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Design of Mechatronic 
systems in a Research Lab
Rapid prototyping, open source tools,  accessible hard- and software



Topics
Novel Methodologies in Mechatronics 

Rapid prototyping: Lasercutting and 3D printing 

Open source electronics  

Open source software tools 

Cases 

Pipe inspection Robot 

Novel Variable Compliant Actuator



Text

Case: pipe inspection robot
‘industrial’ approach: 2006-2010



3D print
first week second week

3 months 6 months

fully operational prototype fiber reinforced nylon



metal (drive) parts in 
3D printed Stainless 

Steel



Text

Laser cutter
project in two weeks





Text

Control Set-up
Easy and quick testing



measurement bridge

robot control hardware

robot

breadboard strain gauge interface

midi panel

arduino mega adk

lcd shield

RS485 bus

RS485 bus



Arduino 
open source 

hardware

cheap arduino compatible LCD shield

Open source RS485 adapter



Open source MIDI 
library for Arduino 

ADK



Robot, rapid 
prototype, 3d 

printed hardware



Control board
RS485 bus motor control 
hardware 

fully Arduino compatible, 
both hardware and 
programming 
environment 

designed using open 
source package KiCAD



bridge using cheap 
strain gauge based 

sensors

simple 
instrumenta

tion 
amplifier



data processing and 
visualisation

using 
processing.org 

online, realtime view 

also for control and 
communication, 
quick prototypes



Python

use for latex 
compatible graphs of 
measurement data 

use for vision 
processing



A Novel Variable Impedance 
Actuator
How things change in Actuators design…
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Fig. 4. Bond graph representation of the Dirac structure of a variable
stiffness actuator - The MTF-elements are modulated as given by Eq. (6)
and thus define the power flow.

• There is no coupling between the output force F and
the velocities of the internal degrees of freedom q̇, i.e.
C(s, q, x) = 0, because such a power continuous cou-
pling between forces and velocities cannot be realized
in the mechanical domain.

Following these assumptions, it follows
⎡

⎣

ṡ
τ
F

⎤

⎦ =

⎡

⎣

0 A(s, q, x) B(s, q, x)
−A(s, q, x)T 0 0
−B(s, q, x)T 0 0

⎤

⎦

︸ ︷︷ ︸

D(s,q,x)

⎡

⎣

∂H
∂s

q̇
ẋ

⎤

⎦

(6)
Eq. (6) can be represented in bond graphs as shown in Fig. 4.

D. Analysis of the model
From Eq. (6), it is easy to derive the variation of the energy

stored in the system, which is given by
dH

dt
=

∂H

∂s

ds

dt

=
∂H

∂s
(A(s, q, x)q̇ + B(s, q, x)ẋ)

= −τT q̇ − FT ẋ

(7)

Note that energy can be added to or removed from the
system via the output port (F, ẋ) or via the port (τ, q̇). This
corresponds to Fig. 3 and the power continuity of the Dirac
structure.

In the purpose of designing an energy efficient variable
stiffness actuator, we can state that the most energy efficient
variable stiffness actuator is such that the amount of energy
stored in the system does not change due to power supplied
through the port (τ, q̇). This condition is accomplished if the
term A(s, q, x)q̇ in Eq. (7) is zero, i.e. if

q̇ ∈ ker A(s, q, x) ∀ s, q, x (8)

Note that taking A = 0 reduces the system to the ideal case
depicted in Fig. 1.

From this analysis, we can derive a design guideline for
energy efficient variable stiffness actuators: the design of the
internal configuration should include a number of internal
degrees of freedom such that it is possible to change the
apparent output stiffness while satisfying Eq. (8).

Thanks to the provided insights in power flows, the port-
based framework given by Fig. 3, Eqs. (6), (7) provides an
important tool for the design of energy efficient variable
stiffness actuators.
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Fig. 5. An energy efficient variable stiffness actuator - The end effector is
constrained to move only in x-direction. The internal degrees of freedom
q1 and q2 are used to change the effective transmission ratio and to control
the end effector respectively.

III. A NOVEL VARIABLE STIFFNESS ACTUATOR
CONCEPT

Following the design guideline presented in Sec. II-D,
we introduce an innovative concept of a variable stiffness
actuator. The functional concept is based on a linear spring
connected to a lever arm of variable effective length. The
effective length of the lever arm determines how the stiffness
of the spring is felt at the output port. Using the Dirac
structure formulation in Eq. (6), we show that, by changing
the internal configuration, the apparent output stiffness can
be modulated without using energy.

The proposed mechanism is depicted in Fig. 5. The transla-
tional degree of freedom denoted by q1 controls the effective
transmission ratio from the spring to the end effector. It
should be noted that 0 < q1 ≤ ℓ, since q1 = 0 is a singular
configuration in which the transmission ratio is infinite. The
translational degree of freedom q2 is used to control the end
effector, which applies the force F and has position x (this
is the output port (F, ẋ)). Since the displacement s is small
compared to the lever length ℓ, we assume α = 0.

The state s of the zero free length spring is given by

s = ℓ sin φ = ℓ
x − q2

q1
(9)

where α is assumed to be zero and the angle φ is defined
positive in the counter clockwise direction. The rate of
change of s, denoted by ṡ, is given by

ṡ =
d
dt

(

ℓ
x − q2

q1

)

= −
ℓ

q1

[

sinφ 1
]
[

q̇1

q̇2

]

+
ℓ

q1
ẋ

(10)

From this equation it is possible to define the skew symmetric
matrix which describes the Dirac structure for this particular
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Fig. 4. Bond graph representation of the Dirac structure of a variable
stiffness actuator - The MTF-elements are modulated as given by Eq. (6)
and thus define the power flow.

• There is no coupling between the output force F and
the velocities of the internal degrees of freedom q̇, i.e.
C(s, q, x) = 0, because such a power continuous cou-
pling between forces and velocities cannot be realized
in the mechanical domain.

Following these assumptions, it follows
⎡

⎣

ṡ
τ
F

⎤

⎦ =

⎡

⎣

0 A(s, q, x) B(s, q, x)
−A(s, q, x)T 0 0
−B(s, q, x)T 0 0

⎤

⎦

︸ ︷︷ ︸

D(s,q,x)

⎡

⎣

∂H
∂s

q̇
ẋ

⎤

⎦

(6)
Eq. (6) can be represented in bond graphs as shown in Fig. 4.

D. Analysis of the model
From Eq. (6), it is easy to derive the variation of the energy

stored in the system, which is given by
dH

dt
=

∂H

∂s

ds

dt

=
∂H

∂s
(A(s, q, x)q̇ + B(s, q, x)ẋ)

= −τT q̇ − FT ẋ

(7)

Note that energy can be added to or removed from the
system via the output port (F, ẋ) or via the port (τ, q̇). This
corresponds to Fig. 3 and the power continuity of the Dirac
structure.

In the purpose of designing an energy efficient variable
stiffness actuator, we can state that the most energy efficient
variable stiffness actuator is such that the amount of energy
stored in the system does not change due to power supplied
through the port (τ, q̇). This condition is accomplished if the
term A(s, q, x)q̇ in Eq. (7) is zero, i.e. if

q̇ ∈ ker A(s, q, x) ∀ s, q, x (8)

Note that taking A = 0 reduces the system to the ideal case
depicted in Fig. 1.

From this analysis, we can derive a design guideline for
energy efficient variable stiffness actuators: the design of the
internal configuration should include a number of internal
degrees of freedom such that it is possible to change the
apparent output stiffness while satisfying Eq. (8).

Thanks to the provided insights in power flows, the port-
based framework given by Fig. 3, Eqs. (6), (7) provides an
important tool for the design of energy efficient variable
stiffness actuators.
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Fig. 5. An energy efficient variable stiffness actuator - The end effector is
constrained to move only in x-direction. The internal degrees of freedom
q1 and q2 are used to change the effective transmission ratio and to control
the end effector respectively.

III. A NOVEL VARIABLE STIFFNESS ACTUATOR
CONCEPT

Following the design guideline presented in Sec. II-D,
we introduce an innovative concept of a variable stiffness
actuator. The functional concept is based on a linear spring
connected to a lever arm of variable effective length. The
effective length of the lever arm determines how the stiffness
of the spring is felt at the output port. Using the Dirac
structure formulation in Eq. (6), we show that, by changing
the internal configuration, the apparent output stiffness can
be modulated without using energy.

The proposed mechanism is depicted in Fig. 5. The transla-
tional degree of freedom denoted by q1 controls the effective
transmission ratio from the spring to the end effector. It
should be noted that 0 < q1 ≤ ℓ, since q1 = 0 is a singular
configuration in which the transmission ratio is infinite. The
translational degree of freedom q2 is used to control the end
effector, which applies the force F and has position x (this
is the output port (F, ẋ)). Since the displacement s is small
compared to the lever length ℓ, we assume α = 0.

The state s of the zero free length spring is given by

s = ℓ sin φ = ℓ
x − q2

q1
(9)

where α is assumed to be zero and the angle φ is defined
positive in the counter clockwise direction. The rate of
change of s, denoted by ṡ, is given by

ṡ =
d
dt

(

ℓ
x − q2

q1

)

= −
ℓ

q1

[

sinφ 1
]
[

q̇1

q̇2

]

+
ℓ

q1
ẋ

(10)

From this equation it is possible to define the skew symmetric
matrix which describes the Dirac structure for this particular
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Limitations
Concept 

Limited stroke in zero stiffness 

Space budget springs  

Range of springs and tenability not optimal 

Production and testing 

Long conceptualisation 

Long time for production 

All in metal



A Novel Variable Stiffness Mechanism 
Capable of an Infinite Stiffness Range 
and Unlimited Decoupled Output Motion 

Patent Pending

THIS PART HAS BEEN EXCLUDED



Conclusions
The way we built model and create is drastically changing 

Rapid prototyping: 3D printing laset cutting is revolutionising 
and changing the way we test and produce mechanical parts 

High quality electronic tools are free in open source 

Software Development Tools are available, cheap and tough 
more and more at schools 

Mechatronics and Robotics is evolving!


