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ii 3D Printed Electrically Controlled Pneumatic Switch

Summary

Pneumatic switches work essentially like valves that can control the flow of air. The context for
this assignment is to use electrically controlled thermal actuation to direct the flow of air for
switching pressure which can be used to guide the insertion tube on an endoscope. To accom-
plish this, a flexible membrane that expands with the thermal expansion of the liquid within
the actuator and contracts while cooling is used to switch the flow. To understand the process
of heat flow within the actuator, the heat flow in a 1-D infinitely long plate and a sphere while
cooling and also a sphere with uniform heat source are studied. For this study both an ana-
lytical model as well as an FEM model are used. Finally a 3D printed design is made to study
the functioning of the heater and the temperature distribution inside the actuator in practice.
Using thermocouple measurement and IR thermography, spatio-temporal temperature distri-
butions of the 3D printed actuator are obtained and compared with the results of the models.
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1

1 Introduction

This work describes the work done by Hemanth Jaladi for his final master assignment. The
report is about 3D printing of an electrically controlled pneumatic switch. The assignment
is to design an 3D printed thermal actuator for the purpose of switching the airflow into an
endoscope insertion tube chamber. [2]

1.1 Related work

Pneumatic actuators are used in a wide range of applications in different industries like soft-
robotics and process engineering. Pneumatic systems are well-known for their simplicity,
low cost, ease of maintenance, and safety [3]. There are different types of pneumatic actua-
tors which use various actuation and control techniques. An electro-pneumatic valve using
solenoid operated with pulse width modulation (PWM) control is used in [4] for fast switching.
In [5] a control strategy using acceleration feedback is implemented to improve the stability of
servo-pneumatic actuators. In McKibbens flexible artificial muscles, an inner elastic tube and
braid is used [6]. As a muscle is pressurised, its thickness expands, i.e. its diameter expands
while its length contracts [7]. In [6] a silicon tube and springs are used to realise a flexible ac-
tuator with high elongation than can be used in pneumatically driven robotic devices. In case
of typical hydraulic actuators, a pressurised liquid with the use of servo motors and pistons are
used to induce the required stroke [8] [9]. In [10] and [11] a thermo-pneumatic actuation prin-
ciple is used in application of MEMS devices. In [12] multi-material additive manufacturing is
used to design a soft thermal actuator using a PLA and paper bilayer composite for electrical
switching and a numerical model is used to predict the transient behaviour. In [13] a phase
change actuator, which uses volume expansion due to change in phase of the fluid from liquid
to gas, is built using an inkjet printed conductive flexible circuit. In [14], for the purpose of solar
tracking, a thermal hydraulic actuator is built using methyl-alcohol as working fluid and solar
heating is used for thermal actuation [15] [16].

In this assignment the design of a thermal-hydraulic actuator for pneumatic switching, based
on thermal expansion of liquid to induce bidirectional actuation, and using a flexible mem-
brane that can be fabricated through FDM (Fused deposition modelling), is investigated. For
an actuator a final decision on the appropriate type and design configuration be made only in
relation to the needs of a specific application. So the actuator is designed for the use of pneu-
matic switching in endoscopy insertion tube chambers mentioned in [2].

1.2 Project Goals

The goal of the project is to design and 3D print a thermal actuator which can be electrically
controlled for the purpose a pneumatic switch that can be used to switch the pneumatic supply
lines of an endoscope.

1.3 Research questions

To attain the presented goal, it will be broken down into specific research questions

• Which analytical (mathematical) equations have a close relation to heat flow in a thermal
actuator?

• What are the materials that can be used to 3D print an electro-thermal actuator using
FDM printing? Can these materials be helpful in attaining the required actuator specifi-
cation?

• What are the electrical and thermal properties of a 3D printed heater?
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2 3D Printed Electrically Controlled Pneumatic Switch

• What are the design requirements for the actuator to attain a switching time of 1.5 s and
block a tube of diameter 2 mm?

1.4 Approach

To approach the goal, initially an analytical model is constructed to study the feasibility to help
us design the final actuator. To support this analytical model a similar FEM model is built.
The simulation results of the analytical model and the FEM model are compared and a time
constant is attained from both models. Next, various design approaches are discussed and a
test structure which can help in studying the working of the actuator is designed and later 3D
printed using FDM. Afterwards, experiments are performed on this test structure using a ther-
mal camera and a thermocouple. Finally, these measurements are analysed and the time con-
stants are determined for the test structures with varying supplied powers. To see how much
power is needed to reach the required temperature change to check if the time constants vary
significantly for high temperatures.

1.5 Report structure

First in chapter 2, the analytical models for simple geometries like 1D slabs and spheres with
various steady state and transient situations are studied and cross-referenced with FEM mod-
els. In chapter 3, different concepts for actuator design are discussed and the material prop-
erties and their feasibility for 3D printing of the actuator are investigated. Finally an actuator
structure is designed for testing the temperature distribution inside the actuator. In chapter 4,
fabrication of the designed test structure from chapter 3 using FDM 3D-printing is discussed
and various print settings used in fabrication are presented. In chapter 5, various measure-
ments performed on the actuator model and how the measurements are performed are pre-
sented. In chapter 6, the results obtained from the experiments mentioned in chapter 5 are
presented. Finally in chapter 7, the overall discussion and conclusions are presented.
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3

2 Model

In this chapter, various analytical studies are conducted to study heat transfer in simple geome-
tries like a slab (or plane wall) and a sphere. Furthermore, these studies are performed in both
steady-state and transient situations with particular defined boundary conditions that can be
used to solve for a solution.

Initially, a steady-state condition for a slab and a sphere (without heat generation) is consid-
ered, and analytical equations for determining the temperature at a certain point in these ge-
ometries are obtained. Later, transient analysis is performed for the same geometries. In the
transient analysis, a situation termed quenching (forced cooling) is considered for both a slab
and a sphere and the analytical solutions are determined. Furthermore, to closely represent an
experimental situation, a transient situation with internal heating and convective boundaries
is analyzed and the analytical solution is determined. These studies are done with a compro-
mise between the mathematical complexity and the relevance to the case study of the physical
model.

The obtained transient analytical equations are used to implement MATLAB simulations.
Moreover, Finite Element Model models are built in ComSol according to the analyzed tran-
sient situations and the obtained simulations are then compared to the respective MATLAB
simulations.

2.1 Analytical model

Since the concept behind the actuator is to use thermal actuation, it is essential to perform an
approximate study of heat conduction in various models before designing the actuator. This
will be helpful in identifying the process of heat conduction and the calculation of heat gen-
eration requirements. For this purpose, analytical solutions for simple geometries are studied.
Analytical solutions give a better understanding of how different parameters effect the temper-
ature distribution. Furthermore, these results can be extended to the experimental model, of-
fering approximate requirements on design parameters in designing the actuator in real-time.
Since ideal conditions are assumed in the analytical analysis in order to simplify complex prob-
lems, there will be some inconsistencies between the analytical model and the actual physical
model.
Heat flow or heat conduction analyses are often categorised as steady-state and unsteady-state
(or transient) [17, P. 63]. In a steady-state, the temperature of the model is considered to not
vary with time i.e., the temperature distribution is dependent only on the position. In an un-
steady state or transient situation, the temperature changes with both time and position.
This section is limited to a 1-dimensional study i.e., the heat transfer in the model is consid-
ered along one direction and is considered negligible in the other directions. To analytically
model the heat conduction in a step-by-step process and to simplify the mathematical equa-
tions involved, first the models are solved for simple geometries like a slab and a sphere in
1D steady-state and later extended to 1D transient cases. Finally, the transient solution is ob-
tained for a spherical model with internal heat generation and convective boundaries. Various
mathematical approaches exist like nondimensionalization, separation of variables [18, P. 248-
251] [19] [20, P. 75-221], energy balancing [17, P. 275] and Heisler charts [17, P. 218-222] to per-
form heat flow analysis. In this report, separation of variables is used to solve the equations in
different cases of heat conduction in transient analysis of slab and sphere.
In solving the differential equations, it is important to select the boundary conditions to closely
represent the physical conditions, as boundary conditions play a critical role in analytical so-
lution and its representation [20, P. 75]. For deriving these analytical solutions, proper coor-
dinate systems should be used depending on the model. For a slab and a sphere, a Cartesian
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4 3D Printed Electrically Controlled Pneumatic Switch

coordinate system and a spherical coordinate system are used respectively. The use of these
coordinate systems simplifies the solution of these problems. [21]

MATLAB simulations are done by discretizing the analytical solutions. The results of the MAT-
LAB simulations are verified by COMSOL simulations by building the model in close approxi-
mation to the analytical solution’s assumptions.

Transient Case(s) Boundary Condition(s) Initial Condition(s)
Slab With Imposed Boundary U (0, t ) = 0 and U (L, t ) = 0 U (x,0) = f (x)

Sphere with Imposed Boundary ∂U
∂rr=b

= 0 and Ur=b = 0 Ut=0 = f (r )

Sphere with Internal heat generation U (r → 0) =⇒ finite and −k ∂U
∂rr=b

= hU Ut=0 = f (r )

Table 2.1: Initial and boundary conditions for slabs and spheres with quenching, and spheres with in-
ternal heat generation

2.2 Slab

2.2.1 Slab in 3 Dimension

The partial differential equation representing the heat conduction in a 3D slab (in Cartesian
coordinates) is given by [17, P 74-75]:

∂2U

∂x2 + ∂2U

∂y2 + ∂2U

∂z2 = 1

α

∂U

∂t
(2.1)

Where,

• x, y, z represents position along each axis

• t is time.

• U is the temperature in the model or medium with respect to position and time. Also
represented as U (x, y, z, t ).

• α is the thermal diffusivity of the material and equals k
ρc with k the thermal conductivity,

ρ the mass-density and c specific heat.

2.2.2 Steady State Analysis

The figure 2.1 represents a slab or plain wall with thickness L. The temperatures at the bound-
aries x = 0 and x = L are T1 and T2 respectively.

Figure 2.1: Slab in steady state with initial and boundary conditions

In steady state analysis, at any time the temperature along the slab is considered constant. The
thermal heat distribution of the slab can be effectively solved using a 1D analysis. In case of
one dimensional heat flow, considering the change in heat flow is only along the x-direction,
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the equation(2.1) becomes [22]
∂2U

∂x2 = 1

α

∂U

∂t
(2.2)

In steady state analysis there is no change in temperature with respect to time. Therefore, U is
only a function of position, the equation 2.2 becomes

∂2U

∂x2 = 0 (2.3)

By integrating equation 2.3 the following equation is obtained

U = ax +b (2.4)

To determine U , a and b need to be determined which are obtained by using the boundary
conditions as shown in fig 2.1. Applying the boundary conditions U (0) = T1 and U (L) = T2 to
2.4 gives [17, P. 88]

U = T1 + T2 −T1

L
x (2.5)

The equation (2.5) determines the temperature U within the slab at any given position x.

2.2.3 1D Transient Analysis of Slab

As mentioned the transient analysis is done in one dimension, because it is relatively easy to
study. To solve the 1D transient problem, it is required to define both initial conditions as well
as boundary conditions, representing the particular scenario or case that the solution obtained
is applicable for. One such case is the imposed boundary representing a quenching problem.

Slab with quenching Boundary Conditions

In this section a slab, as shown in fig 2.2, is considered to be in a transient state, the temperature
within the slab changes with both position and time.

Figure 2.2: Slab Quenching with boundary conditions

For transient analysis, the problem of quenching is considered which implies that boundary
conditions are used in which the (relative) temperature at boundaries is zero at any given posi-
tion and time

The analysis starts by rewriting Equation 2.2 as: [19] [23] [24, P. 48]

∂U

∂t
=α

∂2U

∂x2 (2.6)

The analysis will use the following initial and boundary conditions

U (0, t ) = 0

U (L, t ) = 0

U (x,0) = f (x)

(2.7)

Where U (x, t ) is the temperature at position x at time t . U (x,0) = f (x) is the initial condition.
To solve the differential equation, separation of variables will be used. [18, P. 248]

U (x, t ) = X (x)T (t ) (2.8)
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Substitution of equation 2.8 into equation 2.6 results in

X
dT

dt
=αT

d2X

dx2 (2.9)

Using the definitions Ṫ = dT
dt and X

′′ = d2 X
dx2 this equation can be rewritten as

X Ṫ =αT X
′′

(2.10)

Dividing on both sides by X (x)T (t ) gives

Ṫ

T
=α

X
′′

X
(2.11)

Since this has to be true for all values of x and t and since the lhs only depends on t and the rhs
only on x, the only possibility is that both sides are one and the same constant’λ’:

X
′′

X
=λ

Ṫ

T
=αλ

(2.12)

where λ= ν2. Solving the above equations using boundary conditions, we have three possibil-
ities λ< 0,λ= 0 and λ> 0. For λ> 0 and λ= 0 the solutions are trivial [23, P. 6]. When λ<0, the
general solution for 1

X
d2 X
dx2 =−ν2 is

X (x) = A cos(νx)+B sin(νx) (2.13)

This only results in a stable and therefore realistic solution if

λ=−ν2 < 0 (2.14)

After applying the boundary conditions in 2.7 it is found that

A = 0

B sinνL = 0
(2.15)

The only possible solution which solves the boundary condition at x = L is νL = nπ. [23, P. 6]
This implies ν= nπ/L. Therefore, the solution satisfying the boundary conditions is

X (x) = B sin
(nπ

L

)
for n = 1,2,3, ... (2.16)

Now solving Equation 2.12 for T(t)
Ṫ =−ν2αT (t ) (2.17)

Results in the following solution

T (t ) =Ce−αν
2t (2.18)

Which after substituting ν= nπ
L becomes

T (t ) =Ce−α
n2π2

L2 t (2.19)

Substitution of equation 2.19 and 2.16 in 2.8

U (x, t ) = B sin
(nπ

L
x
)
Ce−α

n2π2

L2 t (2.20)
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Above equation is true for any integer value of n

U (x, t ) =
∞∑

n=1
Bn sin

(nπ

L
x
)
Ce−α

n2π2

L2 t
(2.21)

In order to obtain the coefficients Bn the initial temperature profile U (x,0) = f (x) will be used.

f (x) =U (x,0) =
∞∑

n=1
Bn sin

(nπ

L
x
)

(2.22)

Multiplying both sides by the term sin
(mπ

L x
)
, integrating over the whole length of the slab and

using orthonormality of the sine functions∫ L

0
f (x)sin

(mπ

L
x
)

d x =
∫ L

0

∞∑
n=1

Bn sin
(nπ

L
x
)

sin
(mπ

L
x
)

d x (2.23)

Since Bn is a constant, the right hand side can be written as,∫ L

0
f (x)sin

(mπ

L
x
)
d x =

∞∑
n=1

Bn

∫ L

0
sin

(nπ

L
x
)

sin
(mπ

L
x
)

d x (2.24)

The solution of the integral
∫ L

0 sin
(nπ

L x
)

sin
(mπ

L x
)

d x is,{
L
2 if m = n

0 if n 6= m
(2.25)

Rewriting Equation 2.24, ∫ L

0
f (x)sin

(mπ

L
x
)
d x =

∞∑
n=1

Bn
L

2
δmn (2.26)

where δmn is defined to be one in case m = n and zero otherwise. From equation (2.23) the
solution of Bn is obtained for n = m is [23, P. ]

Bn = 2

L

∫ L

0
f (x)sin

(mπx

L

)
(2.27)

This equation can be used to obtain the final temperature distribution.

U (x, t ) =
∞∑

n=1
Bn sin

(nπ

L
x
)
e−α

n2π2

L2 t (2.28)

where f (x) represents the initial condition of the slab. U (x, t ) represents the temperature at a
point x at a time t .

Matlab results

A MATLAB model is implemented to simulate the heat distribution in a slab with quenching
boundary conditions, by taking the solutions from the above analytical solution. Bn is calcu-
lated for n =1 to 1000 using equation (2.27) based on the actual physical parameters of olive
oil [25]. The values of these parameters are shown in table 2.2.
The graph 2.3 represents the temperature profile in a slab for the quenching boundary prob-
lem represented by equation 2.28. The time required for a 0.02 m long slab to reach steady state
is observed. Since, the study is for imposed boundary conditions, where the temperature as-
sumed at boundaries is always 0 ◦C, and since there is no heat generation, it can be expected
that the time needed for the total thickness of the slab to reach 0 ◦C is the time required to reach
steady state. However, using the Equation 2.28 the temperature reaches a near 0 ◦C but not 0 ◦C.
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8 3D Printed Electrically Controlled Pneumatic Switch

Therefore, the time constant for the system is determined. The time required for a 0.02 m long
slab at 60 ◦C elevated temperature to reach 22 ◦C elevated temperature (which is 1/e times of
the initial elevated temperature) at the centre of slab is approximately 551.36 s, which is the
time constant of the considered model. The time constant is shown in Figure 2.5, where the
temperature vs time is plotted at the centre of the slab and ’Tc’ in the figure denotes time con-
stant. The temperature is studied in ◦C scale. As the boundary conditions are taken on the ◦C
scale.

Figure 2.3: Temperature profile from MATLAB simulation of transient quenching analysis of a slab,
n =1000.

Parameters/Settings MATLAB COMSOL
Length of slab (L) (m) 0.02 0.02
Initial temperature with in slab 60 ◦C 333.15 K
Set temperature at boundaries 0 ◦C 273.15 K
Thermal conductivity k (Wm−1 K−1) 0.17 0.17
Density ρ (kgm−3) 917 917
Heat capacity c (Jkg−1 K−1) 1970 1970
Thermal diffusivity α (m2/s) 9.4105×10−8 9.4105×10−8

Simulation end time (s) 2500 2500
Cross-section Area Not required 1 m2

n terms 1000 Not required

Table 2.2: Slab with Imposed boundary: Settings on MATLAB and COMSOL.

COMSOL heat flow simulation

The physical parameters that were used in the MATLAB simulation were also used to build a
FEM model. By using the Heat transfer module in Solid physics the results are obtained through
time-dependent study analysed for a time period of 2500 s and graphs are plotted for every
250 s to observe the heat flow at different times as shown in Figure 2.4. The time constant(time
required to reach 1/e of the initial temperature) from the attained graph is 557.24 s, shown in
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CHAPTER 2. MODEL 9

Figure 2.5. In COMSOL, the temperature input is given in Kelvin scale, but the end graphs are
presented in ◦C.

Figure 2.4: Temperature profile from COMSOL simulation of transient quenching analysis of slab

Figure 2.5: Time constant (τ) when temperature at the centre of the slab is plotted, in MATLAB (left
side) and COMSOL (right side) by curve fitting. Same time points are taken for curve fitting as shown in
Figure 2.3 and Figure 2.4

2.2.4 Conclusion slab analyses

The results of the analytical equations, as used in MATLAB, and the COMSOL model simula-
tions are shown in figures 2.3 and 2.4 respectively. It can be discerned that there is a similar
trend in temperature change with position and time. The temperatures used in the analysis
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10 3D Printed Electrically Controlled Pneumatic Switch

represent the relative temperature difference. These simulations are further compared in terms
of time constant(τ) when the centre point of the slab is selected and temperature vs time graph
is potted as shown in Figure 2.5. The ’Tc’ in the figure is the time constant of the exponen-
tial curve fit and there is an error of 1 % in time constant between the MATLAB and COMSOL
model. Since both the models show a similar behaviour, it is concluded that they are consistent.

Figure 2.6: Time constant(τ) using the curve fitting(red plot) and term L2

απ2 , as function of length of slab

Since the time constant is approximately 550 s for a slab of 20 mm it can be concluded that, if
quenching boundary conditions can be applied in real life, it may be hard to build an actuator
that is able to have the required bandwidth. So the effect of length of the slab on time constant
is further studied and the graph is presented in Figure 2.6. Moreover, Figure 2.6 shows the com-
parison between the time constants from the curve fitting and the time constants attained from
the first term of the series αn2π2

L2 αn2(where n =1) at different lengths of the slab. The maximum
error in graph is 9.2 % at 0.02 m when compared with the time constant attained from curve
fitting. For a slab of length 2 mm the time constant is approximately 5.2 s. Moreover, the mate-
rial properties selected in the simulations is olive oil, selection of materials with better thermal
diffusivity can reduce the time constant. However, to apply quenching boundary conditions in
practice would require proper and active cooling.

2.3 Sphere

In this section analytical equations representing the heat conduction in a sphere are studied in
steady state and transient state. In transient analysis, a similar problem of quenching as was
done for a slab is solved along with the problem of a sphere with internal heat generation and
convection boundaries. [23] [20, P. 183-250] The sphere with heat generation and convection
boundary conditions is expected to closely represent the experimental model.In a 3D sphere
The partial differential equation representing the heat conduction of a 3D sphere (in spherical
coordinates) is given by [17, P. 76] [20, P. 183]

1

r 2

(
∂

∂r
r 2k

∂U

∂r

)
+ 1

r 2 sin2θ

∂

∂φ

(
sinθk

∂U

∂φ

)
+ 1

r 2 sinθ

∂

∂θ

(
sinθk

∂U

∂θ

)
+ ėgen = ρc

∂U

∂t
(2.29)

where ėgen is the heat generated in the body per unit volume (W/m3), ρ represents the mass
density of the sphere, c represents the specific heat, k is the thermal conductivity of the material
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of the sphere and α is the thermal diffusivity of the body. U represents the temperature as a
function of position and time.

2.3.1 Heat Transfer in a Sphere without heat generation in steady state

We assume a hollow sphere of inner radius r1 and outer radius r2. Using the spherical symmetry
the problem only depends on r . So, for this 1D problem, assuming steady state analysis, i.e.
without heat generation, the spherical heat conduction 2.29 can be written as [22] [17, P. 73].

∂

∂r

(
r 2k

∂U

∂r

)
= 0 (2.30)

Considering thermal conductivity k, as constant material property

∂

∂r

(
r 2 ∂U

∂r

)
= 0 (2.31)

Boundary conditions assumed are

U (r1) = T1 (2.32)

U (r2) = T2 (2.33)

where T1 and T2 are the temperatures at boundary r1 and r2, respectively.
Integrating the equation (2.30) once results in

r 2k
∂U

∂r
=C1 (2.34)

Integrating the above equation again results in

U (r ) =−C1

r
+C2 (2.35)

The substitution of the boundary conditions in Equation 2.35 gives

U (r1) = T1 →−C1

r1
+C2 = T1 (2.36)

U (r2) = T2 →−C1

r2
+C2 = T2 (2.37)

Solving the above equations for C1 and C2

C1 =− r1r2

r2 − r1
(T1 −T2)

C2 = r2T2 − r1T1

r2 − r1

(2.38)

The temperature as function of the radial position in the sphere is given by

U (r ) = r1r2

r (r2 − r1)
(T1 −T2)+ r2T2 − r1T1

r2 − r1
(2.39)

The heat flux is given by [26, P. 7] [17, P. 18]

Q̇
′′ =−k

dU

dr
= k

r1r2

r 2[r2 − r1]
[T1 −T2] (2.40)

The heat loss, representative of the total heat conduction through the body surface is (heat rate)

Q̇loss =−k A
dU

dr
(2.41)
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Figure 2.7: Sphere With Imposed Boundary Conditions

After substitution of the area of a sphere and equation 2.38, this becomes

Q̇loss =−k(4πr 2)
C1

r 2 (2.42)

After cancelling r this becomes:
Q̇loss =−4πkC1 (2.43)

And after again replacing C1 from equation 2.38 this becomes:

Q̇loss = 4πkr1r2
T1 −T2

r2 − r1
(2.44)

2.3.2 Steady state heat conduction in a sphere with internal heat generation

In case of a spherical body transient state analysis, the above equation 2.29 can be simplified
to

1

r 2

(
∂

∂r
r 2 ·k

∂U

∂r

)
+ ėgen = ρc

∂U

∂t
(2.45)

Consider a steady state condition with heat generation, then the temperature is constant with
respect to time [22]

1

r 2

(
∂

∂r
r 2 ·k

∂U

∂r

)
+ ėgen = 0 (2.46)

The solution for the differential equation (2.46) is given by [27]

U =− ėgenr 2

6k
+ A

r
+B (2.47)

2.3.3 Sphere Transient Analysis

As done with slab, a quenching problem of a sphere of radius b, shown in Fig2.7, is considered
during the transient analysis.
The equation governing the heat flow in a 1D sphere of radius b is given by [23]

1

r 2

(
∂

∂r
r 2 ∂U

∂r

)
= 1

α

∂U

∂t
(2.48)

The boundary conditions and initial condition for this situation are

U (b, t ) = 0

∂U

∂r

∣∣∣∣
r=b

= 0 ∀ t > 0

U (r,0) = f (r )

(2.49)
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When using separation of variables

U (r, t ) = R(r )T (t ) (2.50)

By substituting the above equation in 2.48 and rearranging

1

r 2R

∂

∂r

(
r 2 ∂R

∂r

)
= 1

αT

∂T

∂t
(2.51)

Then equating both sides of the above equation 2.51 to −λ2 gives

dT

dt
+λ2αT = 0 (2.52)

1

r 2

d

dr

(
r 2 dR

dr

)
+λ2R = 0 (2.53)

Solving both equations 2.52 gives

T (t ) = ce−αλ
2t (2.54)

R(r ) = A| sin(λr )

r
+B | cos(λr )

r
(2.55)

where A| and B | are constants. Since B | has to be 0 to satisfy U = 0 at r = 0. Then the boundary
condition at r = b (see equation 2.49) yields the following eigenvalues

λn = nπ

b
(2.56)

After substitution in equation 2.55, this gives

Rn(r ) = A|
n

r
sin

(nπr

b

)
for n=1,2,3... (2.57)

Substitution of 2.54 and 2.57 in 2.50 gives

U (r, t ) =
∞∑

n=1
Rn(r )T (t ) (2.58)

Which after substitution of the equation 2.52 and 2.57 becomes

U (r, t ) =
∞∑

n=1

An

r
sin(λnr )e−αλ

2
n t (2.59)

Where An = A|
nc with n=1,2,3.. An can be determined from initial conditions

U (r,0) = f (r ) =
∞∑

n=1

An

r
sin(λnr ) (2.60)

The equation 2.60 is similar to the Fourier series with Fourier’s coefficients

An = 2

b

∫ b

0
f (r |)sin

(
λnr |)r |dr | (2.61)
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Figure 2.8: MATLAB simulation of transient analysis quenching of sphere, for n =1000

Parameters/Settings MATLAB COMSOL
Radius r in (m) 0.02 0.02
Initial temperature with in Sphere 60 ◦C 333.15 K
Set temperature at boundaries 0 ◦C 273.15 K
Thermal Conductivity Wm−1 K−1 0.17 0.17
Density kgm−3 917 917
Heat capacity in Jkg−1 K−1 1970 1970
Thermal diffusivity α (m2 s−1) 9.4105×10−8 9.4105×10−8

Simulation end time (s) 2200 2200
n terms 1000 1000

Table 2.3: Sphere with Imposed boundary settings on MATLAB and COMSOL

Matlab results

MATLAB simulation is performed for the sphere with imposed boundary conditions, as is done
for slabs, using solutions derived from analytical analysis. Firstly, An is calculated using equa-
tion (2.61) based on the assumed physical parameters of the sphere and then the final solution
is implemented using equation (2.59). The used parameters, resembling the values of olive oil,
are shown in table 2.3.
The graph 2.8 represents the temperature profile in a sphere for the imposed boundary prob-
lem represented by equation (2.59). The temperature profile along the radius is plotted for
every 220 s. In the case of quenching, using the Equation 2.60 the temperature reaches a near
0 ◦C but not 0 ◦C. Therefore, the time constant for the system is determined. From graph 2.8,
it apparent that the time required for a sphere of radius 0.02 m at 60 ◦C to reach 22 ◦C is ap-
proximately 700 s. To get a good estimate on the time constant curve fitting is performed the
temperature vs time plot obtained when considering the centre of the sphere, this is shown in
Figure 2.10.
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Figure 2.9: COMSOL simulation of transient analysis quenching of sphere.

COMSOL Heat Flow Simulation

The same physical parameters that are used in the MATLAB simulation are used to build the
model in COMSOL using the module for heat transfer in solids. The results are obtained
through a time-dependent study, analysed for a time period of 2200 s. The graphs are plot-
ted for every 220 s to observe the heat flow at different times as shown in graph 2.9. Further-
more, the temperature profile of the entire volume of sphere at initial condition t =0 s and at
tend =2200 s can be clearly observed in 2.11 and 2.12 respectively. The time constant of the
model studied is 679.6 s, shown in Figure 2.10.
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Figure 2.10: Time constant (τ) when temperature plots(blue) at the centre of the sphere in transient
quenching situation is curve fitted(red), MATLAB (left side) and COMSOL (right side). Same time points
are taken for curve fitting as shown in Figure 2.8 and Figure 2.9

Figure 2.13: MATLAB, time constant obtained from curve fit (red plot) and 1
αλ2 (blue plot) with change

in radius of sphere for transient quenching situation.
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Figure 2.11: COMSOL Temperature pro-
file of Sphere Quenching at t=0 s

Figure 2.12: COMSOL Temperature pro-
file of Sphere Quenching at t=2200 s

Conclusion

The analytical equations and corresponding MATLAB simulations and the COMSOL model
simulations shown in figures 2.8 and 2.9 respectively, show a similar trend in temperature
change with position and time. Even though there is a small error of 2.7 % in time constant,
since both models show very similar behaviour, it is concluded that they are consistent.

Since the time constant is approximately 660 s it can be concluded that, even if quenching
boundary conditions of the sphere can be applied in real life, it would not be feasible to build
an actuator that is able to have the required bandwidth without use of any additional cool-
ing. Therefore, it would be interesting to study the effect of radius on the time constant. In
Figure 2.13 the time constant with change in radius of a sphere is shown when two different
methods to determine time constants are used, namely using curve fitting and other using an
approximation 1

αλ2 . These plots show that with lower radius a better cooling time constant can
be achieved. The maximum error in the graph 2.13 at 0.02 m (approximately at 29 %) can be
due to the significant decrease in the λn value with increase in radius which makes the λ value
change significantly for values of n > 1.

2.3.4 Transient analysis of sphere with internal heat generation

Figure 2.14: Transient case of sphere with internal heat generation, indicating the initial condition.

A solid sphere of radius ’b’ and initial temperature f (r ) is considered as shown in figure 2.14.
For t > 0, there is heat convection at boundary r = b with a convection coefficient of h. The
heat generation is considered as uniform heat generation in the sphere. From equation 2.29,
the 1D governing equation in r for the particular condition can be written as [20, P. 203]

1

r 2

(
∂

∂r
r 2k

∂U

∂r

)
+ ėgen = ρc

∂U

∂t
(2.62)

Where,

• r represents the position along radius of sphere.
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• U represents the temperature as a function of position and time U (r, t ).

• k is thermal conductivity

• ėgen (represented later by go) uniform heat generation in the sphere per unit volume.(in
Wm−3)

• ρ mass density of the sphere

• c is the Specific heat capacity of material of the sphere

• t is time.

The above equation 2.62 can be written as

∂2U

∂r 2 + 2

r

∂U

∂r
+ go

k
= 1

α

∂U

∂t
(2.63)

where α is the thermal diffusivity, given by α= k
ρc and ėgen = go.

Boundary conditions considered in this derivation are as follows:

U (r → 0) =⇒ finite and −k
∂U

∂r

∣∣∣∣
r=b

= hU (b, t ) (2.64)

The initial condition that is used is:
U (r,0) = f (r ) (2.65)

To effectively solve the partial differential equation in spherical coordinates the transformation
T (r, t ) = rU (r, t ) is introduced. This reduces the equation (2.63) into a similar Cartesian heat
equation which can be solved. [20, p. 194]
Because of the introduced transformation the partial differential equation (2.63), boundary
conditions (2.64) and the initial condition change accordingly. [20, P. 196,204]

∂2T

∂r 2 + gor

k
= 1

α

∂T

∂t
(2.66)

Boundary conditions are transformed to,

T (0, t ) = 0 and
∂T

∂r
+

(
h

k
− 1

b

)
T = 0 at r = b (2.67)

The initial condition is transformed to

T (r,0) = r f (r ) (2.68)

Equation (2.66) is non-homogeneous and therefore can be solved by using superposition trans-
formation T (r, t ) =Ψ(r, t )+Φ(r ).
WhereΦ(r ) is a non-homogeneous Ordinary differential equation andΨ(r, t ) is a homogeneous
partial differential equation and boundary conditions are transformed.
Solving Φ(r ) which is a 1D problem:

∂2Φ

∂r 2 + gor

k
= 0 in 0 ≤ r < b (2.69)

Using boundary condition from equation 2.67, they transform to,

Φ(r = 0) = 0 and
dΦ

dr
+KΦ= 0 at r = b (2.70)
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Where

K = h

k
− 1

b
(2.71)

Integrating equation (2.69) twice, to form a particular solution

Φ(r ) =C1 +C2r − go

6k
r 3 (2.72)

By substituting boundary conditions from (2.70),

C1 = 0 and C2 =
(

bgo

6h

)(
2+ hb

k

)
(2.73)

Therefore the particular solution for Φ(r )

Φ(r ) = r
(
C2 − go

6k
r 2

)
(2.74)

Now the homogeneous PDE Ψ(r, t ) needs to be solved to find the total solution. The equation
(2.66) transforms as

∂2Ψ

∂r 2 = 1

α

∂Ψ

∂t
in 0 ≤ r < b t > 0 (2.75)

Using boundary condition and initial condition from equation 2.67, they transform to,

Boundary conditions: Ψ(0, t ) = 0 and
dΨ

dr
+KΨ= 0 at r = b

Initial condition: Ψ(r,0) = r f (r )−Φ(r )
(2.76)

Using the separation of variables,
Ψ(r, t ) = R(r )Γ(t ) (2.77)

Substituting the above equation in (2.75) and separating the equation in terms of R and Γ.

1

R

d2R

dr 2 = 1

αΓ

dΓ

dt
1

R

d2R

dr 2 =−λ2

1

αΓ

dΓ

dt
=−λ2

(2.78)

Solution of the differential equation in t gives:

Γ(t ) =C1e−αλ
2t (2.79)

Solution of the differential equation in r gives:

R(r ) =C2 cos(λr )+C3 sin(λr ) (2.80)

Using the boundary conditions from (2.76), C2 = 0, therefore,

R(r ) =C3 sin(λr ) (2.81)

The following transcendental equation is obtained from the second boundary condition:

λn cotλnb =−K → λn for n = 1,2,3, ... (2.82)

The solution of ODE (2.76) is,

Ψ(r, t ) =
∞∑

n=1
Cn sin(λnr )e−αλn

2t where Cn =C1C3 (2.83)
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Parameters/Settings MATLAB COMSOL
Radius b (m) 0.02 0.02
Initial temperature with in the sphere 0 ◦C 273.15 K
Convection coefficient h (W/m2K) 10 10
Uniform heat generation go (Wm−3) 2.6857×104 2.6857×104

Thermal Conductivity k (Wm−1 K−1) 0.17 0.17
Density ρ (kgm−3) 917 917
Heat capacity c (Jkg−1 K−1) 1970 1970
Thermal diffusivity α (m2 s−1) 9.4105×10−8 9.4105×10−8

Simulation end time tend 5000 s 5000 s
n terms 2001 2001

Table 2.4: Sphere with Internal Heat Generation settings on MATLAB and COMSOL

Using the initial condition

Ψ(r,0) = r f (r )−Φ(r ) =
∞∑

n=1
Cn sin(λnr ) (2.84)

By using the operator below, the Fourier coefficient Cn is solved

∗
∫ b

r=0
sin(λq r )dr (2.85)

The value of Cn is

Cn =
∫ b

r=0[r f (r )−Φ(r )]sin(λnr )dr∫ b
r=0 sin(λnr )dr

(2.86)

The final solution U (r, t ) is obtained by

U (r, t ) = T (r, t )

r
and T (r, t ) =Ψ(r, t )+Φ(r ) (2.87)

This gives

U (r, t ) =
∞∑

n=1
Cn

sin(λnr )

r
e−αλ

2
n t +

(
C2 − go

6k
r 2

)
(2.88)

Matlab Results

MATLAB simulations are done for the sphere with convective boundary and uniform inter-
nal heat generation condition, by using the solutions from the obtained analytical solutions.
Firstly, the Cn values are calculated using equation (2.86) based on the assumed physical pa-
rameters of the sphere, and then the final solution is implemented using the equation (2.88).
The parameters used in calculations are shown in table 2.4.
The graph 2.15 represents the temperature profile in a sphere with the convective boundary
with internal heat generation problem represented by equation 2.88. The temperature profile
of a sphere of radius of 0.02 m when heated for 5000 s is simulated. At this time it can be stated
that, an approximate equilibrium is obtained between heat loss due to convection and heat
generation, though there will be very small changes in temperature. Once the equilibrium is
attained the body remains at that temperature until there is external physical interference’s or
change in heat generation output. From the graph 2.15, its apparent that time required for a
sphere of radius 0.02 m at 0 ◦C to reach a maximum temperature is approximately 5000 s. When
a temperature vs time graph is plotted for the position, centre of the sphere, the time constant
attained from the the curve fitting is approximately 1600 s.
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Figure 2.15: MATLAB simulation of sphere with internal heat generation and convective boundaries,
plotted in time intervals of 500 s for t=5000 s (for n =2001)

Figure 2.16: COMSOL simulation of sphere with internal heat generation and convective boundary,
plotted in time intervals of 500 s for t=5000 s

COMSOL heat flow simulation

The physical parameters that are used in the MATLAB simulation are used as well to build the
model in COMSOL using heat transfer in Solids module. The results are obtained through time-
dependent study analysed for a time period of 5000 s and graphs are plotted for every 500 s to
observe the heat flow at different times as shown in graph 2.16. The temperature profile of
the entire volume of the sphere at the initial condition t =0 s and after almost reaching the
maximum temperature at tend =5000 s can be clearly observed in 2.17 and 2.18 respectively.
The time constant that is attained from the graph is, 1585.72 s shown in Figure 2.19.

Conclusion

The analytical model as used in the MATLAB simulations and the COMSOL model simulations
shown in figures 2.15 and 2.16 respectively show a similar trend in temperature change with
position and time. The maximums from both graphs are approximately identical. This helps
in cross verification of the analytical equation with the COMSOL model. Moreover, the time vs
temperature at the centre of the sphere is plotted from both the MATLAB and COMSOL simula-
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Figure 2.17: COMSOL Temperature pro-
file of Sphere with internal heat genera-
tion at t=0s.

Figure 2.18: COMSOL Temperature pro-
file of Sphere with internal heat genera-
tion at t=5000 s

Figure 2.19: Time constant (τ) when temperature plots(blue) at the centre of the sphere in transient
heating situation is curve fitted(red), MATLAB (left side) and COMSOL (right side). Same time points are
taken for curve fitting as shown in Figure 2.15 and Figure 2.16

tions and time constants are determined using curve fitting for better approximation, these are
presented in Figure 2.19. The error in time constant is 0.94 % when compared to the MATLAB
simulation. Since both models show similar behaviour in time and space, it is deduced that
they are consistent.

Since the time constant is approximately 1600 s shown in Figure 2.19, it can be concluded that
convective boundary conditions with heat generation can be applied in real life, it would be fea-
sible to build an actuator but it would be hard to acquire the required bandwidth with the given
radius and thermal diffusivity of the material. Moreover, to apply these boundary conditions
in practice would require proper uniform heating and cooling (uniform external temperature).
Therefore, to further study the relation between the radius and time constant a graph is plot-
ted as shown the time constant attained with curve fitting Figure 2.19. This graph can help in
determining the radius for the required time constant.
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Figure 2.20: MATLAB, time constant obtained from curve fit (red plot) and 1
αλ2 (blue plot) with change

in radius of sphere for transient internal heating with convective boundaries situation.

2.4 Discussion

In the method of one term approximation in [17], only the first term of the infinite series i.e.,
the first definite value of λ is used in transient analysis to get the temperature in a body with
respect to position and time. Using this approximation, the time constants from the curve fit-
ting simulations are compared to the first term of 1

αλ2 using only the first definite value of λ as
shown in Equation 2.88 and a graph is plotted as shown in Figure 2.20. The Figure 2.20 shows
that at a radius of 0.02 m the maximum error in time constant from first term approximation
is 9.6 % when compared to time constant from curve fitting, and this error decreases with de-
crease in radius of the sphere. Therefore, this term can also be used in the (first) estimation of
the time constant at lower radii without the use of curve fitting.
When the time constants in Figure 2.10 and Figure 2.19 are compared to the required switch-
ing time of 1.5 s (as mentioned in section 1), in case of sphere quenching a sphere of radius
0.002 m have a time constant of 1.55 s as shown in Figure 2.13 i.e., for the actuator of radius
0.002 m requires 1.55 s to reach 36.7 % of the initial maximum temperature. Figure 2.20 shows
the tome constant dependency on radius during heating. Based on this it can be seen that
there are stringent requirements on the radius of the actuator to attain the required switching
time during heating or cooling. As for the heating, the required temperature gradient can be
controlled with the maximum temperature reached which is a function of input power, but the
power (and the maximum temperature) that is required to attain the set gradient will be higher
with increasing time constant. Though these analytical solutions give a good approximation on
the actuator design in ideal conditions some of the factors like change in thermal conductivity
and density due to change in temperature are not included.
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2.5 Conclusion

In this chapter analytical analyses were done in 1D steady state and 1D transient situations
in both slab and sphere geometries. The analytical solutions from the study are implemented
using MATLAB and the simulations are furthermore compared with FEM (COMSOL) simula-
tions. From these simulations the time constants are determined which are representative of
the response time of a potential actuator of approximately same size. Furthermore, the time
constants obtained from MATLAB and COMSOL model simulations are approximately equal
as shown in Figure 2.10 and Figure 2.19. In both cases there is a percentage error of less than
3 % in the time constant from MATLAB when compared to COMSOL. Which allows the conclu-
sion that the analytical model and FEM model are consistent.
It is speculated that to built the actuator the radius of the actuator needs to be as small as
possible and suitable materials are required in the process to design a reliable actuator for the
determined application. To study the functioning of the actuator in real time a physical model
needs to be designed and fabricated and experiments need to be conducted.
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3 Design

This chapter focuses on the various design decisions made regarding the model and material
selection for 3D printing of these designed models. Different ideas for the design of the actuator
along with the motivation for the test design are discussed in this section.

3.1 Concepts

3.1.1 Solid Block Heating

Figure 3.1: Design Sketch for solid block heating with; solid block( in red color), flexible membrane (in
blue color) and casing(in black color)

In this concept, the idea is to use a solid block that expands(or contracts) on heating(or cool-
ing). The linear expansion of the solid block due to heating will expand the membrane and
contracts when the solid cools down again. Since the temperatures from the heater might be
higher than the normal human body temperature, it is important to avoid any direct contact
between the heater and the human body. For this model to work, there are important require-
ments on materials for 3D printing.

• The material should have a higher linear expansion coefficient at low temperature
changes to meet the actuator requirements.

• A Flexible and non-porous material is required as a membrane.

• The solid block material ideally should also be conductive, so that the material can act as
heater itself. If not, an external heater is required.

• The material should be 3D printable.

The advantage of this model is that, since all the parts are solid, it is easy to 3D print provided
appropriate materials with the required properties are available. It is easy to handle(or use)
since there are no parts that need critical handling. The commonly used 3D printed mate-
rials and their properties can be seen in [1]. Some of the 3D print materials with their ther-
mal expansion coefficient and specific heat capacity are presented in Table 3.1. From this ta-
ble, the highest thermal expansion coefficient is of Thermoplastic Polyurethane (TPU) with
157µmm−1 ◦C−1. The heat deflection temperature is low but for the application as an actuator
it is reasonable to keep the temperature within these limits. However, when the a TPU block
of length 100 mm is heated from 20 ◦C to 60 ◦C (∆T =40 ◦C) a change in length due to thermal
expansion is 0.6 mm, refer to Equation A.1 [28].

From this simple calculation, it is apparent that using the materials in the Table 3.1, it is hard to
realise an actuator with the prescribed requirements even after neglecting the linear expansion
of casing material due to heating. Therefore, this particular design concept cannot be imple-
mented so a different design concept is required.
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S.no Material Coefficient of Heat deflection Specific Heat
Expansion µmm−1 ◦C−1 temperature ◦C Jg−1 ◦C−1

1 PLA [29] 68 52 1.8
2 ABS [30] 90 98 1.6 - 2.1
3 Nylon [31] 95 80-95 1.8
4 Polypropylene [32] 150 121 1.92
5 TPU 157 60-74 1.7-1.9

Table 3.1: Thermal properties of commonly used 3D print materials [1]

3.1.2 Block in the centre design

In this concept, a porous solid block is placed in the actuator which can expand when heated
and contract when cooled, by the use of a fluid, as shown in Figure 3.2. The fluid is heated
through a heater, which heats the solid block via convection and conduction. The solid block
can be any 3D printable material that has a high thermal expansion coefficient and the solid
block being porous increases the surface area for heat transfer. Due to the heating of fluid and
solid, there will be a thermal expansion of both materials therewith causing the expansion of
the membrane. However, this design has the same drawbacks as the previous design, such as
the minimal thermal expansion of solid 3D printable materials available and the need for an
external heater in addition to the block.
Though the motivation for the usage of solid material in actuation is due to the ease of 3D
printing and handling with solid materials, there is an increase in the number of parts due to
inclusion of the additional heater. To avoid the use of the additional heater the porous block
may be used as heater, however, support structures are required to 3D print the porous block as
shown in Figure 3.2. Moreover, since fluids (for example refer Table 3.2) have a higher thermal
expansion than solids (refer Table 3.1), the actuation due to volume expansion of solid block is
lower than that of fluid, it is preferable to remove the porous block and substitute it with fluid
to improve the design’s performance. Therefore, a different and standard design is considered.

Figure 3.2: Design Concept of block in centre design; heater (in red color), flexible membrane (in blue
color), casing (black color), porous block (in dark grey color with white dots) and fluid (in grey color)
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3.1.3 Directly heating a Fluid

In this concept, there will be no solid block as shown in Figure 3.3 but a heater is placed just
for the purpose of heating the fluid in the actuator. When the fluid is heated, the volumetric
expansion of the fluid induces a pressure that causes hydraulic deformation of the membrane.
This design is simple compared to the design in Figure 3.2 therefore it should be easily 3D
printable.
In this design, the important factors are the heater, membrane and fluid used. The heater used
in this model should be 3D printable and can generate the required heating conditions. The
fluid in this model may be either a gas or a liquid, but liquids are preferable because they are
easier to handle than gases, and gas design are more challenging than liquid design designs.
Therefore, further investigation is required to select the materials that are best suitable for the
optimum working of the actuator.

Figure 3.3: Design Concept of directly heating a fluid; heater (in red color), casing in (black color) and
flexible membrane (in blue color)

3.1.4 Conclusion

The design concept of directly heating the fluid is chosen as a feasible concept because of the
simplicity of the design and the feasibility of 3D printing. Since these choices are mainly mo-
tivated by the properties of common materials available for 3D printing; if any other materi-
als that provide better properties in terms of thermal expansion coefficient become available,
more appropriate design considerations can be made. In this design it is important to make
sure the volumetric expansion of fluid due to change in temperature is high enough to actuate
the membrane to block the pneumatic tube of radius 2 mm. It is important that the thermal
expansion of the fluid should be higher than the casing(container) and the effective volume
change is required for the actuation of the membrane.

3.2 Fluid

While selecting the fluid, the important properties are a high coefficient of thermal expansion,
high thermal conductivity and low specific heat. When compared to gases a liquid is chosen as
a better option in the design due to its ease of handling, particularly during the design testing
process. The force exerted due to the expansion of the liquid with change in temperature allows
the membrane to expand. As liquids can be considered incompressible at normal pressures,
the volume change inside the actuator due to the expansion of the liquid is directly propor-
tional to the change in volume underneath the membrane. Furthermore, the fluid used should
be environmentally friendly and not have any adverse effects on the human body.
When the force required for the deformation of the membrane is higher than the force due to
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the expansion of liquid then the pressure within the actuator increases. Moreover, the liquid
selected should be filled in without any air gaps in a closed model so to ensure the efficiency of
the model.
Some of the approximate liquid properties are mentioned in Table 3.2 [33] [34] [35] . Though
Novec7000 has good properties the boiling point is at 34 ◦C at 1 atm pressure, which can be a
good choice in case of phase-change actuators [36].

S.no Fluid Thermal Expansion Coeff Specific Heat Boiling point
(at 20 ◦C-25 ◦C) (in ◦C−1) (in Jg−1 ◦C−1) (in ◦C)

1 Water 2.1×10−4 4.18 100
2 Olive oil [37] [38, 356] 7×10−4 2 180
3 Silicone transformer oil 10.4×10−4 1.51 150 - 400
4 Novec 7000 [36] 21.9×10−4 1.3 34

Table 3.2: Expansion coefficient and Specific heat table

3.3 Casing

The role of the casing is to provide a robust support to the actuator design and to hold the
membrane and the heater, with minimum change in size when heated. The shape of the casing
design is selected to be a cylinder based on the application, as the actuator is to be placed
within the insertion tubes of endoscopy which are already having cylindrical supply lines it
would be easy to fit. Furthermore, if a cuboid shape is selected there is the possibility that the
sharp corners might damage the insertion tube.

3.3.1 Casing Material(s)

The available 3D printable materials for the casing are PLA, ABS and Nylon. These materials,
as commonly used for prototyping, are taken into consideration for the outer casing. Some
properties of PLA, ABS and Nylon can be found in Table 3.1.

Nylon:

A test print is made with Nylon (DSM novamid ID 1030 ). The advantage of nylon is that it is
lighter and provides good adhesion with protopasta. But the material is hygroscopic. Due to
this Nylon cannot be used in the actuator design.

ABS:

ABS is also another commonly used material for prototyping. ABS is a rigid material and lighter
than PLA but requires a high temperature for printing which makes it prone to warping. [39]

PLA:

As a commonly used material for FDM (fused deposit modelling) 3D printing, PLA is easy to
3D print. High-resolution prints can be obtained by using PLA. The advantage of PLA is that it
is stiff and strong when compared to ABS [40]. The melting point of PLA is around 150-160 ◦C
with a heat deflection temperature of 55 ◦C approximately. [1]
PLA is chosen as the material for the casing, mainly because of the relative ease of 3D printing
when compared to ABS. Moreover, the thermal expansion coefficient of PLA is lower than that
of ABS so there will be a minimum change in volume when there is a change in temperature.
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3.4 Heater

The most important part of the actuator is the heater as the actuation itself depends on the
thermal properties of the heater used. The most important thermal properties are thermal
conductivity, heat capacity and electrical resistance of the material. Furthermore, the heater
used should be able to withstand the temperatures the actuator is designed for.

3.4.1 Heater Material

The 3D printable filaments that are available and suitable as a heater are carbon black filled
TPU called PI-ETPU and carbon-infused PLA called protopasta.
There is fairly limited data on the thermal properties of these two materials. Therefore, based
on the better 3D print quality with the selected casing material. The material for heater is se-
lected.

PI-ETPU

PI-ETPU is electrically conductive TPU(Thermoplastic polyurethane). This filament is TPU in-
fused with carbon black [41]. PI-ETPU is a flexible material when compared to proto-pasta.
Based on the experience gained from the 3D printed designs, it was concluded that the adhe-
sion of PI-ETPU with PLA is not reliable.

Proto pasta

The type of Proto-Pasta used is electrically conductive PLA. It is PLA infused with carbon black
(around 22 %) which gives electrical conductivity to the material [42]. As this filament mostly
contains PLA it has good adhesion properties with PLA which is used as casing material.

Heater shape

The heater is printed using Electrically conductive PLA. When modelling the actuator the im-
portant factor is the design of the heater. The heating capacity of the heater depends on the
shape and size of the heater. As the size of the actuator is limited the shape used is important
and a trade-off between various factors is required. Due to limited time, some simple structures
like cylinder and cuboid are assumed for the design of the heater.

3.4.2 Conclusion

Proto-pasta is chosen as the material for the heater, because of the better print quality with PLA
due to better layer to layer adhesion when compared to PI-ETPU. Due to the limited knowl-
edge on analytical equations for various structures a cylindrical structure is assumed for the
heater. For order of magnitude estimates on time constant a cylinder of limited length can be
approximated by a sphere of comparable size, with strongly resembling boundary conditions
as presented in equation Equation 2.64. Further study on suitable parameters for the design of
the heater is done in section Section 4.2.

3.5 Membrane

Ninjaflex is used as the material for the membrane because of its good adhesion with PLA,
which acts as a casing and also holds the membrane. Ninjaflex is a TPU that provides good
flexibility and also durability. [43] [44]

3.6 Designs

3.6.1 Actuator

A preliminary design is made to study the design feasibility with the selected materials. The
design of the model is shown in Figure 3.4. In this design, PLA is used for the casing, ninjaflex
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for the membrane and gasket and protopasta for the heater. The design consists of two parts;
one part is formed by the casing with the membrane and the other part consists of a lid to
cover the casing and a heater. Two individual parts are designed due to the limitation of the
available dual filament 3D printer (Flashforge creator pro). Two 3 mm screw holes are made on
the casing ninjaflex layer and top part to screw them together. A ninjaflex layer is printed on
top of the casing to provide better grip and to hold the liquid inside. This design is just made to
study the design feasibility.

Figure 3.4: Solidworks design; casing with membrane (on left side) and top with heater (on right side)

3.6.2 Open top actuator

The current design is used only to study heat conduction. Since it is hard to study the heat
conduction in closed structures an open design is made to be able to study the heat distribution
in the actuator. The model design can be seen in Figure 3.5. In this design a cylinder casing
with a cylindrical heater at the centre is present. The casing has an external radius of 18 mm,
the thickness of 2 mm (also at base) and depth of 10 mm. The heater has a radius of 2 mm and
height of 14 mm, furthermore, the bottom of the heater is designed as shown on the right-side
of Figure 3.5 to avoid any leaking of liquid. The height of the heater is higher than the casing
height so that it can be clamped to provide proper contact with the power supply. This design
will be referred to as ‘V1’ in the rest of the report and the dimensions of the casing and the
heater with their total volume is clearly represented in Table 3.4 and Table 3.3.

3.6.3 Enlarged open-top actuator

After the open top actuator shown in Figure 3.5, a second design was made by scaling the effec-
tive dimensions of the design shown in Figure 3.5 by a factor of two. The casing has an external
radius of 34 mm, thickness of 2 mm (also at base) and depth of 20 mm. The heater has a radius
of 4 mm and a height of 26 mm.The motivation to print an open top actuator is to verify the
change in time constant as discussed in Section 2.5. This design will be referred to as ‘V2’ in
the rest of the report and the dimensions of the casing and the heater with their total volume is
clearly represented in Table 3.4 and Table 3.3.

Design Outer Wall Casing Volume
radius(mm) thickness (mm) height (mm) (mm3)

V1 18 2 12 ≈ 12214
V2 34 2 22 ≈ 79897

Table 3.3: Casing parameters of designs V1 and V2
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Figure 3.5: Open top actuator with heater design (on the right side)

Figure 3.6: Enlarged open top actuator and heater design (on right side)

Design Heater radius (mm) Heater height (mm) Volume (mm3)
V1 2 14 ≈ 176
V2 4 26 ≈ 1307

Table 3.4: Heater parameters of designs V1 and V2

3.7 Interfacing

To conduct the required experiment the design is made as an open-top so that the thermal
camera can capture the temperature of the olive oil without any obstruction. The heater in
the shape of a cylinder is extended through the bottom of the cylinder so that connection can
be given at the bottom and the height of the heater is designed to be 2 mm higher than the
PLA casing, so that a clamp can hold the ends of the heater and provide the power supply to
the heater. The heater ends are coated with conductive silver to reduce the contact resistance
between the copper strips and ends of the heater. A test design is placed between the clamps
such that the heater top and bottom are connected through copper strips which are soldered
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with a wire, as shown in Figure 3.7. These wires are used for connecting to the external power
supply.

Figure 3.7: Open top actuator measurement setup with connections

3.8 Conclusion

The current design of the actuator consists of a heater that is 3D printed using protopasta,
a membrane that is printed by ninjaflex and a casing for the whole actuator that is printed
using PLA. Though olive oil is being used for testing, design can also be suitable for a phase
change actuator if the fluid like 3M Novec7000 is used and the design is airtight. The actuator
is electrically controlled so the power is supplied to the heater by using conductive silver. The
fabrication procedure and print settings are discussed in section 4. Even when the design can
be printed with the chosen materials, whether or not the actuator functions to match the re-
quirements is an important question. To further explore this , experiments are done to study
the heater and heat conduction in the fluid using the heater which is later discussed in section
5. Although membrane properties are important, no further experiments have been done to
study the membrane and its properties due to time constraints.
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4 Fabrication

This chapter explains the fabrication procedure and settings for various 3D prints used through
the experiment.

4.1 Test Design Prints

The designs are 3D printed using the Flashforge creator pro 3D-printer which can print up to
2 different filaments. [45] As the actuator cannot be printed in one (as a single print) because
of limitations of the 3D printer, two parts are printed which contribute to the final design. To
inspect the 3D printing properties like adhesion between different materials and various print
settings, some test designs are 3D printed. Other parts are printed to verify the print quality
and printing properties as mentioned below.

• Ninjaflex is printed as the membrane with PLA to check the adhesion and print feasibility.
This print provided a good adhesion and reliability with selected print settings.

• The casing material (PLA) is printed along with PI-ETPU or protopasta to check the print
feasibility. From this protopasta is selected because it is found that it has better adhesion
properties with PLA than PI-ETPU.

• Only the heaters are printed in a cylindrical shape of length 10 mm with protopasta to
study the resistance of the 3-D printed part based on the change in layer thickness, radius
and infill percentage as shown in Table 4.2.

• Protopasta is 3D printed with an angle of 45 deg from the base to check design feasibility
in case the design needs to have any angled heaters.

Based on these observations, various design choices and material choices are made for the
actuator, which are used to experiment using test designs. The 3D printing settings for PLA,
protopasta and Ninjaflex are presented in Table 4.1.

Print Setting Type PLA Protopasta Ninjaflex
Printing Temperature (◦C) 200 220 230
Heating Bed Temperature (◦C) 50 50 50
Layer Thickness(mm) 0.2 0.2 0.2
Infill Percentage (%) 20 100 100
Extrusion Multiplier 1.2 1.2 1.4
Nozzle Diameter (mm) 0.4 0.4 0.4
Printing speed (mm/min) 2000 2000 2000
Cam Dial 4 4 2
Outer Layers 3 3 3
Top and Bottom Layers 3 3 3

Table 4.1: 3D Printer Settings for PLA, Ninjaflex and protopasta

4.2 Heater test structures

Initially, the heater is designed as a block or cuboid as shown in Figure 3.4. The reason for this is
the high surface area when compared to a cylindrical structural shape. So more fluid will be in
contact with heater which can improve the rate of heat transfer. [46] However, to more closely
relate to the analytical model of a sphere, and to have boundary conditions comparable with in
the model in case of heat generation, the heater shape is changed to cylindrical. Furthermore,
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S.No Radius (mm) Infill (%) Layer thickness (mm)
1 2 20, 60 and 100 0.1, 0.15 and 0.2
2 3 20, 60 and 100 0.1, 0.15 and 0.2
3 4 20, 60 and 100 0.1, 0.15 and 0.2

Table 4.2: Heater resistance test parameters

to test the optimum print settings at which the resistance of the heater is lower (since the mode
of power supply is voltage controlled), 27 different 3D prints are printed by changing the radius,
infill percentage and layer thickness as shown in Table 4.2. Figure 4.1 shows the 3D printed
heaters with conductive silver ink applied on the edges.

Figure 4.1: Heater 3D prints

From these test prints, it is confirmed that there is good adhesion between PLA and protopasta
and also between PLA and Ninjaflex. Therefore, a feasible actuator design can be realised, using
these selected materials and print settings. However, more tests needed to to be done on the
total actuator design to test functional feasibility of the presented model.

4.3 Final Designs

4.3.1 First design

Since three different materials are required in the actuator design and the Flashforge can only
print two, it is divided into two parts. The first part consists of a hollow cylinder that is designed
with one open end and a membrane at the closed end. On the open end Ninjaflex is printed
which acts as a gasket, to give good grip at the contact surface and prevent leakage of liquid.
The material used for the cylinder is PLA and the material used for the flexible membrane is
also Ninjaflex. The second part consists of a top, to enclose the cylinder, and a heater. The
material used for the top is PLA and the heater is printed with Protopasta. Two screw holes
of 3 mm in diameter, to hold the top and casing of cylinder together, are included. For the
supply of power to the heater conductive silver is used. The Solidworks design of this model is
shown in Figure 3.4. The 3D prints are made using the same designs; the first part is shown in
Figure 4.2 and the second 3D printed part is shown in figure Figure 4.3.

Figure 4.2: 3D printed first part consist-
ing of; Membrane: 3D printed with Nin-
jaflex (material in blue color) and casing:
3D printed with PLA (material in pink
color)

Figure 4.3: 3D printed second part consisting
of; Top: 3D printed with PLA (material in Pink
color) and heater: 3D printed with Potopasta
(material in black color)
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4.3.2 Second design

The role of this design is to check the heat conduction within the actuator. Since the actuator
design is closed, it is hard to study the heat flow within the actuator. To facilitate this an open
top model as shown in Figure 3.5 is designed. In this design the heater is 3D printed using
protopasta and the casing using PLA. Using this design the heat flow can be studied by using a
thermal camera. Although this design does not closely represent the closed actuator due to the
fluid surface being in contact with external surroundings, this is the closest approximation that
can be done to study the heater and heat conduction and heat flow inside the actuator. The
print settings used for this model are the same as shown in Table 4.1.

4.3.3 Third design

The third design as shown in Figure 3.6, has a similar structure as the second design, how-
ever, the effective dimensions are increased by a factor 2 as shown in figure Figure 3.5. The 3D
printed part used the same materials and print settings as in the second design.

4.4 Holder

To perform the resistance measurement on the 3D printed heaters and to perform the test on
the second and third designs a reliable setup is required. For this purpose 2 different holders are
fabricated. The holder consists of Delrin top and bottom plates which are connected through
the use of 6 mm screws and bolts. Alternatively any other non-conductive material that can
withstand soldering can be used. Two bolts are used to adjust the height of the top plate relative
to the bottom plate, therefore, the length of the screws used must be higher than the length of
the heater. To provide power supply to the heater conductive copper tape strips are used to be
in contact with heater. Wires are soldered to the copper strips through which the power supply
is connected. Two different holders are fabricated; the first holder, shown in Figure 4.4, is used
for resistance measurement and the second holder, shown in figure Figure 4.5, is used for heat
flow measurement in the open top designs.

Figure 4.4: Setup for 4 point Resistance Measurement

Figure 4.5: Holder for open top actuator clamping and power supply connections with copper tapes and
soldered wires
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4.5 Conclusion

The first design serves as an illustrative design to which the complete actuator can be designed.
From this 3D printed model there are some changes which are required for designing a better
actuator like the gasket and the flexible membrane. The gasket that is used did not prove to
be as effective as it was thought to be, as there was still leakage when the actuator was filled
with water. So a better water and oil tight design is required for the actuator. Furthermore, the
flexible membrane properties need to be studied like load-deflection for optimum design of
the membrane [47]. These studies are important to determine both the membrane deflection
and the radius required to fit the shape of the tube as well as the thickness of the membrane
needed to achieve this deflection. The second and third designs are simple designs to study the
heat flow and heater properties for the used experimental setup to a limited extent, and it will
be shown in Chapter 5 that they meet these requirement.
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5 Measurements

In this chapter all the experiments that are done along with how the measurements are per-
formed and their results are discussed.

5.1 Resistance measurements

As mentioned in Chapter 4, the heater designs are 3D printed with various parameters as shown
in Table 4.2. The prints are made to measure the resistance of the heater with different print
settings and to select the optimum heater design for the actuator. Even though the resistance
of the 3D prints changes with each 3D print even when printed with the same print settings,
the measured values give a good approximation on the typical range of the resistance.
The 4 point resistance measurement method is used to determine the resistance of the 3D
printed heaters, since using this method allows to exclude the lead and contact resistances and
to provide accurate resistance values [48]. The circuit design for 4 point measurement is shown
in Figure 5.1. The experimental setup for the 4 point measurement is shown in Figure 5.2. In
this setup, two copper strips are stuck side by side with a small spacing between each other (so
that they are not in contact) on both the top and bottom plates. The 3D printed heaters (shown
in Figure 4.1) are placed in between the top and bottom plates such that the heater edges are
in contact with both copper strips on each plate. A wire is soldered to each copper strip, to
provide contact with a digital multimeter. A Keysight 34461A model digital multimeter that has
an inbuilt 4 point measurement option is used for measuring the resistance [49, P. 13]. The
resistance measurement is done for every 3D printed heater and values are noted manually.
Furthermore, the top and bottom parts of all the heaters used in the measurement are coated
with conductive silver.

Figure 5.1: Circuit for 4 point resistance measurement.

5.2 Experimental Setup and Measurements

After fabrication, the experiments are conducted on the open top actuators shown in Figure 3.5
(named as V1 for reference) and Figure 3.6 (named as V2 for reference). These experiments are
performed to analyse the heat conduction in the actuator and to determine the heater prop-
erties and their limits (since the standard data available on the protopasta is limited [42]). To
perform these experiments the open top actuator is filled with olive oil and placed on the holder
shown in Figure 4.5. The holder base as used in 4 point resistance measurement, has copper
tape on the top and the bottom plate and a wire is soldered to each plate over the copper tape.
The open top actuator model is placed on the holder base such that the heater ends that are
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Figure 5.2: 4 point resistance measurement with connections to digital multimeter.

coated with conductive silver are in contact with the copper tape on the plates.
After the actuator is placed on the holder, the soldered wires are connected to the DC power
supply. A thermocouple which is in connection with a digital multimeter is placed in the actu-
ator such that it is in contact with the heater and immersed in olive oil. Since the holder top
plate covers the heater the thermocouple can be used to get the temperature measurements in
near proximity to the heater. Finally, a thermal camera that is connected to an iPhone is placed
directly above the actuator using a stand and a phone holder such that it covers the actuator as
a whole, as shown in Figure 5.3. This completes the experimental setup as shown in Figure 5.4.
The experiments are performed for two open top actuators V1 and V2 with three different con-
stant power values of 0.5 W, 0.7 W and 0.9 W. Since using current control could result in thermal
runaway1, a voltage source is used for ease of control. An Agilent E3631A 50 V programmable
DC power supply is used with the MATLAB script to voltage control the power supply and log
the voltage and current readings with time. The maximum power that can be supplied using
this power supply is 0.9 W. The experiment is done for a total time of 600 s. In the first 10 s there
is no power applied, which indicates the initial condition of the actuator. Then the constant
power supply is started and maintained till the 310 s mark, which indicates the heating period
and then from 310 s onwards the power supply is turned off till 600 s, which indicates the cool-
ing down period. Important additional measurements that are taken during the time period of
600 s are the voltage readings from the thermocouple and the recorded video from the thermal
camera. These measurements and how they are processed are discussed in later sections of
this chapter.

5.3 Thermocouple measurements

The thermocouple is one of the most commonly used electrical devices for temperature mea-
surement [50]. To measure the thermal distribution in the actuator, the open top actuator pre-
sented in Figure 3.5 and Figure 3.6 is used for testing. To get the temperature reading inside
the actuator a thermal camera and a thermocouple are used. Though the thermocouple can
only read a single temperature at the point of placement it can be used in conjunction with
thermal camera readings, providing a reference temperature due to its reliability and accuracy.
From the setup shown in Figure 4.5, it can be seen that the top plate covers the heater, this
made thermal camera measurements at the heater not possible. Therefore, to study the heat
generation with time near the heater, a thermocouple is placed in contact with the heater while
making sure the tip of the thermocouple is within the oil. This thermocouple is connected to a
multimeter to log the voltage values. The thermocouple measurements performed on ’v1’ de-
sign at 0.5 W and 0.7 W cannot be considered due to the significant noise in measurement data
because of wrongly placed thermocouple plugs.

1thermal runaway occurs when the increase in temperature acts as a positive feedback to further increase the
temperature
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The voltage readings from the thermocouple are logged using the digital multimeter for a given
time. These voltage values are used to get the temperature readings. However, a thermocouple
measures the values with respect to the reference voltage at the cold(reference) junction. The
voltage values found in the literature, that can be used to relate the measured voltage to, are
measured at temperatures of the cold junction at 0 ◦C [51]. However, in the experiment con-
ducted the reference junction cannot be made 0 ◦C, so it is assumed to be at room temperature.
Since the cold junction of the thermocouple is not at 0 ◦C, ‘cold junction compensation’ is re-
quired which is done using the table presented in [51]. Therefore, the conversion calculation of
voltage to temperature is done as mentioned in [52]. The interpolation formula used for this is
presented in Equation 5.1.

Tcalc = ((Tmax −Tmin)∗ (V −Vmin)/(Vmax −Vmin))+Tmin (5.1)

Where

• Tcalc is the temperature calculated for a given voltage.

• V is the voltage at which temperature Tcalc is calculated.

• Vmax is the maximum voltage measured from the thermocouple measurements.

• Vmin is the minimum voltage measured from the the thermocouple measurements.

• Tmax is the maximum temperature calculated highest voltage (Vmax) from measurements
after cold junction compensation.

• Tmin is the minimum temperature related to the lowest voltage (Vmin) from measure-
ments after cold junction compensation.

And the Vmax and Vmin are the maximum and minimum voltages obtained from the thermocou-
ple measurements respectively. Since the voltages from the measurements are taken at room
temperature, as mentioned before cold compensation is required to get better accuracy in the
temperature measurements. After the cold compensation of the voltages Vmax and Vmin, the
equivalent temperatures are obtained from the thermocouple reference chart in [51]. Further-
more, these temperatures are cross verified using the calculator in [53], which have a inbuilt
function of cold compensation when reference junction temperature is given as input. Later,
using the interpolation formula in Equation 5.1 the remaining logged voltages from thermo-
couple are converted to temperature and these temperatures plots are shown in Chapter 6.
Furthermore, from the temperature vs time plots, the heating and cooling time constants are
determined. To determine these time constants and further predict the behaviour of model an
exponential curve fitting is applied to the plots. And the time constant during heating TCheat

and time constant during cooling TCcool are mention in Chapter 6.

5.4 Thermal camera measurement

Using the thermocouple, the temperature at a particular point can be obtained. However, to
study the temperature distribution in the whole model there is a need for a different type of
measurement. For this purpose, the "Flir One Pro" thermal camera [54] is used. The FLIR
thermal camera is connected to an iPhone, then through the use of the Flir One application
available for mobiles the thermal images are captured. Furthermore, a video can be recorded
which shows the temperature distribution in the design over the required time period. The
thermal camera shows the temperature value in a particular location using a color coding.

The FLIR software available for processing thermal images from the Flir camera is only suitable
for images. But to study the temperature distribution in the model with time, a video is re-
quired. Therefore, to process and analyse the whole video, MATLAB image processing is used.
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Figure 5.3: Screenshot of locked IR scale

The video from the Flir camera is processed frame by frame in MATLAB. However, when using
the video feature in the thermal camera the recorded videos don’t have a color bar (IR scale)
that gives the relation between the temperature and the color coding of the thermal image.
And even if the option of IR scale can be seen during the video it cannot be recorded and gen-
erally the color bar auto-adjusts with changes in time and temperature limits. Therefore, before
starting the video the IR scale (color map bar) of the thermal image is calibrated. Initially, only
the maximum limit of IR scale is matched using a soldering iron. Later on to achieve better
resolution, ice is used to calibrate the minimum temperature in the IR scale. After this the IR
scale is locked for the duration of the video. The temperature of the soldering iron is fixed at
60 ◦C and used to calibrate the max temperature of the IR scale and the ice is used to calibrate
the minimum temperature of the IR scale. After that IR scale is locked, the solder iron and ice
are removed from the frame, then a screenshot is taken as shown in the Figure 5.3, from which
the IR scale is cropped and later used in processing the thermal video frames to map color to
temperatures. It can be seen from Figure 5.3, that the minimum and maximum values of the IR
scale does not perfectly match the set temperatures of ice and solder iron respectively, this can
be due to emissivity of different materials [55] and also due to noise as the process is done in
open surroundings and also the solder iron temperature could have an error. The IR scale cal-
ibration with ice to set minimum limit was not done for the video recorded at 0.5 W and 0.7 W
powers for V1 model.
When processing the thermal image video, by utilizing the knowledge of the frame rate and
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total number of frames obtained from the information of the video file, the frames at regular
intervals of time can be calculated and processed. The image in every selected frame is also
converted into a gray scale image using the limits of the color bar, where the intensity values
in each pixel lies between 0 and 1. From these intensity values the temperature values are ob-
tained. However, due to the noise in these thermal images there will be errors in the tempera-
ture values at each and every pixel. To reduce this noise the thermal image is further processed
using an averaging filter. This usage of averaging filter gives more consistent results than the
raw thermal image from the video, at the cost of image resolution. By selecting a certain pixel in
the image and plotting its (averaged) temperature with time, the temporal change of tempera-
ture can be studied. Furthermore, by selecting the pixel values in a series such that they are in
a straight line from (near the) centre of the heater to the edge of the actuator, the temperature
along the radial direction of the actuator can be obtained.

Figure 5.4: Experimental Setup consisting of; test structure filled with olive oil place on the holder, ther-
mal camera connected to an iphone, thermocouple connected to digital multimeter, DC power supply
connected to soldered wires on holder, solder iron used for calibration IR scale of thermal camera.

5.5 Conclusion

Based on the resistance determined from the 4 point resistance measurements and the design
requirements, the heater parameters infill, layer thickness, and radius, are chosen of the test
heaters. These observations were used to provide design parameters for the fabrication of the
open top actuators. Since the voltage control is being used, to have high heat generation the
lowest possible resistance is desirable. After selecting the heater parameters, these are used
in 3D printing of the open top actuators used in the experiments. During the experiment, the
voltage controlled constant DC power supply of 0.5 W, 0.7 W and 0.9 W are used. MATLAB code
is used to control the DC power source to provide the constant power supply and readings of
voltage and current are logged which can be used in resistance calculation of the heater. Using
the same MATLAB code and a digital multimeter the voltage of a K-type thermocouple, which is
placed in the open actuator, are logged. Thermal image video is recorded using a FLIR One Pro
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thermal camera. These readings are used in further analysis to determine the time constant
of the experimental structure, the results of which will be discussed in Chapter 6. By using
varying values for the supplied power the temperature scaling with respect to change in power
can be observed. Furthermore, since the tests are performed with open top actuators (V1 and
V2, where V2 is V1 scaled by a factor of two) the effect of time constant with change in radius
and length can obtained. Finally the thermal images can be used to observe the temperature
distribution along the radius of the actuator.
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6 Results

This chapter explains the results obtained from the measurements performed as mentioned in
the Section 5.3 and the observations from these results.

6.1 Resistance measurements

As described in the section on resistance measurement, a ’4 point measurement’ is performed
on all 3D printed heaters, as shown in the Table 4.2. The plots seen in Figure 6.1, Figure 6.2
and Figure 6.3 present the results of these measurements with three distinct radii. The graphs
show that the heaters with a larger radius have less resistance, which is consistent with the
formula for resistivity Equation A.2. Furthermore, the heater with a 0.2 mm layer thickness and
100 % infill has the lowest measured resistance, while the heater with a 2 mm radius, 0.15 mm
layer thickness, and 20 % infill has the highest measured resistance. It is also apparent from
the graphs that with the increase in infill percentage there is a decrease in resistance which
is consistent with the results in [56, p. 4]. The increase in layer thickness has no apparent
unambiguous effect as the resistance at 0.15 mm layer thickness is higher than the heaters
with the same infill and radius at 0.1 mm and 0.2 mm layer thicknesses. This can be due to the
various 3D print parameters and 3D print patterns however no definite reason can be deduced
from these tests alone.

Figure 6.1: Resistance of 2 mm radius heaters measured using four point resistance measurement

Since the heaters with 100 % infill and 0.2 mm thickness have the lowest measured resistances
these print parameters are used while printing the open top actuators shown in Figure 3.5 and
Figure 3.6. Although the resistance of the heater decreases as the radius increases, other char-
acteristics, such as the size of the actuator, its thermal time constant and available space, must
be considered while selecting the heater’s radius.
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Figure 6.2: Resistance of 3 mm radius heaters
measured using four point resistance mea-
surement

Figure 6.3: Resistance of 4 mm radius heaters
measured using four point resistance mea-
surement

6.2 Thermocouple measurements

As mentioned in the thermocouple measurement description in Section 5.3, the thermocouple
was placed in the actuator such that it is in contact with the heater and immersed in oil. Using
MATLAB and a digital multimeter the voltage readings of the thermocouple during the exper-
iment are logged. Later cold junction compensation is implemented on the voltage readings
from the thermocouple and then using the interpolation method, temperatures at each voltage
are determined. Finally, temperature vs time graphs at different power supply levels for the
design V2 are plotted. The graphs shown in Figure 6.4 display the temperature with time for the
V2 model with the heater of radius 4 mm and height 26 mm when supplied with three different
power supply levels.

Figure 6.4: Thermocouple temperature plots
for V2 model at power P =0.5 W,0.7 W,0.9 W

Figure 6.5: Thermocouple temperature plots
for V1 and V2 models at P =0.9 W
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Figure 6.5 shows the comparison of temperature plots at 0.9 W of models V1 and V2. From the
graphs it can be seen that the first 10 s the temperature is uniform and after the 10 s mark there
is a rise in temperature till 310 s, indicating the heating period. After 310 s there is a drop in
temperature indicating the cool-down period. The model V1 reaches higher temperatures that
V2 at same input power.

From the plots shown in Figure 6.5 and Figure 6.4 the thermal time constants are determined
by fitting an exponential curve. The time constants are determined for the heating period and
cooling period separately for model V2 at different supplied powers and these are presented
in Figure 6.6. Moreover for the comparison of the time constants between V1 and V2 at 0.9 W
supplied power, the plots shown in Figure 6.7 are presented and studied. T c in these figures
represents the time constant(τ) of the obtained curve fit. The maximum measured tempera-
ture Tmax, heating time constant τheat and cooling time constant τcool from the plotted graphs
are presented in the Table 6.1.

Figure 6.6: Thermocouple temperature plots (blue) with exponential fits (in red) for model V2 . The ‘Tc’
values are the time-constants as determined from the fits. Top: for heating. Bottom: for cooling. Left:
P =0.5 W. Middle: P =0.7 W. Right: P =0.9 W
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Figure 6.7: Thermocouple temperature plots (blue) with exponential fits (in red). The ‘Tc’ values are the
time-constants as determined from the fits. Left: Design V1. Right: Design V2. Top: Heating. Bottom:
Cooling. P =0.9 W for all cases

6.3 Thermal camera measurement

Due to the limitation of the actuator holder covering the heater, it is not possible to perform
thermal image analysis on the heater itself. Therefore a point (pixel) near to the heater and
which is not covered by the holder is selected from the image. The temperatures at the selected
point with change over time at various supplied powers are plotted as shown in Figure 6.8
for both V1 and V2 test structures. These graphs are further used in calculation of the time
constants during the heating and cooling phases of the experiments.
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Figure 6.8: IR camera temperature vs time plots for V1 model (on left side) and V2 model (on right side),
at powers P =0.5 W,0.7 W and 0.9 W

The time constants calculated for test structures V1 and V2 at various supplied powers are pre-
sented in Figure 6.9 and Figure 6.10 respectively. The maximum temperature measured Tmax,
heating time constant τheat and cooling time constant τcool from the plotted graphs are pre-
sented in the Table 6.1. By using the IR camera it is possible to study the temporal temperature
distribution along the radial direction (from the heater at the centre towards the edge). The
temperature distribution plots are shown inFigure 6.12 and Figure 6.13.

Figure 6.9: IR camera temperature plots (red) with exponential fits (in blue) for design V1 . The ‘T const’
values are the time-constants as determined from the fits. Top: for heating. Bottom: for cooling. Left:
P =0.5 W. Middle: P =0.7 W. Right: P =0.9 W
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Figure 6.10: IR camera temperature plots plots (red) with exponential fits (in blue) for design V1 . The ‘T
const’ values are the time-constants as determined from the fits. Top: for heating. Bottom: for cooling.
Left: P =0.5 W. Middle: P =0.7 W. Right: P =0.9 W

Figure 6.11: IR camera temperature plots plots (red) with exponential fits (in blue) for design V1 on left
and design V2 on right. The ‘T const’ values are the time-constants as determined from the fits. Top: for
heating. Bottom: for cooling. All plots at P =0.9 W
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Figure 6.12: IR camera temperature distribution along the radius of the V1 model at p =0.9 W. Left side:
Heating, Right side: Cooling down

Figure 6.13: IR camera temperature distribution along the radius of the V2 model at p =0.9 W. Left side:
Heating, Right side: Cooling down
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Model Power Thermocouple Thermal Camera
(W) Tmax (◦C) τheat (s) τcool (s) Tmax (◦C) τheat (s) τcool (s)

V1 0.5 - - - 37.29 93.89 64.19
V1 0.7 - - - 40.53 79.59 63.63
V1 0.9 42 83.97 76.31 44.014 67.25 48.25
V2 0.5 35 81.88 73.71 31.8 85.67 96.82
V2 0.7 40 76.73 70.13 37.43 75.22 65.97
V2 0.9 49 68.31 55.62 43.9 79.30 54.39

Table 6.1: Time Constant and Maximum Temperature Results

6.4 Discussion

The temperature graphs of the structures V1 and V2 from the thermocouple and the IR thermal
camera are presented in this section. From the temperature graphs in Figure 6.4 and Figure 6.8
it can be clearly interpreted that with increase in power there is an increase in maximum tem-
perature, as expected. This is supported by the analytical solution represented in Equation 2.86,
Equation 2.88 and Equation 2.74, since with increase in power, the heat generation(go) is ex-
pected to increase which effects the Φ(r ) term. Moreover, the maximum temperatures (Tmax)
reached in structure V1 are higher than V2 according to the plots obtained from the IR cam-
era shown in Figure 6.8 and presented in Table 6.1. Which means that when equivalent power
is supplied to V1 and V2, V1 has more heat generation than V2. However, the thermocouple
readings in case of V1 at 0.9 W show otherwise which can be clearly seen in Figure 6.7. One
possibility can be the poor placement of the thermocouple, further verification of this result
with thermocouple measurements at 0.5 W and 0.7 W is not done since the thermocouple data
at those powers was incorrect. Since the other readings from the IR camera analysis show a
better consistency the readings from thermocouple of V1 structure at 0.9 W is neglected for
comparison.
The thermal time constants are determined from the processes of heating and cooling of the
test structures and these are presented in the figures 6.6, 6.9 and 6.10. From these graphs it is
observed that the time constants of both heating and cooling of the structure decreases with
increased power input. Except for an anomaly at 0.9 W in the V2 structure in the IR camera mea-
surements, where the heating time constant is higher than the heating time constant at 0.7 W.
Here, there is an error of 5.4 % in τheat at 0.9 W with respect to τheat at 0.7 W(in Figure 6.10), and
one of the possibilities is an error in curve fitting due to not selecting close to optimal starting
points for the curve, resulting in a local optimum being found instead of a global optimum.
Therefore, the thermocouple measurements for V2 in Figure 6.6 looks more persuasive in this
specific case. Furthermore, the time constant for cooling (τcool) is decreasing when a structure
was provided with higher power. This behaviour is consistent with thermocouple measure-
ments shown in Figure 6.6. Since there is no effect of power during cool down, the decrease in
time constant can be related to the change in convection heat coefficient at higher tempera-
tures.
From the graphs presented in Figure 6.8 it is observed that the calibration of both the lower and
higher limits of the IR scale is providing better results as the graphs in V2 have better resolu-
tion than V1. Since the IR scale calibration of the minimum temperature is not performed on
the V1 structure, the minimum temperature shown in the graph 6.8, is the result of the auto-
matically set minimum temperature of the thermal camera. When the time constants during
heating from the thermal camera readings are compared between V1 and V2 shown in Fig-
ure 6.9 and Figure 6.10 the τheat of V2 at 0.5 W and 0.7 W is lower when compared to the τheat

of V1. However at 0.9 W the τheat of V1 is lower than τheat of V2. Henceforth the conclusions
and discussions made in Chapter 7 are based on the results presented in this section and the
simulations obtained from the analytical model in Chapter 2.
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6.5 Conclusion

The results from the 4 point resistance measurement of the heater showed that, the heaters 3D
printed with 0.2 mm layer thickness and 100 % infill gives lower resistance when compared with
heaters of similar radius. Moreover, with decrease in radius the resistance increases as shown
from graphs 6.1, 6.2 and 6.3. These results can help in selecting the heater, based to the design
requirement. Base on this results the open top actuators designed in Figure 3.5 and Figure 3.6
with the print setting of 0.2 mm layer thickness and infill percentage of 100 % to attain lower
resistance.
The heating tests are performed on the actuators (Figure 3.5 and 3.6) and the measurements are
taken using thermocouple and thermal camera(IR camera). The temperatures plots obtained
from these measurements are used to determined the time constants. The results from the
measurements are further compared to the analytical equations and simulations from Chap-
ter 2 discussed in Chapter 7.
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7 Discussion and Conclusions

From the measurement results shown in Figure 6.6, Figure 6.9 and Figure 6.10 it can be seen
that with increase in power there is a decrease in time constant, as stated in Section 2.5 the
time constant is dependent on the term 1

αλ2 . One of the possibilities for this decrease in
time constant with the increase in power can be that the average temperature is increased
and with the increase in temperature there is a change in thermal conductivity and den-
sity [25] [38, P 351], which effect the thermal diffusivity (α). These dynamic changes can effect
the time constant(τheat) to a certain extent. Furthermore, the λn is depends on the convection
coefficient and thermal conductivity as shown in Equation 2.71 and Equation 2.82, which fur-
ther effects the time constants. Moreover, the curve fits also have errors due to, e.g., selection
of starting points. This can also be the reason for the decrease in cooling time constant (τcool)
at different supplied powers for both V1 and V2 structures, shown in figures 6.6, 6.9 and 6.10.
However, in Figure 6.10 at 0.9 W this consistency fails. So, more experiments are needed to
determine the reason for this behaviour.

From the temperature graphs obtained for V2 using the thermocouple (Figure 6.5) and the IR
camera (Figure 6.8), it can be seen that the maximum temperature obtained from the thermo-
couple reading is higher than the maximum temperature obtained from the thermal image.
This can be due to the difference in the measurement points as the point considered for the
thermal image analysis is farther away from the heater when compared to the thermocouple
placed near the heater. Moreover, the emissivity of the oil could have affected the measure-
ments of the IR camera [55]. The temperature distribution shown in Figure 6.12 and Figure 6.13
gives an approximation of the temperature gradient with change in radial position at a given
time instance.

From the graphs obtained from analytical solutions shown in figures 2.6, 2.13 and 2.20 the time
constant (τ) during cooling and heating decreases with a decrease in radius. This can also be
supported from the Figure 6.11. However, this is in opposition to the thermocouple measure-
ments shown in Figure 6.7. Moreover the Tmax in V2 is higher than Tmax in V1 which is also
inconsistent with the IR camera readings and therefore it is assumed that there is an error in
thermocouple measurements due to improper placement. So a more robust placement of the
thermocouple is required for better readings and more measurements to support this. When
the time constants during heating from the thermal camera readings are compared between
the V1 and the V2 structures, as shown in Figure 6.9 and Figure 6.10, the τheat of V2 at 0.5 W and
0.7 W is lower when compared to the τheat of V1, however at 0.9 W the τheat of V1 is lower than
τheat of V2. This can be due to use of non-calibrated IR scale at minimum temperature value,
during the measurements with P =0.5 W and 0.7 W.

It is also important that in the V1 and V2 models, there is a scale in length of the heater along
with the radius. The effect due to the change in length is ambiguous as the analytical equations
that are solved in Chapter 2 are limited to a 1D sphere. Due to the complexity of solving the
analytical equations in cylindrical coordinates and time constraints these could not be imple-
mented in this assignment but solving the analytical equations for a cylinder would provide
better approximations to the behaviour of the actuator in terms of time constant and design
parameter approximation, as the experimental model is close to a cylinder rather than that of
a sphere and includes the height in the equations [20, P. 148].
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During the experiments with the open top actuators shown in Figure 3.5 and 3.6, the mea-
surements are performed in open surroundings. As the open surroundings are dynamically
changing there might be some undetermined effects in the measurements which cannot be
predicted. Therefore, a better controlled environment is preferred to perform experiments.
Moreover, the experimental model is open top to observe the temperature distribution, but
in the actual application the actuator will be closed. This will also affect the parameters like
the convection coefficient (h), affecting the time constant as well. Furthermore, a better IR
camera can be used for the image analysis. For example, an IR camera which can show an IR
scale during recording and maintain a good resolution of IR scale to map the relation from
temperature to color (or even better; store temperature values directly).

Even though a complete design of an actuator is not presented in this project due to lim-
ited availability of the 3D printer(s), an approximate study on the design parameters can be
done theoretically. For this theoretical calculation, the lowest time constant heating τheat =68 s
is assumed from the results presented in Table 6.1 along with the parameters shown in Ta-
ble 7.1. Thereafter, using the formula for the time constant presented in [57] [58], which can be
used to calculate the time and external temperature required to reach the set change in (rela-
tive)temperature by using the τheat from the measurements:

t =−τ ln

(
T −Tmax

Ti −Tmax

)
(7.1)

where

• T is the required temperature to reach the set temperature difference (∆T ).

• Tmax is the maximum temperature.

• Ti is the initial temperature.

• t is the time required to reach temperature T .

• τ is the time constant.

Parameter type Value
Radius of the tube to be blocked 0.001 m
Required Volumetric change 4.19×10−9 m3

Time constant for heating 68 s
Temperature difference Required, ∆T 20 ◦C
Initial Temperature 20 ◦C
Thermal expansion coeff. 7×10−4 ◦C−1

Minimum radius of membrane 0.003 m
Radius of heater 0.002 m
Height of the heater 0.01 m

Table 7.1: Parameters used to determine time and actuator dimensions

Using this formula and the parameters from Table 7.1 the time t required to reach the temper-
ature T is presented with respect to the maximum temperature Tmax and shown in Figure 7.1.
From this graph, it can be seen that the minimum Tmax required to achieve a temperature
difference(∆T = T −Ti) to the initial temperature of 20 ◦C is 936.7 ◦C, represent by a marker
in Figure 7.1. For a Tmax higher than 936.7 ◦C a switching time less than 1.5 s can be attained.
This can be further improved by using materials with better thermal diffusivity and decreasing
the radius of the actuator as shown in Figure 2.20.
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Figure 7.1: Time t required vs Maximum temperature Tmax at a ∆T of 20 ◦C and τ 68 s

Figure 7.2: Internal radius and height of actuator for constant volume, this dimensions already include
the volume of take a heater of radius 2 mm and height 10 mm

However, the attained dimensions only apply to heating where the speed at which the temper-
ature increases can be controlled by increasing the power input to the actuator. But in case of
quenching to realise a switching time of 1.5 s an additional cooling mechanism is required as
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it is hard to attain it by natural cooling, as is supported from FEM simulation as shown in Fig-
ure 7.3. The actuator designed using these parameters might be useful in applications where
the switching time required is lower.

Figure 7.3: COMSOL Sphere temperature profile, cooling down from 40 ◦C to 20 ◦C and radius=2 mm
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A Appendix 1

Figure A.1: COMSOL simulation of Transient analysis of slab, Boundary temperature

Figure A.2: COMSOL simulation of Transient analysis of slab, Initial temperature

dl = L0α(t1 − t0) (A.1)

Where

• dl = change in object length (m)

• L0 = initial length of object (m)

• α = linear expansion coefficient (mm−1 ◦C−1)

• t0 = initial temperature (◦C)

• t1 = final temperature (◦C)

R = ρ
L

A
(A.2)

• R is resistance (in ohm)

• L is length (in meters)

• A is area (in square meters)
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