for the high friction coefficient of the slide 
bearing. The proximal-distal joints were realised as line 
hinges (Figure 6b), just as in the original Agile Eye design.

The motor axis is connected to the proximal link through a 
slotted clamping connection that can be fixed with a bolt. 
As the motor axis has no flat side, slip can occur when the 
clamping force is insufficient. This potentially negative effect 
is turned into an advantage by using it as a safety factor, 
preventing damage in the case of wrong control settings.

- Links
The shape of the links determines the rotational freedom of 
the end-effector. The largest rotations can be achieved when 
the angle between the two axes connected to a link is 90°, as 
discussed above. The link has an elliptic shape, which allows 
the hinge of a proximal link connected to one motor to 
move over the axes of the other two motors. 

The next step is to optimise the dynamic properties of the 
system. To minimise vibrations during rotation, the stiffness 
of the parallel mechanism has to be maximised, while at the 
same time minimising the mass (Figure 7). From finite-
element analysis, it became clear that most of the stresses 
occur at the interfaces between the elliptic link and the 
hinges, so at that location, material had to be added. A round 
hollow tube is the best option for the link as it is stiff in all 
directions and is suitable for dealing with torsional forces.

Inox was selected as the material for the links, as it yields a 
higher lowest eigenfrequency (which in turn enables a 
higher control bandwidth) than most other materials that 
can be 3D printed. In the end, to limit the cost, the links 
were printed from a 60% inox-40% bronze composite, 
which only slightly lowers the final value of the lowest 
eigenfrequency.

- Motor support
The motor support was CNC milled as a monolithic part, 
as this yields maximum accuracy in the motor axis 
orientation and position, in this case +/– 0.03 mm. 
Aluminium was the material of choice because of its 
favourable stiffness-mass ratio (mass was restricted for 
‘portability’ reasons).

Electronics
The type of motor affects system performance, so a careful 
selection was made from three alternatives: 
•  DC motor: this type is not suitable for high-frequency, 

start-stop operations, because of rapid heat generation 
and mechanical commutation wear. 

•  Stepper motors: suitable for dynamic applications and 
relatively cheap; their disadvantages are torque loss at high 
velocities, resonance and noise production (dependent on 
the controller).

•  Brushless DC motors: perfect for start-stop operations and 
applications requiring high torque density over the full 
velocity range. Despite the high cost price, this option 
was chosen.

The Maxon EC 60 Flat motor was selected because of its 
good performance (torque)-price ratio and high-dynamics 
load capacity (as confirmed by simulations); the favourable 
cost price of the motor-encoder combination; and the fact 
that no transmission between motor and proximal link is 
required. The encoders that were selected lack an index 
signal, therefore a photo transistor had to be mounted on 
each axis as a homing sensor, reporting the motor axis angle 
at start-up. An additional photo transistor acts as an 
electronic end-stop that is activated before the mechanical 
end-stop is reached, thus allowing the control system to 
prevent damage due to malfunctioning.

For the electronic system, the combination of an embedded 
PC and a three-axis servo drive coupled to the PC via 
EtherCAT was selected.

7

7  Modifications, based on 
finite-element analysis, 
to the original design of 
the link.
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Control

- Kinematics
The end-effector is the part of the manipulator that 
performs the desired tracking or pointing. Therefore, 
motion commands for realisation of visual object tracking 
or laser pointing are conveniently defined in end-effector 
coordinates. However, the system is physically driven by the 
actuators, and hence actuator control is performed in terms 
of (rotational) actuator coordinates, i.e., the motor angles. 
Inverse kinematics is the computation of the actuator 
motion that results in the desired end-effector motion. For 
the design of the VIRO Agile Eye controller, the first step 
was formulating a system model to derive these inverse 
kinematics.

For conventional serial manipulators (with only one 
kinematic chain), the inverse kinematics is usually an 
implicit function with a number of solutions, while the 
forward kinematics is typically an explicit function with a 
unique solution. In the Agile Eye case of a spherical parallel 
manipulator, due to its special properties, both forward and 
inverse kinematics are provided by an explicit function. 

This reduces the computational complexity, especially for 
the inverse kinematics. However, the challenge appears in the 
non-uniqueness of both the forward and inverse kinematics. 

The full elaboration can be found in [3]. Two solutions exist 
for each actuator, because the derivation involves an inverse 
tangent function that for each value has two solutions over 
the 0-2π motor angle range. Hence, for the 3-DoF 
manipulator, eight solutions are obtained. This leads to a 
dependency of the inverse kinematics solutions on the 
actual manipulator assembly, the so-called assembly mode. 

Fortunately, the Agile Eye is a so-called ‘non-cuspidal’ 
manipulator [11], which can only switch from one assembly 
mode to another, if and only if it passes through a singularity. 
Or stated the other way around: as long as singularities are 
avoided, the manipulator cannot change its assembly mode, i.e. 
adopt another solution to the inverse kinematics. This property 
significantly simplifies the real-time implementation, as 
compared to the cuspidal manipulator case. 

The approach (Figure 8) is to start with the correct initial 
assembly mode. Then, the inverse kinematics problem is 

8  The implemented 
approach of solving 
the real-time inverse 
kinematics problem. 

9  Joint space control 
architecture utilising 
three SISO joint space 
controllers: φ, θ and 
ψ are the rotational 
coordinates of the end-
effector (see Figure 4),  
θi (i = 1-3) are the motor 
angles. Here the inverse 
kinematics, concerning 
the transformation 
from end-effector 
trajectory coordinates 
to motor angle 
coordinates, is executed 
in real time. The desired 
trajectory is from a path 
generator or, in case of 
visual servoing, from 
the vision software 
component.
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solved for the desired end-effector orientation and the 
solution is selected that corresponds to the actual assembly 
mode, while checking that it is not passing through 
singularities (the analysis yielded four singularities). 
Finally, the resulting angles are applied as the setpoints 
of the reference motion profile of the actuators.

In principle, a Cartesian space control architecture is 
preferred over a joint space control architecture, because in 
the case of dynamic couplings, an overshoot in one of the 
joint coordinates can affect the other coordinates, whereas 
the Cartesian coordinates are controlled independently. 
However, it was demonstrated that in practice overshoot 
problems can be limited by properly choosing joint 
controller parameters. Therefore, a joint space control 
architecture (Figure 9) was implemented, as this is 
computationally more efficient than Cartesian space 
control, as well as more intuitive.

- Control scheme
The joint space controller was realised as three Single-
Input-Single-Output (SISO) PD controllers, one for each 
joint. Additionally, acceleration feedforward is proposed 
for each joint. Reference inputs are defined by a motion 
profile generator that is programmed based on the chosen 
controller. Setpoints of the generated profiles are 
determined by the output of the inverse kinematics solution 
that lets the end-effector track the desired trajectory in the 
Cartesian space. 

The joint controller is provided with PD feedback for 
dealing with the imperfections of the developed feed-
forward controller due to disturbances and model 
uncertainty (e.g., varying mass on end-effector), as well as 
those of the couplings between joints. The motion planner 
(see below) produces a time series of setpoints for the 
controller. A second-order motion profile is generated 
between those setpoints as the reference for the PD 
controllers. However, since the joints are always following 
a trajectory, the deceleration part of the profile would 
produce an undesirable stand-still at each setpoint. 
Therefore, a continuous motion profile without a 
deceleration part is generated, i.e., velocity is not reduced 
to zero before the next setpoint. Hence, a smooth motion 
is achieved.

Acceleration feedforward is applied based on the required 
joint motion profile, with constant acceleration, and is 
tuned using the Technosoft iPOS drives software, 
simultaneously with the feedback controllers. The real-time 
control software is implemented in C++ on a Linux 
platform, using the Orocos real-time toolkit [12], and 
communication is provided by the CAN application 
protocol over EtherCAT (CoE).

Motion planning
In the case of trajectory tracking (laser pointing/writing), 
the trajectory input is defined in terms of x-y coordinates 
on a predefined plane, for example a ceiling or a wall. In 
order to track trajectories in Cartesian space, the desired 
trajectory is discretised to an n number of points depending 
on the required speed of the trajectory, with a minimum 
nmin points that guarantee resolution and a maximum nmax 
that ensures that the points can be tracked well by the joint 
space controllers. 

For camera-based object tracking, the orientation of the 
end-effector is set by a ‘vision-in-the-loop’ control mode. 
The x- and y-errors, used for keeping the tracked object in 
the centre of the image, are calculated cyclically using image 
processing techniques and are fed to the vision control loop. 

It is worth noting that an open-loop configuration is only 
possible if the distance between the camera and the tracked 
object can be determined, so that the relation between the 
x-y and φ-θ coordinates can be calculated. This could not be 
achieved with sufficient accuracy and, therefore, a closed-
loop (vision-in-the-loop) configuration was implemented.

The sample frequency is set depending on the mode of 
operation, where 33 Hz is chosen for trajectory tracking 
and 200 Hz for the setpoints generated by the camera loop 
for object tracking.

Validation
The system requirements of the VIRO Agile Eye were 
validated using three straightforward tests.

System performance
To test the requirement of surpassing the original Agile Eye 
performance, specified as a maximum velocity of 1,100°/s 
and acceleration of 33,000°/s2, a step response was generated 
on one motor while the other two motors remained 
stationary. To imitate application conditions, the camera 
module was mounted as the end-effector. Accelerations 
above 75,000 °/s2 were obtained, well above spec. The 
maximum angular velocity was 1,050 °/s, slightly below 
spec, but this value could have been surpassed easily if 
the angular step amplitude had been increased. It can be 
concluded that the requirement has been satisfied even 
without driving the full motor current.

Rotational range
The rotational range of the VIRO Agile Eye was tested 
using a laser pointer as the end-effector. Starting from its 
reference position, all required angular positions could be 
reached. It was confirmed that the end-effector exhibits a 
singularity in four positions, as the kinematic model had 
predicted, near which the mechanism becomes highly 
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instable due to play and static deviations. In a singularity, 
the links are moving while the end-effector remains 
stationary, hence the system itself cannot escape this 
situation. The trajectory generator has been implemented 
so as to avoid the approach of these positions. The ‘impact 
range’ of the singularity positions can be decreased by 
minimising play in the joints.

Positioning accuracy
For this test, the laser pointer was also used as the end-
effector and was repeatedly driven to point at the same 
target position. From the variation in the results, an angular 
position accuracy of ±1.0° was obtained, which is much 
larger than the specified ±0.2°. This appears to be due to 
sub-optimal assemblies in the line hinges and spherical 
joints. These problems are a consequence of the way in 
which the 3D-printed parts were post-processed before 
assembly. Due to shape inaccuracies, the spherical joints 
have to accommodate relatively large motions, which 
deteriorates the system accuracy. 

Conclusion
A new design of the Agile Eye has been realised (Figure 10) 
and validated (see the video [V3]). The overconstraints in 
the original design have been eliminated. Based on the 
implementation of the inverse kinematics, a real-time 
controller was developed for generating the motion planning 
for the intended application: object tracking or laser pointing, 
respectively. Performance in terms of velocity and acceleration 
is above specification. The system accuracy demand was not 
met, due to sub-optimal assemblies in the line hinges and 
spherical joints. This can be improved by tightening the 
manufacturing tolerances for the 3D-printed parts. 
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10  Close-up of the final 
realisation of the VIRO 
Agile Eye.

VIDEO

[V1] Original Agile Eye: www.youtube.com/watch?v=gVlqjA1EKE4

 

[V2] Simulation: www.youtube.com/watch?v=JhEulT-C4CI

 

[V3] VIRO project Agile Eye: www.youtube.com/watch?v=lO9LXoEDbbU
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