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Abstract

Technological advances in additive manufacturing have made it possible
to exploit composite materials, such as carbon-doped filaments, synthe-
sised for specific function with tailored properties. The integration of
carbon fibres, with good electrical and thermal conductivity, within an
insulating polylactic acid (PLA) matrix produces a conductive functional
material. These properties allow to manufacture mesoscopic electrother-
mal actuators and more complex monolithic structures including them.
A compact and monolithic 3D printable positioning system with built-in
V-shaped actuators is proposed in this paper. The prototype presented
has an 86.2mm3 workspace for a particularly compact footprint, i.e.
206mm×109mm×21mm. In this system, the linear motions along the X
and Y axes are decoupled from the linear motion along Z, which is also
decoupled from the rotation θ around Z, thus simplifying future kine-
matic control strategies. Multi-physics coupling analyses are performed in
ANSYS to validate the estimated performance of each component of the
positioning system. Then, experimental characterisations based on 3D
printed prototypes were carried out and showed good agreement between
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models and experiments. These first results also include the implemen-
tation of a first closed loop control strategy using a Smith predictor.

Keywords: Mechanism design, Electrothermal actuators, Compliant
Mechanism, Mechanism analysis, Additive manufacturing

1 Introduction

Miniaturisation proved to be of great importance in several areas of mecha-
tronics, such as medical robotics or space applications. Technological advances
in these fields have made it possible to produce smaller, more compact and
therefore more portable devices [1, 2]. However, this down scaling is more
complex for traditional actuators and is associated with a difficult assembly
phase. The miniaturisation of traditional devices such as electric motors,
pneumatic and hydraulic actuators comes at the cost of a significant decrease
in performance. Hence, in mesorobotics and microbotics, actuators of different
natures tend to replace traditional actuation technologies [3]. These include
thermomechanical actuators [4], some of which can be regarded as flexible
mechanisms. U-shaped [3], V-shaped and Z-shaped actuators [5] are the three
main electrothermal flexible actuators able to produce planar displacements.
This is a clear advantage when designing compliant structures with built-in
actuators[6, 7]. In addition to being scalable and monolithic, flexible mecha-
nisms have many advantages in terms of accuracy and repeatability due to
the avoidance of wear and mechanical play because of the absence of contact
and therefore friction.

The technological development of manufacturing methods, such as additive
manufacturing, and the research for new types of materials have led to more
freedom in design. Composite materials, such as carbon-doped PLA, obtained
by infusing carbon fibres into a polymer matrix, have resulted in a functional
material with improved mechanical behaviour and new physical properties [8].
Carbon fibres are particularly known in engineering for their good mechan-
ical characteristics due to their crystalline structure. They also have good
conductive properties due to the sp2 hybridisation of the carbon atoms. The
initially insulating polymer becomes, for a minimal inclusion of carbon fibres,
a conductive composite material. The design of actuators based on doped
material, e.g. carbon doped resin, using Joule effect and thermal expansion
have already been investigated [7, 9]. However, the manufacturing process
used in this study is demanding as it requires resin preparation and access to
a dedicated additive manufacturing process. In contrast, carbon-doped PLA,
which is compatible with standard 3D printers, is an available material and
has been investigated for its conductivity for sensor development [10, 11], but
has not, to the authors’ knowledge, been exploited for actuator design.



Springer Nature 2021 LATEX template

3

Fig. 1 Structure of the 3D-printed monolithic XYZθ positioning system. The maximum
strokes achieved in the experiment are shown for each axis.

10

Fig. 2 Structure of the 3D-printed monolithic XYZθ positioning system (unit: mm). The
movements allowed per component are indicated by the arrows.

While only conductive aspects have been explored for carbon-doped PLA as
well as sensor applications [10–13], the potential of 3D printed actuators is too
large to be disregarded. The contributions of this paper include demonstrat-
ing the feasibility of 3D printing mesoscopic actuators through modelling and
experimental validation, and proposing an approach to include them within
the structure, which has potential for robotic applications [6]. In order to
demonstrate the viability of the approach, a proof of concept has been realized
consisting of a compact (90cm3) 3D printable positioning system with inte-
grated actuators, as shown in Fig. 1. The originality of the design proposed in
this paper lies in the use of the freedom offered by 3D printing to be able to
monolithically manufacture the positioning system, the six independent actua-
tors and the cooling system. The system is therefore ready to use, inexpensive
and can be manufactured with the majority of PLA-compatible 3D printers,
as shown in Fig. 3. The first elements of a readily usable closed-loop control
strategy are also provided.



Springer Nature 2021 LATEX template

4

Mechanical
stoppers

Shuttle

V-shaped
actuator

Heat
sink

92

92

2

y

x

Fig. 3 3D-printed monolithic compliant mechanism for XY linear guiding (unit: mm).

The paper is organised as follows. In Section II, the design of the positioning
system and the analytical model of its components are introduced. The design
and modelling of the electrothermal actuator are presented in Section III. In
Section IV, The results of the finite element analyses and their correspondence
with the results obtained from the experimental characterisation are detailed.
The preliminary results of the control strategy are given in Section V and the
conclusions are provided in Section VI.

2 Design and analysis of the XYZθ positioning
system

The positioning system is based on an arrangement of several components
that allow different motions in the workspace. Fig. 2 shows a top view of the
platform with the identification of the three major components, namely the
system allowing linear displacement along the X and Y axes, in a dashed line,
the system allowing the rotation around the Z-axis, outlined in a solid line, and
the linear displacement along Z in profile view and framed by a dotted line.
The rotational guiding component is present twice in a symmetrical manner
in order to be able to carry out clockwise and counter-clockwise rotations.
These components are manufactured to have a decoupled operation and will
be successively characterised in this section.

2.1 Compliant mechanism for X and Y linear motions

2.1.1 Operational principle

The first component of the platform studied is the compliant mechanism
allowing a two-axis linear movement, as illustrated in Fig. 3. This mecha-
nism consists of a central shuttle and four actuators in opposition two by two.
Each actuator is connected to the platform by means of a beam and a flexi-
ble joint, i.e. circular hinges. The choice of a circular hinges rather than the
more kinematically efficient crossbar pivot joint is related to the 3D printing
manufacturing process. A circular hinge is easier to print because of its flat
geometry and are less cumbersome. These passive links allow the platform to
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Fig. 4 Illustration of the working principle of the compliant mechanism for linear motions
on two axes. Deflections and compressions are represented by spiral and linear springs.

move in the workspace in response to the actuators, as shown in Fig. 4. When
a force F is produced by one or two actuators, the platform changes its posi-
tion according to single or dual axis components, O′ = (δx, δy)

T. The figure
shows the operating principle of the XY guide mechanism and the effect of
the actuation of the left and top actuators. The linear springs represent the
compression of the actuators in opposition. The spiral springs symbolise the
mobility of the bars around the circular hinges allowing the movement.

2.1.2 Actuation against opposite actuators

The actuators are in opposition two by two. When one is actuated, the other
is loaded and must deform. It is therefore necessary to calculate the force-
displacement relationship of the actuator at rest when it is loaded. This
quantity allows to know the minimum force F that the active actuator must
provide to deform the one at rest depending on the geometrical parameters
of the actuator, i.e. α the angle of inclination of the beams and L the length
of the beams. The V-actuator is shown in Fig. 3 and is described in detail in
section 3. The force-displacement characteristic curve of this pre-shaped mech-
anism has two domains. A linear domain in which the evolution of the force f,
is calculated as follows [14]:

f = 8π
2EI sinα

(L)2

(
4

3
–

y

L sinα

)
(1)

And a non-linear domain where the relationship between the force f, the nor-
malized axial force N and the deformation generated by the active actuator y
is calculated according to [14], as follows:

f =
EI sinα

8(L)2


 N3

N

4
– tan

N

4



(

N2

N2 – 4π2
–

y

L sinα

)
(2)
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Fig. 5 3D-printed monolithic compliant mechanism for θ rotational guiding (unit: mm).
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(
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)
f2 –

4π2
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f

+
N2

12(L sinα/wb)
2
–
N2π2(N2 – 8π2)

4(N2 – 4π2)2
= 0

(3)

where I is the quadratic moment of the beam and N =
√

µ(2L)2/(EI) with
µ the axial force. The solution is given by a numerical method.

2.2 Compliant mechanism for rotational guiding

The achievement of a pure and large rotational motion with flexible mech-
anisms is often a little less trivial. Among the solutions presented in the
literature, the flexible butterfly pivot was chosen. This choice was made due
to the amplitude of movement allowed by this type of joint, the optimisation
of which can lead to angles close to θ = π/2, and the small parasitic shift of
the centre of rotation.

This joint was described by Henein et al. [15, 16] as a series connection of
four RCC (Remote Center of Compliance) pivots with two beams, shown in
Fig. 5. The four pivots have the particularity of having the same centre of rota-
tion. The performance described above is due to this high degree of symmetry.

2.2.1 Angular stiffness and admissible angular stroke

The calculation of the angular stiffness of an RCC connection is defined by the
ratio between the moment applied to the joint M and the resulting angular
motion θ. According to [17], it can then be calculated according to the following
equation:

Kθ =
M

θ
=

8EI

l

(
1 +

3p

l
+

3p2

l2

)
(4)

With p and l the geometrical distance parameters shown in Fig. 6. The applied
moment generates mechanical stresses in the beams with a maximum value at
the central anchoring point. From [17], it is then possible to derive a maximum
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Fig. 6 Scheme of a two-blade RCC pivot and its integration into a half-pin (symmetrical
on both sides of the axis)

admissible angle stroke based on an admissible stress, σadm:

θadm =
σadml2

Ew(2l + 3p)
(5)

with w the thickness of the beam. A version with a reinforced structure against
out of plane motion, inspired by previous work [18], was also investigated. This
variant is considered because of the stacking of the structures which should
increase transverse stiffness. Based on the new design calculations, a new value
for the stiffness Kθ|R and angular deflection θadm|R is found:

Kθ|R = EI
a2 + al + 4(l2 + 3lw + 3w2)

(l – a)(a2 + al + l2)
(6)

θadm|R =
4σadm

Ew

(l – a)(a2 + al + l2)

a2 + al + 2l(2l + 3w
(7)

with a the length of the reinforcing element, as shown in Fig. 6.

2.2.2 Actuation of the Butterfly joint

When sizing the actuator, two aspects must be taken into account. The force
to be produced and the displacement. In order to limit the size of the structure,
the constraint was set to use an actuator identical to those used for the linear
guide. This constraint allows a dimensioning with equivalent stiffness. In other
words, the sizing is done in such a way that the stiffness of the butterfly link
is equal to that of a V-shaped actuator at rest [19], which means that the
equations are solved according to whether the joint is reinforced or not:

Kθ = Kθ|R = Ka =
2nE(12Icos2θ +AbL

2sin2θ)

L3
(8)
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Fig. 7 Schematic of a two-blade RCC pivot and its integration into a half-pin (symmetrical
on both sides of the axis)
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Fig. 8 3D-printed monolithic Z linear guiding (unit: mm).

Assuming that the arc λ produce by the force F can be approximated by a
linear motion, λ = ∆x, it is then possible to express the achievable θmax as

θmax = atan

(
λ

l + p + d

)
≃ λ

l + p + d
(9)

where d is the distance between l and the anchor on the actuator as shown in
Fig. 7. In order to allow control of the rotation in both directions, the choice
was made to stack two butterfly joints on top of each other, with an offset by an
angle β = π/2. Each of these joints was operated by an independent actuator.

2.3 Implementation of a motion along Z

The addition of the Z-translation was achieved by adding a variant of a thin
parallel spring stage, as shown in Fig. 8. This mechanism was designed to rely
solely on the principle of thermal expansion due to the passage of an electric
current. On the same principle as the thermal actuator used, following the
application of a current, thermal expansion due to the Joule effect will allow
the central shuttle to move along the Z-axis.
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Fig. 10 CAD model illustration of the V-shaped electrothermal actuator and parameter
identification.

3 Design and modelling of the electrothermal
actuator

In order to build a 2D positioning system, V-shaped actuators are used. In
fact, Z-shaped actuators showed poorer performance in terms of output force
and motion magnitude [5], and since rectilinear motion is expected, U-shaped
actuators are excluded. The V-shaped actuator consists of two beams, inclined
at an angle α, fixed to a central shuttle on one end and anchored on the other.

3.1 Analytical model of the V-shape actuator

The design and functioning of this actuator are based on the use of carbon
fibres within the PLA. When a voltage is applied to the actuator, the natural
electrical resistance induces Joule heating. The temperature generated leads
to thermal expansion, symmetrically varying the length of the beams and thus
causing the displacement of the central shuttle y. Consequently, the analytical
modelling of this type of actuator is done in two steps, a first step to model
the electrothermal effect and a second step to model the thermomechanical
effect, as shown in Fig. 9.
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Fig. 11 Temperature distribution within the actuator based on the analytical model.

3.1.1 Electrothermal Model

when a voltage is applied, the heat generated by the Joule effect is dissipated
simultaneously by radiation and convection until a steady state thermal equi-
librium is reached. Both of this thermal mechanisms can be neglected at first
with small scale actuator. According to [20], the average temperature increase
along the beams ∆Tb is defined as function of the input voltage U, geometrical
parameters of the beam Π and the material properties Q as follows:

∆Tb =
1

L

∫ L

0
(Ts – T0) = QΠU2 (10)

with,

Q =
1

kaρ
, Π =

(
1 – eLΓ

)2

LeLΓΓ
ϕ +

(
1 – eLΓ

LeLΓΓ
+ 1

)
χ (11)

where Γ =
√

ka/(ktb), L is the beam length, ka is the thermal conductivity
of the air, k is the thermal conductivity of beam, ρ is the electric resistivity.
The calculation details of ϕ and χ, which are depending on the geometrical
parameters, shown in Fig. 10, are clearly presented in [20].
In Fig. 11, the temperature distributions along the actuator, analytically cal-
culated, is given for U = 50V. The shuttle has the highest temperature due
to its greater resistivity. The temperature of 60 degrees is the limit for PLA
before glass transition. Exceeding this glass transition temperature will result
in a change in the behaviour of the material, which will tend to a plastic
deformation.

3.1.2 Thermomechanical Model

According to [20], considering the symmetry of the actuator and the shut-
tle as infinitely rigid and not subject to thermal expansion, then the shuttle
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displacement is obtained from the following Castigliano theorem:

y = ∆LT sinα –

∫ L

0

N

EAb

∂N

∂P
dx –

∫ L

0

M

EAb

∂M

∂P
dx (12)

where ∆LT is the axial elongation of the beam linked to thermal expansion, α

is the inclination angle of the beam and Ab the beam cross section area. M and
N are the bending moment and the axial force on the beam. E is the Young’s
modulus of the beam material. This equation can be simplified by substituting
boundary conditions, such as

y =

(
αLΦ sinα –L

Φ

EAb

)(
∆Tb
P

)
, (13)

where α is the coefficient of thermal expansion and Φ = L20/(h
2
0 cos

4 θ +
L20 sin

2 θ). L0 is the distance between the two anchor points of the beam. The
elements of the left-hand side of Eq. (13) thus represent the flexibility of the
actuator in response to the temperature and in response to an external load
P. The load P will be the spring force of the actuator mounted in opposition
in the case of the positioning system, as shown in Fig. 12.

3.1.3 Combined actuator models

By combining the two models, Eq. (13) can be rewritten as follows :

y =

(
αL0Γ sin θQT –

L0Γ

EAbcosθ

)(
U2

P

)
(14)

= (κ1 – κ2)

(
U2

P

)
(15)

By modelling the force related to an input voltage as a spring pushing the shut-
tle, the equation for the force F produced by the actuator can be established
as follows [20]:

F = ξU2 – P with ξ =
κ1

κ2
(16)

3.2 Voltage distribution in the monolithic XY compliant
mechanism

In order to produce the 2D positioning system, the insulation of the part
between the different actuators must be done. The first approach is only rel-
evant for certain category of 3D printers, able to extrude different materials
during the same printing process. This option offers the opportunity to print
the entire platform as a single rigid piece by connecting the actuators, printed
in carbon PLA, with an electrically insulating polymer, as shown in Fig. 13a.
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Fig. 12 Electrical representation based on a resistor set equivalent to the monolithic posi-
tioning system.

The main contribution is done for single extruder printers, in order to make
it compatible with the largest number of printers, the phenomena of electri-
cal and thermal conduction in the design have to be considered, as shown in
Fig. 13d. The first step is to model the mechanism as a series of resistors. A
perfect electrical insulator has infinite resistance, which can be expressed in the
design, according to Fig. 12, as R2 ≫ R1. In order to increase the resistance
R, the length l and resistivity ρ have to be maximised and the cross-section s
has to be minimised, according to the following equation:

R = ρ
l

s
(17)

The first aspect to consider is that although the material has become
conductive due to the carbon, it retains a high electrical resistivity. Then, the
conductive properties of the printed material are dependent of the orientation
of the neutral fibres, which is defined by the direction of movement of the
nozzle. According to [13], a 100% infill pattern with lines was then chosen to
maximise the electrical resistivity.

During the design process, the application of a simple pattern allowed the
cross-section to be reduced by exploiting the smallest printing parameters
allowed by the printer. The pattern to reduce the cross-sectional area was
also chosen to exploit the laminar flow cooling properties of the heat sinks
and thus avoid heat conduction to the adjacent actuators.

Hence, from the previously calculated maximum force of the actuator Fmax,
it is possible to define the maximum deformation and thus the maximum
displacement of the positioning system platform. Knowing Fmax and ymax
of the actuator calculated in the electro-thermo-mechanical model, it is then
possible to define the expected motion of the manipulator.
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Fig. 13 Finite element simulation result for a 2D positioning system. (13a) represents
the CAD of the positioning system manufactured in bi-material. (13b) and (13c) illustrate
the simulation results obtained by FEA following the actuation of the left actuator and
the left and bottom actuators. (13d) represents the CAD of the monolithic positioning
system. (13e) and (13f) illustrate the thermomechanical and electrothermal FEA results
of the same simulation, following the actuation of the left actuator with the monolithic
positioning system. The sub-figures (13d)(13e)(13f) are illustrated in perspective in order
to visualise the pattern used to increase the resistance of the sections between actuators.

4 Finite element analysis and experimental
characterisation

4.1 Multiphysics Finite Element Analysis

The multiphysics numerical simulation was performed with the ANSYS
solver implemented in Creo Parametric 6.0. The analyses were conducted
by coupling the electrical, thermal and mechanical fields. The geometrical
parameters used for the XY compliant mechanism are shown in Tab. 1. The
properties of the material used in the simulations are derived from an experi-
mental characterisation phase as explained in subsection 4.2.

The model is set to couple the multiphysics phenomena, while assum-
ing constant materials properties. In other words, the electric current flowing
through the actuator will heat the material, but the increase in temperature
and deformation of the material will not affect the current. Non-linearities will
be integrated in future optimisation study. For the thermoelectric simulation
a voltage was applied to the conductive material and thus simulate heat gen-
eration by Joule effect. The faces of the actuator are set to a convective heat
boundary condition, simulating the air temperature around with the heat flux
option. The simulation results for the positioning system are shown in Fig. 13.
Simulations have been carried out for a dual-material positioning system and
for a single-material positioning system. Simulation results with one or two
actuators operating simultaneously are presented Fig. 13b and Fig. 13c. The
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Table 1 Design parameters

Material parameters

E [MPa] E’ [MPa] R [Ohm] R’ [Ohm] ρ [Ohm.m] d [Kg.m–3] k [Wm–1K–1]
3300 3140 800-1200 900 0.06 1150 0.366

Geometric parameters
L [mm] α L0 [mm] ts = tb [mm] ws [mm] wb [mm] Ls [mm]

30 5 29.89 2 8 0.8 2

Fixed

Fig. 14 Finite element simulation result of the rotational guiding system (displacement in
mm).

Fig. 15 Finite element simulation result of the monolithic XYZθ system (displacement in
mm).

feasibility of the single-material mechanism is shown in Fig. 13e and Fig. 13f
corresponding to the same simulation, illustrating mechanical and thermal
analysis respectively.

The stroke of the mechanism is almost the same as for the mechanism
with insulating material, which proves that the design does not affect the
performance. The electro-thermal simulation shows that the temperature in
the actuator, through which the current flows, does increase. It also shows
that the temperature in the other actuators is not affected by the heating. The
actuators can therefore be controlled independently.
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The butterfly joint simulations validated the stiffness design model as the
actuator achieves the same order of magnitude of displacement as previously
with the linear guide for the same temperature, as shown in Fig. 14. This per-
formance is slightly lower for the monolithic mechanism, as shown in Fig. 15.
The result for a coupled actuation at a temperature of 40◦C is a displacement
of 2.03mm in X, 1.97mm in Y, 1.2mm in Z and a rotation of 3.8◦. For a max-
imum temperature of 58◦C, the maximum rotation is 5.85◦ for one butterfly
joint and thus 11.7◦ for two. This movement can be coupled with displace-
ments of 4.1mm along X and Y and 2mm along Z. According to these results,
the platform moves in a simulated space of 105.6mm3.

4.2 Experimental characterisation of the material

The material used for these experiments is Original Carbon Fiber PLA (Proto
Pasta). It was printed with an Ultimaker S3 at an extrusion temperature of
240◦C degrees, at a speed of 30mm/s on a bed heated to 60◦C.

Resistance R′ was measured with an ohmmeter. The sample to be measured
was placed between the probes of the ohmmeter. The resistivity ρ was then
calculated according to Eq. (17). Electrical heating performance of the sample
was determined based on surface temperature with various applied voltages
while using a DC power supply. The range of applied voltage was from 20V to
50V with 5V intervals. As the contact could not be made by soldering, it was
made by means of a screw-nut embedding. A K-type thermocouple was used
to measure the surface temperature after applying different voltages.
The mechanical characterisation of the material was carried out with a
FK50 force sensor (Sauter) and a LK-H152 laser-based displacement sensor
(Keyence), as detailed in [21]. A beam was printed with carbon-PLA and
the Young’s modulus E′ was characterised using Euler Bernoulli’s relationship
between applied force F and measured displacement δ:

E′ =
FL3

3δI
(18)

where I the quadratic moment of the cross section and L the length of the
beam. The characterized Young’s modulus is 3140MPa, which is consistent
with some earlier characterisation of the material [22].

4.3 Experimental characterisation of the V-shaped
electrothermal actuator

The behaviour of the actuator was characterised experimentally by means
of the experimental set-up shown in Fig. 16. The shuttle displacement was
measured for different voltage values ranging from 10 to 50V in 5V steps
and with a return to room temperature in between. The experimental results
are presented in Fig. 17. The experimentally measured values are in good
accordance with the results of previous models.
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Fig. 16 Experimental set-up for the characterisation of the electro-thermal actuator.
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Fig. 17 Displacement obtained for the electrothermal actuator as a function of the input
voltage.

At 55V, the temperature of the measured actuator was 64◦C, i.e. beyond
the glass transition phase indicated by the manufacturer. It is noted that
after reaching this temperature, the actuator does not recover its initial con-
figuration. The displacement sensor indicates a position of 0.13mm despite
the mechanism returning to room temperature.

4.4 Experimental characterisation of the positioning
system

The performance of the positioning system has been analysed using the same
equipment as before, as shown in Fig. 18. After applying a voltage to one
of the actuators, the displacement of the central shuttle was measured using
the displacement sensor. By driving an actuator with a conservative voltage
of 50V, an average motion range of 3.34mm is achieved, as shown in Fig. 19.
This also corresponds to a total motion range of 6.68mm along each axis. For
a given desired position, the manipulator was operated 21 times with a open
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Fig. 18 Experimental setup of the XY positioning system.

Fig. 19 Experimental setup of the XY positioning system. The numbers on the dials of
the Keyence sensor show the displacement in centimetres. The top image (a.) represents the
initial state and the middle (b.) and bottom (c.) images show the amount of displacement
in the direction of the arrows in response to an actuation.

loop voltage of 40V. The average displacement measured was 2.17mm and the
standard deviation was 0.19mm.

An error of 17% is found between the actuator estimated and measured
values. However, an error of only 4% is found between the measured and
estimated force-displacement relationship with respect to the opposite actu-
ator. In line with the fact that these are preliminary results obtained with
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Fig. 20 3D printed monolitic XYZθ positioning system

Table 2 Performance comparisons between the proposed XY positioning system and
previous reported parallel stages (*FEA results)

References Actuator Dimension [mm] Motion range
[26] piezoelectric 50×50×10 14×14 [µm]
[27] electromagnetic 120×120×25 11×11,6 [mm]
[28] theoretic* 300×300×27 5×5 [mm]
[29] theoretic* 200×200×10 4×4 [mm]

Proposed [30] electrothermic 92×92×2 3,7×3,7 [mm]

an open-loop control and with a 3D printed composite material, thus particu-
larly non-linear, the error obtained shows that the order of magnitude of the
model estimates is satisfying. As presented in Tab. 2 and in Tab. 3, given the
millimetre range of motion achieved, the objective of designing a compact and
low-cost positioning system is successfully achieved. The presence of nonlinear
effect requires the implementation of control strategy in order to achieve a
precision positioning. The precepts are introduced in the following section.

Carbon composite is still a fairly demanding material and requires a num-
ber of fine tunings of the printer to achieve a structure as complex as the one
presented in Fig. 20. Furthermore, the characterisation of the material showed
sufficient rigidity for use with conventional blades in the butterfly joint. This
result was confirmed by obtaining the functional platform, shown in Fig. 20.
This flexible rotary guidance, whose performance is shown in Fig. 21, could
however be further improved by an optimisation phase [23, 24] and amplified
[25]. The individual performance of the actuators within the platform allows
linear displacements of up to 3.8 mm and a Z-displacement of 1.9 mm, i.e. a
real handling space of 86mm, in agreement with the simulation results. How-
ever, these performances tend to decrease during coupling due to some plane
contacts or surface alignment. These preliminary results are encouraging, but
further research is needed before the control system proposed below can be
considered at this time.
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Fig. 21 Experimental validation of the rotational guiding system. The resulting displace-
ments are displayed in transparency with respect to the manufactured configuration.

Table 3 Performance comparisons between the proposed XYZθ positioning system and
previous reported parallel stages (*estimated)

References Actuator Dimension [mm] Motion range [mm]
[31] piezoelectric 105×105×105 1.5×1.5×1.5

[XYZ]
[32] 200×200×1 0.369×0.369, 1.28◦

[XYθ]
[33] linear actuator 250×250×(?)* 2.5×2.5, 10◦

[XYθ]
Proposed electrothermic 206x109x21 3,8×3,8×2, 10.85◦

[XYZθ]

5 Control strategy of the actuator

The temperature rise takes much longer than the temperature-position conver-
sion time, which induces a large dead-time τ, as shown in Fig. 22. The process

is modelled by
ke–τs

1 + Ts
, identified from an open loop step response shown in

Fig. 22. The Bröıda method was chosen as the identification method because it
is adapted to a stable system with a delay. It consists in observing the response
and assimilating it to the response of a first order system (of time constant
T), with a delay τ. The 28% and 40% ordinate points (giving respectively the
times t1 and t2) allow to calculate T and τ by the formulas [34]:

τ = 2.8t1 – 1, 8t2 (19)

T = 5, 5(t2 – t1) (20)

k =
∆D

∆V
(21)

where k is the static gain of the system equal to the ratio between the output
displacement and the input voltage.

The delay has already been observed in previous research using carbon-
doped polymers [12]. By considering the time delay of some composites, it
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Fig. 22 On the left, the step response of the system representing the displacement of the
actuator as a function of time following power-up. On the right, the intermediate response
of the system where the temperature evolution after power up is represented. The delay is
present during the temperature rise of the system.

K
(
1 + 1

Tis

)ε ε′

k′(1−e−τ ′s)
1+t′s

ke−τs
1+ts

YYC u
+ +− −

Fig. 23 Structure of Smith predictor based on PI control strategy

can be supposed that it is related to the quantity and quality of the carbon
doping [35]. According to this hypothesis, which should be verified, a high
carbon saturation could reduce or even cancel the delay as the behaviour of
the composite would tend to approach that of a conducting material.

The use of a PID would be limited since the time delay would enter the loop
and considerably decrease the performance of the control. A Smith predictor is
a predictive controller designed to control systems with a significant feedback
delay and here proposed with a PI controller. The PI controller is therefore
set for a process without delay and then a final controller for the process with
delay is calculated from the previous one, as shown in Fig. 23. After prior
identification of the process, k′ = k, τ′ = τ and T′ = T are set to have a
process modelled as a first order system. According to [34], the PI controller

was tuned such as Ti = T and K = 0, 7
T

τk
.

The validation of this control strategy was done using the set-up illustrated
in Fig. 24. A comparison of the experimental response before and after the
use of the control loop is also shown in this figure. In view of the preliminary
experimental results, this control strategy seems encouraging.

A displacement of 3.8mm is achieved with a bandwidth of 0.04Hz. This
makes it a slow system but comparable to other actuators such as shape mem-
ory alloys, ionic electroactive polymers, or electroactive soft actuators [36–38].
Like most thermal systems, the behaviour of this actuator is dependent on its
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Fig. 24 Scheme of the experimental setup used to validate the actuator control strategy
and step response with open-loop control, PI controller and Smith Predictor.

environment. The temperature and volume of surrounding air must be suf-
ficient to ensure proper operation. In addition, depending on the speed of
actuation, cooling systems may be required. To study the impact of the envi-
ronmental temperature, the static error measured with respect to the setpoint
is -0.028mm 3 minutes after the start of actuation. Therefore the system is
stable under standard operating conditions.

6 CONCLUSIONS

In this paper, the feasibility of manufacturing a monolithic positioning system
with built-in electrothermal actuators using 3D printers is presented. After
introducing the design of the different components allowing to realize the dis-
placements. The analysis and sizing of an electrothermal actuator was then
carried out. The approach proposed here is based on the use of doping (actu-
ation and heat dissipation) by design.
After validation of the models by finite element analysis, a prototype was built
and evaluated. This prototype allows a positioning in a workspace of 86.2mm3.
This preliminary work has demonstrated the potential of using the 3D printer
for the fabrication of monolithic systems integrating their actuators. How-
ever, there are still some aspects to be addressed, especially with regard to
control. A control scheme for an actuator has been introduced in this paper,
allowing to reduce the response time of the system. Further work will con-
cern the extension of the proposed control strategy to the whole positioning
system. Furthermore, although stable, this system remains slow, so it seems
interesting to look at optimising the structure and other types of doping in
order to address the dynamics of this system. Although the chosen filament
has one of the lowest resistivities, it is still important and could be improved
by doping it with another type of material, such as copper. The nature of the
matrix determines the conduction and thermal expansion properties. Acryloni-
trile Butadiene Styrene (ABS) and Polyethylene Terephthalate Glycol (PETG)
have better characteristics than PLA and could offer better behaviour and a
higher actuation frequency.
The non-linearities will have to be taken into account in order to extend the
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proposed control strategy to the whole positioning system. Considering the
electrical and material properties as constant over time allows the voltage to
be controlled (constant resistance).
Although preliminary, this work has demonstrated the feasibility of producing
actuators that can be manufactured by 3D printing in an integrated man-
ner. This aspect is of interest for robotic applications where compactness and
assembly are key issues [39]. A possible application of this positioning system
would be to use it in low-cost atomic force microscopes for schools.
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