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2 3D Printed Calorimetric Flow Sensor

Summary

This study introduces a systematic approach towards modelling, designing and characterisa-
tion of a 3D printed flow sensor using thermal readout technique. Based on the principle of
thermal flow sensing, a calorimetric flow sensor was fabricated using Fused deposition mod-
elling. A model is presented based on the previous work done by Joél Van Tiem which predicts
the heat distribution of a fluid in a channel with time independent and time dependent flow.
The two sensors measure the temperature profile surrounding a heater and the resulting tem-
perature change can be translated to flow in the channel.

The thermoresistive behaviour of the sensor material PI-eTPU 85 was also studied to deter-
mine the coefficient of thermal expansion of the material. The sensor material was placed in
aregulated temperature chamber and subjected to heating and cooling cycles. Resistance was
measured (per degree Celsius rise in temperature) using a four point measurement technique .

Two designs of the sensors are fabricated using fused deposition modelling 3D printer. An
experimental setup has been designed to compare the model results with the experimental
results.
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Nomenclature

ot
ot
ox

Temperature Coefficient of Resistance

Time interval
time of flight

Displacement
Fluid Density

Surface Area

Specific heat capacity at constant pressure

Body force

Thermal conductivity
Channel half length
Thermal Diffusivity
Power in watts
Pressure

Heat source density
Temperature
Ambient temperature
Volume of fluid

Average fluid velocity
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List of Acronyms

CB,CPC - Carbon Black, Carbon Polymer Composites

TPU - Thermoplastic PolyUrethane
CNT- Carbon Nanotube

TCR - Thermal Coefficient of Resistance
SEM - Scanning Electron Microscope
TEM - Transmission Electron Microscope
FDM - Fused Deposition Modelling

PTC - Positive Temperature Coefficient
NTC - Negative Temperature Coefficient
GUI - Graphic User Interface

CAD - Computer Aided Design
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1 Introduction

1.1 Motivation

Bio inspired sensors are upcoming in the field of sensor development. Stroble et.al [1] have pro-
vided an overview of wide range of biomimetic sensor technologies in their paper "An Overview
of Biomimetic Sensor Technology". Research on Bio inspired 3D Printed sensors has been car-
ried out by Professor Gijs Krijnen [2] at the Robotics and Mechatronics group which includes
development of flow sensors being inspired by the sensing in cricket [3] and the whisker in-
spired tactile sensor [4] using 3D printing technologies. Likewise, the vestibular system in hu-
mans or in general in mammals can be mimicked partially, as it partially resembles the func-
tioning of an angular acceleration sensor. The semicircular canals are rigid bony toruses in the
inner ear filled with a fluid [5]. There are in total three semicircular canals mutually orthogonal
to each other to sense the roll, pitch and yaw movement of the head as indicated in Figure 1.1.
The deflections in the membrane caused by circular rotation of the head, induces stress in the
hair cells (cilia) and a signal proportional to the rotation frequency is sent to the brain via the
sensory nerve [6]. The current work focuses on how additive manufacturing can be used to
print state of art angular acceleration sensors inspired by the human vestibular system design.

Figure 1.1: Movement of fluids in semicircular canal to head motion [7]

1.2 Previous Work

Alot of research has been carried out to mimic the functioning of the human vestibular system.
Pierre Selva et. al. [8] developed a MATLAB simulink model to model the functioning of the
human semicircular canals. A numerical model [9] describing the kinematics of the inner ear
was described and simulated in MATLAB.

Alrowais et. al [10] designed a thermal angular accelerometer (using micro machined fabrica-
tion) mimicking the functioning of the human vestibular system using a thermal to electrical
transduction mechanism. The sensor displayed a sensitivity of 124 uV/ deg/s?. Based on sim-
ilar transduction principle and a lock-in amplifier to read the output from the sensors, a bio
inspired angular acceleration sensor [11] was fabricated and characterised. One dimensional
analytical model describing the heat transfer in the direction of the flow was modelled by Joél
van Tiem for various flow conditions. The modelled results were then compared with numeri-
cal simulations using COMSOL.

A state of art 3D printed angular acceleration sensor was designed and characterised using
electromagnetic readout technique by Joél et. al. [12].

Robotics and Mechatronics Ameya Umrani



4 3D Printed Calorimetric Flow Sensor

1.3 Context

Recent advancement in the field of sensor development makes use of additive manufacturing
for fabrication of sensors [13]. M.Schouten [14] demonstrated the use of commercially avail-
able materials for printing conductive structures using FDM. One such filament is a conductive
Thermoplastic polyurethane (TPU) commercially known as PI-eTPU which will be used as a
sensor material and a heater in this project. There are two variants of PI-eTPU commercially
available, one with high resistivity of 300 Qcm available under the name of PI-eTPU 95-250
and other with a resistivity of 80 Qcm called as PI-eTPU 85-700+ which will be used in thesis.
Sensors printed so far by 3D printing of PI-eTPU 85-700+ material include a flexible capacitive
force sensor [15] [16], a tactile whisker sensor [4] and a compressive sensor used for measuring
displacement [17]. First 3D printed version of EMG sensor using PI-eTPU 85-700+ was charac-
terised by Gerjan et. al. [18] to sense muscle activity.

Printing factors such as temperature affect the performance of the sensor material as it also
changes the electrical properties. By knowing the temperature dependence on the resistivity
of these materials, it is possible to study the thermo resistive behaviour of the sensor. At the
moment, very little information is available on how the effect of temperature causes the change
in electrical properties of 3D printed carbon based filaments such as PI-eTPU 85-700+ which is
one of the key findings of this research.

Due to time limitations it was not possible to model an angular acceleration sensor. A basic
functioning and response of a flow sensor has been discussed in the subsequent chapters.

1.4 Project Goals

The main research question is " "Is it possible to manufacture a 3D printable flow sensor using
FDM printing technology?". The research focuses on studying the thermo-resistive behaviour
of PI ETPU 85+ filament at different temperatures and printing conditions, developing an ana-
lytical model for estimating the behaviour of the sensor under flow and no flow conditions and
choosing the appropriate sensor location for determining the maximum sensitivity and lastly
perform experiments to validate the results. The following questions are addressed:

* How does the sensor material behave with changing temperature?

* Based on the thermal and electrical properties of the material, can it be used as a thermal
sensor as well as a heater?

* What is the performance of the flow sensor?

1.5 Approach

The approach towards this research will be carried out using a scientific methodology which
consist of three phases as listed below.

* Phase I - Exploration Phase
The exploration phase consists of literature study to find out relevant scientific infor-
mation on the research topic. Relevant models, theory behind the research questions,
comparison of methods etc. will be studied during this phase.

* Phase II - Modelling and simulation
Based on the literature review, an analytical model will be developed to model the system.
The mathematical model will then be used to explore the sensor and systems behaviour
using MATLAB.

¢ Phase III - Experimentation and Verification
Experiments will be performed to study the thermoresistive behaviour of PI-eTPU 85
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CHAPTER 1. INTRODUCTION 5

used in thermal sensing application. Once the sensor is 3D printed, it will be tested by
inducing flow.

The sequence of steps followed to achieve the goals are as shown in below Figure 1.2.

Choice of fluid

Angular acceleration |:> Flow |:> Temperature gradient inside channel |:> Output Voltage vs Acceleration/Flow velocity

17 Thermal Profile —l

Temperature coefficient of Resistance Sensitivity from thermal model
and material characterization

Figure 1.2: Flowchart of the workflow

1.6 Report Structure

Chapter 2 starts with discussion on different types of flow sensing techniques along with pre-
vious work done on thermal modelling of a calorimetric flow sensor. A new model based on
changes in a previous model will be proposed along with results. Chapter 3 discusses the effect
of temperature on the resistivity of PI-eTPU 85 samples and the effect of annealing. Further-
more, the effect of layer height, width and sample length on resistivity of samples is discussed.
Chapter 4 consist of 3D printed sensor fabrication, flow driven setup and the readout method
used in the experiments. Chapter 5 discusses measurements results from the flow experiments.
The final Chapter 6 consists of overall conclusions and future scope.
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6 3D Printed Calorimetric Flow Sensor

2 Thermal Modelling of Flow Sensor

In this chapter various types of thermal flow sensors will be discussed and the choice of using
calorimetric sensor will be motivated. In the second section different calorimetric flow sensors
will be discussed along with previous work based on analytical modelling of calorimetric flow
sensors. In the third section, the model developed by Joel van Tiem will be adapted for the cur-
rent sensor design and finally the results will be evaluated for different conditions of flow,power
and type of fluids.

2.1 Introduction

Before going to actual modelling of the sensor it is necessary to understand the principle of
operation of the thermal flow sensor. The physics behind the operation of the thermal flow
sensors can be traced back to 1914, when the Canadian physicist Louis Vessot King described
the heat transfer in flow mathematically, [19] which later became famous as ‘Kings Law’. Ther-
mal flow sensors measure the flow rate of a liquid or gas by measuring the heat convected from
a heated surface to the flowing fluid [20]. The thermal response to the flow is the change of the
sensor’s temperature which is measured electrically. The thermal sensors are isolated thermally
so that the effecting heat transport in the fluid is dominantly by convection. There are various
modes of thermal flow sensing namely, hot wire or anemometric sensors, calorimetric sensing
and thermal time of flight sensing [21]. The principle used in the design of current sensor is
calorimetric flow sensing, which will be explained later in the following chapter.

2.2 Study of types of Thermal Flow Sensors

Thermal flow sensors can be divided into three categories; Anemometric flow sensors, Thermal
time of flight flow sensors and Calorimetric flow sensors. The principle of operation of all the
three types of sensors is the same, a known quantity of heat is introduced into flowing stream
of a liquid(or a gas) and measuring an associated temperature change. The components of a
basic mass flow meter consist of two temperature sensors placed at a certain distance from the
heater which is usually placed in the middle.

Anemometric Flow sensors

Anemometric flow sensors consist of a single heating element which also acts as a sensor. The
heater element (which is kept at a temperature above the ambient temperature) is placed inside
a flow channel and is heated by an electric signal. When flow is applied, the heat dissipated by
the element is carried along in the direction of the fluid. The flow of fluid causes the heater ele-
ment to cool down and the resistance to decrease. Hence, more power is required to maintain
a constant temperature at the heater. The rate of cooling is proportional to the fluid velocity.
Since the heater also acts as a sensor, the sensor element should be a resistor with high temper-
ature coefficient @. Anemometric sensors can be operated in one of three modes mentioned
below [22].

* Constant Power: The resulting temperature of the resistor is used to calculate the fluid
flow rate the higher the flow, the lower is the temperature of the resistive element

* Constant Temperature: The temperature of the heating element is maintained at a certain
point above the ambient temperature and the power required to maintain that tempera-
ture is a measure of flow.

e Temperature Balance: In this method, the temperature difference between the sensor
and the heater is kept constant by regulating the power to the heater [23].
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CHAPTER 2. THERMAL MODELLING OF FLOW SENSOR 7

Thermal time of flight Flow sensor

The functioning of the thermal time of flight sensors is quite similar to the anemometric sen-
sors except that instead of measuring temperature change, the time interval between applica-
tion of heat pulse and arrival of the pulse at the sensor location is used to calculate the flow rate
as below. X

U=—
At

where U is the velocity of the fluid, x is the distance between heater and sensor and At is the
time of flight of the pulse from heater to sensor. Note that this neglects the effects of thermal
conduction in the fluid.

Calorimetric Flow Sensing

The calorimetric flow sensing principle, finds applications in Micro flow sensing [24] [25] due
to its suitability for small diameter tubing. Other advantages of using thermal sensors include
broad dynamic range and high sensitivity [26]. In calorimetric flow sensing, two sensors and a
heater are used. One sensor is placed in the upstream (before the heater element) and other in
the downstream (after the heating element) . Heating in the heater element by passing a current
(joule heating) causes the fluid to increase temperature and store heat which subsequently is
carried away by the fluid. The temperature sensors placed upstream and downstream, sense
the temperature difference which is proportional to the input flow and hence is an indirect
measurement of fluid velocity. The working of the calorimetric flow sensing is illustrated in the
following figure 2.1.

Calorimetric sensors can again be subdivided into two types: non intrusive and intrusive
anemometric sensors [24]. Intrusive Type: The sensors and heater are located inside the fluid.
Non-Intrusive type; The heater and sensors are located on the outside of the tube surrounding
the flow, flushing the channel.

AR
---------F-"?V-V ------ 0 S %‘ ------ S -

Fluid inlet Fluid outlet
Heater [N
upstream sensor downstream sensor
A
A H A A A A

Fluid inlet Fluid outlet

LNon Intrusive type Flow sensors

Figure 2.1: Intrusive and Non Intrusive type Calorimetric Sensor

2.3 Previous Work

Nam-Trung Nguyen [27] has developed analytical models for intrusive and non-intrusive
calorimetric flow sensors. Since the sensor developed in this thesis is an intrusive type, the
analytical model for intrusive type will be discussed in this section. Figure 2.2 represents the
cut length section of the flow sensor, Ik is the total length of the sensor, 2/, is the total height
of the sensor, I, is the length of the heater element, I is the distance from heater to sensor as-
suming the left and right sensors are placed equidistantly from the heater element. The power

Robotics and Mechatronics Ameya Umrani



8 3D Printed Calorimetric Flow Sensor

generated in the heater causes the heater to heat up, which also heats the surrounding fluid.
The heat transport in the fluid occurs due to conduction and/or convection and is transported
to the walls of the channel as represented in the Figure 2.2.

Upstream sensor Heater Downstream sensor
[ o °
Boundary
z
21 b/ e T R e (EECEEEE EEEEEE
z
Flow Inlet X
Boundary B Lh
Ls Lg
o S o
1x

Figure 2.2: A typical calorimetric flow sensor [27]

The temperature distribution along the direction of flow can be modelled by using the heat
balance equation of Temperature distribution (7) with respect to the distance along the
channel(x).

’T pcp10T T
R P [N [ —— 2.1
Px ”[k ox 2 @D
A =2l, x Iy, p is the fluid density, ¢, is the specific heat capacity at constant pressure, v is the
average fluid velocity and k is the thermal conductivity.
Let d = k/pcp which is the thermal diffusivity of the fluid [28]. Solving the above differential
equation with boundary condition liI_P T(x)=0

X— 00

[ -1
T(x)=Toexp |11 (x+ Eh)] for (x < Th) 2.2)
_ Iy I
T(x) =T, for (Esxsz) 2.3)
_ Iy Iy
T (x) = Toexp yg(x— 3)] for (x > 7) 2.4)
where
v/ v2+2d2 /12
Y12 = (2.5)
2d
and p
Ty = (2.6)
2kl
I h] + Ak(y1-7v2)
The temperature difference between two sensors is found to be:
_ ls - lh —ls + lh
AT(v) =T, expyz( > ) - exp}q( 5 ) 2.7
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CHAPTER 2. THERMAL MODELLING OF FLOW SENSOR 9

A similar lumped model approach was used for the development of a Micro-liquid flow sensor
by Lammerink et. al. [29]. Although the analytical model gave a fair estimation of the tempera-
ture distribution along the channel, the dynamics of the system were not well defined especially
at the heater location. The eigen values (constants in the equation) 1, A, which depend on the
flow velocity v need to be theoretically evaluated which makes the model more complex. The
heat distribution along the heater length was assumed to be uniform and constant, which in
real case is dynamic in nature. Moreover, the model holds true for relatively low flow velocities.

Considering the above limitations of the model, an analytical model developed by van Tiem et.
al. [30] will be used in this thesis. The model by Joél incorporates more boundary conditions
and can be used for relatively high flow velocities.

2.4 Fluid Dynamics

For, the sake of simplicity in the model, we assume zero flow and constant flow (velocity at
given point is constant) conditions. The fluid flow in a channel can be related to a tubular lam-
inar flow as shown in Figure 2.3(a). The profile of fluid flowing inside the channel is parabolic
in shape, with different magnitudes at different points. The velocity is minimum at the edges
while maximum at the centre of the tube as indicated in the Figure 2.3(b). Considering a volu-
metric flow:

ox - L .-V Ax
A= —-dA:fv-dAz—zA— (2.8)
A0t A At At

Here At is the time interval, Ax is the displacement of a given volume V, and the last approxi-

mations only hold for uniform velocity over the area A. For simplification, the average velocity

(indicated by the vertical dotted line in Figure 2.3(b)) of the fluid is taken which is indicated by.

Vavg = f”#. The product of area times average velocity gives us the flow rate Avayg = [ vd A

a) _ Streamlines b) =0,

Figure 2.3: Flow velocity profile [31]

A more elaborate explanation of the velocity of the fluid inside the fluid channel can be ex-
pressed by Navier Stokes’s Equation for incompressible flow.

ov _ _ .
—+0(V-D)

= -Vp+uViio+f 2.9
T p+uveu+f (2.9)

o

where p is the density of the liquid. 7 is the fluid velocity, p is the pressure, f is the forcing func-
tion (external forces acting on fluid body). The change in fluid velocity can then be modelled
using Equation 2.10.

W w.mi-Lvps Evn 2.10)

— == D)V — — - 14 .

ot PR
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10 3D Printed Calorimetric Flow Sensor

2.5 Thermal Equation

The thermal modelling starts with the generalised one dimensional heat equation as men-
tioned in equation 2.11.

oo E%—(U-V)T =kV°T+Q (2.11)
Where p is the fluid density, ¢, is the specific heat capacity at constant pressure, T is the tem-
perature, t is the time, v is the velocity, k is the thermal conductivity and Q is a heat source
density.

Case I: Zero Flow and time independent

Assuming zero flow through the channel, and temperature not time dependent. For modelling
the sensor the geometry and boundary condition are defined. In the model there is one heater
in the middle at x = +x; and the ends of the sensor are located at x = +L

kV2T+Q=0 (2.12)
d’T Q for |x| < xp
-k dx? { 0 Otherwise .13)

The above partial differential equation can be solved to obtain the temperature at three regions.

Aijx+ B; for —L=sx<-xp,
_ 2

Tx)={ S +Cx+D for |x|<-xp (2.14)
Arx+ B> for xp<x<L

To evaluate the 6 unknowns we need 6 equations which we will get from the various boundary
conditions. We assume that the ends of the structure at x = +L are at room temperature Tamp:

T(-L)=T(L) = Tamb (2.15)
At the heater region, the temperature should be continuous at x = +xj;:
Tiefc(=Xn) = Theater(—Xp) (2.16)

Similarly
Tright (xp) = Theater(Xn) (2.17)

The heat flux should be continuous at x = +x,

k d Tieft _ [ k d Theater 2.18)
dx X=—Xp dx X=—Xp
[ k d Tright — |k d Theater 2.19)
dx X=Xp dx X=Xp

Applying the above boundary conditions in equation 2.14 the 6 constants Ay, By, A2, By, C,D
can be evaluated.
Qxp,

Al =—-Apx= T (2.20)

Cc=0 (2.21)

Ameya Umrani University of Twente



CHAPTER 2. THERMAL MODELLING OF FLOW SENSOR 11
Qxp(L—3)
== 2 T (2.22)
k
xpL
Bi =By = Tymp + Q k” (2.23)
Case II: Time independent with constant flow
Now, introducing the effect of flow velocity, the heat equation becomes.
da:T aT Q for |x| < xp,
dxz Py T { 0 Otherwise 2.24)
The temperature along the flow can be calculated as follows:
Ale%kvx +By for -L<sx<-xp
T(x)= Clep T for |x|=-x (2.25)
Ageplljc +By for xp<x<L
Substituting n = L C,f " and applying the boundary conditions of continuous temperature and
heat-flow we have six equations as follows
Are ™ 4+ B = Tymp x=-L
X
Ale_nxh-l-Bl =C1€_nxh+C2——Q h X=—-Xp
nk
X
Ayne " = Cype” " + Qxn xX=-xp
nk
b
Age_”x" + B, =C; e h 4 Co+ —Q kh X=Xp
n
X
Aryne™ = Cyne™ " + Qxn X=Xy
nk
Ase™ + By = Tymp x=L (2.26)

After evaluation of constants the values of A;, Ay, By, By, C;,C» are as follows: The derivation

can be found in Appendix A.

~ Q(en(L+xh) _ en(L—x;,) _ th n)

A n2 k(e"L _ e—nL)
= Q(e—n(L—xh) _ e—n(L+xh) —-2xp, n)
n k(enL _ e—nL)

By = _e—nL Q(en(Lerh) _ en(foh) —2xn)

n2 k(enL _ e—nL)
B, = _enL Q(e—n(L—xh) _ e—n(L+xh) _ th n)

n k(e”L — e—nL)
Cl _ Q Q(e—n(L—)zch) _ e—n(L+xh) —2xp, n)

n?k(e"t — e=nlL)

C=0Q (1+ nxp)e™ — (1 + nxp)e L — e 4 e 4 2x,ne”

r2 k(e”L _ e—nL)

The parameters for simulation are indicated in Table 2.1 and 2.2.

(2.27)
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12 3D Printed Calorimetric Flow Sensor

Table 2.1: Geometry of proposed channel for simulation

Parameter Value Unit
Thickness of heater 10 mm
Width of Heater 10 mm
Length of Heater 3 mm
Diameter of channel 3 mm
Length of Channel 20 mm
Heater Power 05-1 W

Area of Channel 5.7x1073 mm?
Area of heater 21.20x 107 | mm?

Table 2.2: Properties of material and fluids used in the simulation

Property Value Unit
Thermal conductivity of heater(TPU) 1.2 WmK!
Thermal conductivity of channel(semiflex) | 0.2 Wm™lK!
Thermal conductivity of deionised water | 0.579 | Wm™!K™!
Thermal conductivity of olive oil 017 | Wm 'K!
Density of olive oil 0.91 gem™S
Density of deionised water 0.97 gcm ™3
Heat capacity of deionised water 4.184 | KJkg 1K!
Heat capacity of olive oil 1.97 | Kkg 1K!

The effective conductivity of the sensor was calculated for the one dimensional model given by
the equation below.

Keft = Kheater Aheater + Kfiuid Afluid 2.28)

Atotal

It is assumed while developing the model that the effective heat transfer occurs to the fluid,
losses to the surrounding were neglected. A, is the cross sectional area. While deriving the
analytical model the amount of heat generated by the heater was expressed as a heat source
density and hence we require to divide the entire volume of the channel to get the effective

heat density in the channel given by Equation 2.29

Q= rP__P (2.29)
V  nrh
where, . The change in temperature (AT = T — Tymp,) Vs flow velocity (mms™!) can be obtained
by plugging the constants derived in equation 2.25.

Case III: Time varying flow
Considering a harmonic flow given by v = vy exp(jwt) the heat equation now becomes

o[0T D 0T (x, 1) _kOZT(x,t)+
Per| ot ox | ox?

Harmonic flow is considered because the flow in the channel is not constant in time. This is also
the case when the direction of the sensor changes when the sensor is rotated even at constant
velocity magnitude. The partial differential equation thus obtained has time dependent con-
stants and therefore a closed form solution cannot be obtained. Considering conduction and
convection process, the heat transfer due to conduction of a particle from the heater located at
(x=0) to a sensor (x=L) is given by

+vpexp(jwr) Q) (2.30)

pc,L?
Leond = Z (2.31)
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CHAPTER 2. THERMAL MODELLING OF FLOW SENSOR 13

In case of convection the time needed is
L
Leonv = ; (2.32)

Considering the time required for heat conduction to be less than convection f¢,q4 << tconv

¢, L2 L
P~ = (2.33)
v
or
V<< (2.34)
pcplL

As velocity is harmonic in time, addition of a small temperature § T is also harmonic. The total
temperature is given by

8Ttot(x) = T(x) + 6 Ty (x) exp(jwt) (2.35)

Substituting above equation in equation2.30 results into following expression

AT (x) + 8 Ty(x) exp(jwt) 0T (x) +6To(x) exp(jwt)

kazT(x) +6To(x)exp(jwt)

pcp[ Y +vpexp(jwt) Y

(2.36)

0x

aT(x)
GID)

The term pcy, can be neglected as it approximates to zero. The final expression becomes

06 To(x) exp(jwi)
ot

0T (x) + 6 To(x) exp(jwt)

026 To(x) exp(jw)
-k
0x

0x?

=Q(x)

(2.37)
Neglecting the smaller terms in the above equation we can obtain the following relation.

pcp +vpexp(jwr)

—vo%xh for -L=sx=s-xp,

Q

%6To(x) k
— =\ twfxp for |x|=-xp, (2.38)

jwd To(x) —
JwoTp(x) o2 pey

+vo%xh for xp<x<L

Equation 2.38 consists of three second order non-homogeneous set of differential equations
which can be solved using two sets of boundary conditions. Again, assuming temperature at
the ends of the sensor to be equal to ambient temperature.

OTo(—L)=6Th(L)=0 (2.39)

The temperature and heat flux at the edge of the heater is given by.

6TO,1eft(_xh) = 6T0,heater(_xh) (2.40)

6T0,right(xh) = 6 To heater (Xn) (2.41)

[k db Toleft — [k dbd Toheater ] (2.42)
dx X=—Xp dx X=—Xp

[k A5 Toright _ [ 48 Toneate ] 043)
dx x=x, dx x=x)
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14 3D Printed Calorimetric Flow Sensor

Using above boundary conditions to solve equation 2.38 yields in the solution for 6 Ty (x)

1 for
6 To(x) = [Ajre+jAjim][cosx(i)+ jcosx(i)im]—[B;re+ j B;im][sinx(i)+jsin x(i)im]{ —x/x; for
-1 for

(2.44)

The above expression is the representation of the change in temperature (6 T) as a function of
space and time. The detail derivation of the constants are evaluated in the thesis of Joel van
Tiem [30]. Considering only the amplitude modulus of the function.

6T (x, )| =0To(x)exp(jwi)| = |6 To(x)] (2.45)

08 [
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04

02

———omega =1
omega =10
i

. . . . . i
-0.04 -0.03 -0.02 0.01 0 0.01 0.02 0.03 0.04
Distance x

Figure 2.4: |6 To (x)| for increasing value of

As seen in Fig 2.4 |6 Ty (x)| is symmetrical around x = 0. It can also be seen from the figure that
the change in temperature is maximum at x = +L/2.
Sensor positioning and sensitivity

The optimum position of placement of the sensor can be obtained by taking the second deriva-
tive of the temperature gradient d—zg, which is also the condition of maxima. Hence

dT(x) , . d*T(x)
=maximum if =0 (2.46)
dx dx
Substituting above condition in equation 2.25 of constant flow condition we get
1 L - —
L exp(nL)[exp(nxy) —exp(—nxp)] for Lx<-x,
n 2xpn
= l In exp(—nL)[exp(nxy) —exp(—nxy)] for xp<x<l
n 2xpn
(2.47)

This is also the position where maximum sensitivity is obtained. Sensitive (S,) of the thermo
resistive sensor is given by the ratio of sensor output (V) and the flow rate (Fi.e S, = (AV/AF)
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CHAPTER 2. THERMAL MODELLING OF FLOW SENSOR 15

2.6 Results

In this section the results of the simulation model developed earlier are presented. Non con-
ductive fluids with high thermal capacity were chosen for the simulation, hence deionised wa-
ter and olive oil were chosen. Different scenarios are presented as mentioned below. An in-
crease in temperature led to an increase in resistance

* Constant power and changing flow velocity

* Constant velocity and changing heater power

Simulation results for different flow velocitiesl

Figure 2.5 shows the effect of changing the flow velocity on the thermal profile inside the fluidic
channel for both distilled water and olive oil. Flow velocities are changed from 0 mm s~! (no

flow) to 100mms~! (very high flow rates) assuming a constant power of 300 mW supplied to
the heater.

[°K]

AT

60

504 ‘,:;x&. — v = 10mm/sec 504 “:r;x,\ — v = 10mm/sec
7 — v =25mmisec ) — v =25mmisec
/«4 Py — v = 50mmisec 1‘.’; — v = S0mm/sec

— v =Omm/sec
—— v =5mm/sec

v =100mm/sec

[°K]
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60

— v = Omm/sec

— v = Smm/sec

v =100mm/sec

0.03 0.02 -0m 1] 0.01 0.02 0.03 0.03 -0.02 -0.01 1] 0.01 0.02 0.03
Distance from Heater [m] Distance  from Heater [m]
(a) deionised water (b) Olive Oil

Figure 2.5: Change in temperature with respect to flow velocity P = 300 mW (left) : deionised water .
(right) : olive oil

70

80
— 1000mwW 1000mwW
— soomw 04 —  500mW
60 250mW zsumvv:
100m
~ 100mw 1 s N
] P 50mW 50 S Somw
50 y . Py
< R P ",
< RN 50| Pl a
— 4 — P
< 404 p \ 53 7 ™
= £ \ = a0 & Y
5 a0 7 *, 5 P y
/
/7 \ 30
'
4 \
20 ) 1
p P \‘4 20
-~ by
- Y
10 4 pd K 1
o \ 10
o~ |
e 3
0+ 7 T T T T 0 T T T T
-0.03 -0.02 -0.01 0 0.01 0.02 003 -0.03 -0.02 -0.01 a 0.01 0.02 0.03
Distance from Heater |m)] Distance from Heater [m)]
(a) deionised water (b) Olive Oil

Figure 2.6: Effect of changing heater power on temperature distribution (left): deionised water . (right):

olive oil at v = 10 mms™!.
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16 3D Printed Calorimetric Flow Sensor

Effect Of Changing heater Power

Figure 2.6 shows the effect of changing the heater power on the temperature distribution inside
the channel for both olive oil and water. The heater power is increased from 50 mW to 1 W in

steps keeping the flow constant at 100 mms™!.

2.7 Conclusion

The more heat is generated in the channel, the higher is the temperature rise generated in the
channel. When flow is induced, the heat is carried away from the heater in the direction of the
flow and the heater cools down proportional to the flow rate. The thermal gradient causes the
upstream temperature to rise and the downstream temperature to fall. For identical volume
and constant flow, it is observed in Fig 2.6 that, the rise in temperature is higher for olive oil
compared to deionised water due to the fact that the heat capacity of oil is much lower than that
of water, making it easier for rapid heating and cooling applications. For higher heat capacity
of fluid the RC time constant is less and higher is the bandwidth of the system. Evaluating the
analytical results for sensor positioning, it is ideal to place the sensors equidistant to the heater.
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3 Characterisation of Thermal properties of Pl-eTPU
85-700+

The aim of this chapter is to select a study the temperature dependent electrical properties of
carbon infused TPU for thermal sensing applications. As the sensor will be used as a thermistor,
the thermo-resistance effect of the material will be studied.

3.1 Related Work

Although little research has been conducted on the thermoresistive properties of commercially
available PI-eTPU 85 carbon infused TPU, Kiraly et. al [32] was the first to study the effect
of polymer composites doped with carbon black. In his experiments it was observed that the
specific resistivity increased as a function of temperature. Thermal and electrical properties
of these materials were dependent on the filler concentration as observed by Ivanov et.al. [33].
The advantages of these materials are they are cheap, light in weight, and hence easy to 3D
print with the help of conventional FDM 3D Printers [34].

3.2 Experiments to study the thermoresistive properties of PI-eTPU 85-700+

Aim

The aim of the experiment is to study the thermo-resistive properties of PI-eTPU 85 with the
help of Resistance-Temperature (R-T) curves.

Objectives

Following effects will be studied while performing the experiments.
e Study of thermo-resistive behaviour.
e Comparison of 3D printed and normal filament of PI-eTPU of the same length.
* Hysteresis in 3D printed and filament samples.
* Temperature Co-efficient of Resistance(TCR)

* Annealing effect observed in PI-eTPU 85

Experimental Setup

In the initial phase a very basic setup was formed see Figure 3.1a, which consisted of an oven
for heating the sample of a 5 cm long filament of PI- eTPU 85 with diameter of 1.75 mm, a ther-
mocouple for measuring the temperature of the sample and a source measuring unit (Keithley
6430) for measuring the resistance. A conductive silver paint (width 2 mm, length 3 mm) was
applied to the contacts in order to provide better electrical connectivity and also to minimise
the contact resistance between the probe and sample. The ink was left to dry for about 15 min
and then copper tape was connected to the sample for soldering the wires.

In order to reduce the measurement time, a better setup was developed as shown in Figure 3.1b
in order to reduce the human errors in measurements and also save time. A data acquisition
unit (make Agilent 34970A series) was introduced to measure the change in resistance along
with a programmable oven to set temperatures. A GUI in labview was used to monitor the tem-
perature change in resistance with respect to time. With the help of the GUI and a labview pro-
gram it was possible to set the temperature profile (ramp up/ramp down cycles) for evaluating
the hysteresis effects on the sample, which will be discussed in the results section. Moreover, it
was possible to take measurements of more than one samples using a GPIO expansion board.
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Reference
Thermocouple Oven
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Figure 3.1: Experimental Setup
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Figure 3.2: 4-point measurement performed on the sample. R, represents the effective resistance

Connections

A four point measurement technique is implemented while measuring the resistance of the
wire as seen in Figure 3.2. Current I passing through the wire causes a potential (V; to develop
across the terminals of the sample, which is then sensed via the sensing terminal. Rc; and
Rc, represent the contact resistance of the current leads and Rc; and Rcy represent the contact
resistances of voltage sensing terminals. The 4-point measurement is preferred over the 2 point
measurement as it eliminates the lead and contact resistance from the measurement [35] and
the true resistance of the sample under test R, is measured.

3.3 Observations
3.3.1 Thermo-resistive effects
Methods

The filament was baked in the oven at a maximum of 160 °C and the change in resistance was
noted down (manually) for each interval of 5°C. Figure 3.3 shows the thermo-resistive be-
haviour of PI-eTPU filament of length 7 cm.

Results

As seen in the figure 3.3 the resistance increases from 19kQ to 160 kQ with an increase in tem-
perature from 23 °C to 130 °C displaying the Positive temperature coefficient (PTC) effect. A
sharp transition is observed at 80 °C where the resistance rapidly starts increasing till 130 °C.
After reaching 130 °C the resistance is seen to decrease from 160 kQ to 70 kQ even with an in-
crease in temperature (NTC effect).
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Figure 3.3: Sample of PI-eTPU filament displaying
thermoresistive behaviour

3.3.2 Comparison Between 3D printed vs Plain Filament of eTPU-85
Methods

The idea of the experiment was to compare the resistance of the 3D printed sample (Fig 3.4a)
and a plain filament (Fig 3.4b) of same lengths. Both the 3D printed and the plain filament were
placed in the oven at room temperature (24 °C). This time using the automatic setup as seen
Fig 3.2, the resistances of the samples were monitored with respect to the temperature. Change
of resistance was noted from 30 °C to 70 °C with an interval of 5 °C.

(a) 3D printed PI-eTPU 85 (I=5cm) (b) Filament of PI-eTPU 85 (I=5cm)

Figure 3.4: Test samples for determining the thermoresistive effects

Sensor shape and dimensions(Lx W)  Rectangular(50 mm x (0.5 mm)

Printing Temperature(°C) 210
Heat Bed Temperature (°C) 50
Infill Percentage 100

Extrusion Multiplier 1.25
Extrusion width (mm) 0.7

Printing speed(mm min~ ) 2000
Nozzle diameter(mm) 0.8

Table 3.1: Used Printer settings for PI-ETPU 85-700+
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20 3D Printed Calorimetric Flow Sensor

Results

It can be seen from the Figure 3.5 that the resistance of a 3D printed filament is a factor of 8
more than the resistance of an unprinted filament. A sharp decline in resistance is observed
in the filament reading around 46 °C which might be due to a contact problem or due to man-
ual errors while taking the measurement readings. In Figure 3.5 the blue markers indicate the
resistance of 3D printed filament and the orange markers indicate the resistance of a plain fila-
ment. The left y - axis indicates the resistance of the 3D printed sample, right y - axis indicates
the resistance of filament.

Trend of Resistance vs Temperature
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Figure 3.5: Resistance vs Temperature Trend in 3D printed (blue) vs plain filament of PI-eTPU 85 (or-
ange)

3.3.3 Temperature Coefficient of Resistance of eTPU

Figure 22 shows the plot of the change in resistance (R — Ryef)/ Rt against the change in tem-
perature (T — Tef) as taken from the previous readings of Figure 3.5. The slope of the graph
determines the temperature coefficient of resistance (a) for the ramp up cycle. The thermal
coefficient of resistance, TCR, can be calculated using Equation 3.2, where Ry is the resistance
measured at room temperature Tj.

dR R-R
TCR = =
dT xR (T-1Ty) xRy
R(T — Ty) = Rye® T~ T0) (3.1)

with Ry = R(Tp) and a > 0 for PTC and a < 0 for NTC behaviour, and for which the Taylor
expansion for small temperature variations becomes:

R(T—Toy) =Ry~ [1+a(T - Ty)] 3.2)

Calculating the average coefficient of resistance of 3D printed sample from Equation 3.1, was
found to be 0.0167 °C~! while that of the raw filament was found to be 0.0232 °C~!. The resis-
tivity of the 3D printed sample was found to be greater than that of a plain sample of eTPU. The
sensitivity of material is directly proportional to the TCR of material [36].
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3.3.4 Hysteresis Effect
Methods

For determining the hysteresis effect, a ramp up and ramp down temperature profile was se-
lected. A sample of PI-eTPU 10 cm long was placed in the oven at room temperature. Change
in resistance was noted from 40 °C to 120 °C with ramp up, and ramp down till 50°C. After
reaching the set temperature, the 10 cm long sample is cooled down to 50 °C.

Results

The following Figure 3.6 shows the change in resistance with respect to temperature. A PTC
effect was observed till 110 °C after which the NTC effect creeped in till 120 °C. As seen in the
Figure 3.6, the sample showed an exponentially increasing trend of resistance with respect to
temperature from 40 °C to 110 °C. The cooling cycle shows a decrease in resistance with notice-
able hysteresis. Figure 3.7 shows the variation of TCR during ramp up and ramp down cycle.
The TCR displays an exponential rise from 0.002 °C™! till a maximum of 0.024°C™! at 110°C as
seen in Fig 3.7. This shows that the maximum TCR occurs at glass transition temperature.

. {ﬂ{%

:
s 3t H

RESISTANCE (k02)
.
e
-

s ¢ & ¥

F
51’!‘
s

4 £ 3
* 3

35 40 45 50 55 &0 65 70 75 BO 85 90 95 100105110 115120125
TEMPERATURE (°C)

Figure 3.6: Resistance vs Temperature characteristic of 3D printed PI-eTPU 85

Figure 3.7: TCR from hysteresis experiment

Annealing Effect
Methods

The effect of heating and cooling cycles(thermal stress)on the behaviour of 3D printed as well
as plain filament of PI-eTPU 85 was studied. For this, the new setup was used in which the
samples were gradually heated from 30 °C to 70 °C and cooled down in similar way with a tem-
perature step of 6 °C. The experiment was repeated for four thermocycles and the change in
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resistance was noted. There was a 6 hour long break before the second cycle started and the
samples were allowed to cool down to room temperature.

Results

Figure 3.8 shows the R-T curves for 4 cycles. The idea behind the experiment was to see if the
values of resistance first observed in Figure 3.8a could be traced back. The cycles represent the
number of temperature sweeps. From the above plots it can be seen that hysteresis effect is
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(a) Filament of ETPU (b) 3D printed ETPU

Figure 3.8: Temperature dependent Resistance behaviour of 3D printed filament and plain filament of
length 5cm

prominently observed in the R-T curves of 3D printed sample. Some hysteresis can be seen in
the plain filament but not that prominent. Tables 3.2 and 3.3 indicate the percentage change in
resistance between different cycles at 30 °C for both 3D printed and plain filament.

Table 3.2: Percent decrease Resistance at 30 °C for printed PI- eTPU 85-700+

Cycles | Initial Resistance kQ2 | Initial Resistance kQ2 | Change in Resistance

Cycle 1-2 38.26 31.47 17.74%
Cycle 2-3 31.47 27.72 11.91%
Cycle 3-4 27.72 24.04 13.27%
Cycle 1-4 38.26 24.04 37.16%

Comparing results from from the tables,it can be seen that the percent decrease in resistance in
the plain filament is quite uniform whereas its irregular in case of 3D printing filament.Also, per
cycle decrease in resistance, and hence the resistivity is more in 3D printed filament than the
plain filament. Thus, the annealing effect affects the resistivity of PI-eTPU85,however, the tem-
perature coefficient of resistance is retained and hence can be used for temperature sensitive
applications.

Table 3.3: Percent Decrease in Resistance at 30 °C of PI-eTPU raw filament

Cycles | Initial Resistance kQ2 | Initial Resistance kQ2 | Change in Resistance

Cycle 1-2 4.46 4.127 7.46%
Cycle 2-3 4.127 3.81 7.68%
Cycle 3-4 3.81 3.498 8.18%
Cycle 1-4 4.46 3.498 10.76
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3.4 Discussion

The point at which the resistance no longer increases with increase in temperature is termed
as the phase transition temperature of the material which is 130 °C as seen in Figure3.3. Phase
transition temperature is the temperature at which the phase of the material changes, for ex-
ample from solid phase to liquid phase due to prolong heating. In the case of thermo plas-
tic polyurethanes, because of the prolong heating at high temperature, gradual melting of the
filament occurs and the material goes into a plastic zone from where it cannot be recovered
anymore [37]. In some literature [38] this temperature is mentioned as glass transition temper-
ature, but after carefully going through the literature [39] it was found that the glass transition
temperature of TPU is below zero degrees and hence phase transition temperature.

An abrupt change in electrical resistivity was seen at the phase transition temperature at which
the highest thermal expansion coefficient (a) was observed. Similar observations were made
in the work by Aneli. et. al [40] and Hao et. al [41] in which the reason for PTC behaviour was
studied. Based on their experiments and analysis it was believed that the PTC effect was due
to the expansion between matrix and carbon black filler, whereas the NTC effect was assumed
to be because of the formation of conducting networks at high temperature as explained by
Klason et. al. [42]. At higher temperatures, the elastic modulus of the polymer matrix decreases
leading to re-connection of the conductive pathways of the filler matrix [13]. Dominant NTC
behaviour was observed in the work by Fraser et.al [43] in which the matrix was Poly-lactic acid
and the filler content was carbon black and graphene.

An ideal temperature sensor should have minimum hysteresis, also termed as memory effect,
when it is exposed to a sequential range of temperatures. The larger the hysteresis, the lesser is
the repeatability observed in the sensor readings and the sensor needs to be re-calibrated after
every experiment.

A high TCR is desired for good sensor material, the TCR of PI-eTPU 85 being almost a factor of
5 more than the TCR of Tungsten filament (0.0045 °C™1) it can be suitable in building tempera-
ture sensors.

3.5 Conclusion

Resistance-Temperature curves display both PTC and NTC effect after a phase transition tem-
perature. A phase transition temperature of 130 °C was observed in plain filament and at110 °C
in 3D printed samples of PI-eTPU 85. It can be concluded from the observations that the sensor
can be operated in the linear region between 25 °C to 70 °C where the rise in resistance with an
increase in temperature is quite uniform. high TCR 0.024 °C™! observed in 3D printed samples,
which is desirable in developing temperature sensors. Prolong heating of the filament causes
the resistance of PI-eTPU 85 to decrease, which is observed during its annealing.
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4 Fabrication

This Chapter focuses on the materials used for printing the sensor, the print parameters, sensor
design and a proof of concept setup along with the readout technique used.

4.1 Design

Two sensor designs were fabricated and tested as seen in Fig 4.1a and Fig 4.1b. To keep the
design as simple as possible a rectangular geometry is introduced. Heater is located at the
centre of the channel and the two sensors are placed symmetrically with respect to the heater
location.

ww &

(a) version 1 (b) version 2

Figure 4.1: Proposed design of the sensors

(a) Version 1 sensor (b) Version 2 sensor

Figure 4.2: Fabricated sensors with conductive part PI-eTPU 85 (black) and non conductive semiflex
(red)

4.2 Fabrication of Sensor

For fabrication of the sensors a Flashforge Creator Pro FDM printer with Flexion extruder is
used. FDM facilitates layer by layer printing of the components and hence the name additive
manufacturing. CAD designs are made made using Autodesk Fusion 360 and the slicer software
Simplify3D to convert the CAD drawing into a printing pattern. The slicer program is used to
calibrate the printing settings as the 3D printing conditions affect the print quality as well as
electrical properties. First a layer of semi-flex was printed followed by eTPU-85 on top and so
on as indicated in the Fig 4.3.
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While printing the sensor it was observed that if the printing direction was horizontal the parts
did not bond well to each other, whereas in the vertical direction the parts had good layer ad-
hesion, moreover it was much easier to printed the sensor in the vertical direction, taking into
consideration the circular cross section of the channel. Figure 4.3 shows the layered printing
process of the sensor. Highlighted in green colour is semi-flex and in blue colour is PI-eTPU 85.

The following Table 4.1 summarises the printer settings.

PI-eTPU 85 700+

Semiflex

Printing Temperature(°C) 210
Heat Bed Temperature (°C) 50
Infill Percentage 100
Extrusion Multiplier 1.25
Retraction distance(mm) 10
Coasting (mm) 0.4
Printing speed(mmmin 1) 2000
Infill Pattern Rectilinear
Nozzle diameter(mm) 0.6

210

50

95
1.38

8

0.2

2000
Rectilinear
0.4

Table 4.1: Printing parameters

Figure 4.3: Direction of printing
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5 Experimental Methods

In this Chapter the experimental setup to measure the response from the sensor will be dis-
cussed. Along with the setup, the protocols used to perform the experiment, flow profiles and
the readout technique are also discussed.

5.1 Pressure driven flow
Experimental setup

The connections to the sensor are as shown in Figure 5.1. 3 mm diameter tubing was connected
at the inlet and outlet of the sensor. A flow control valve (D) was used to regulate the pressure
inside the channel and hence the flow. (A) and (E) are the inlet and discharge respectively.
Power was supplied to the heater using a programmable DC power supply (F). Fig 5.1 repre-
sents Picoscope used for signal acquisition from the sensor using the voltage divider circuit as
mentioned in Chapter 4. A silver conductive ink was applied at the contact pads for better con-
nectivity. The ends of the tubing were sealed completely by using a hot glue to prevent leakage
from the ends, and also to fix the sensor on the board.

[ PICOSCOPE }

A signal generator

hgrmal flow sepsor
2 L I )
N ! i )

Discharge é

water reservoir manual control valve

Figure 5.2: Pressure driven flow setup

Methods

The flow is actuated using a pressure driven pump as shown in the Figure 5.2. Outlet of the
pump is connected to the inlet of the sensor and the outlet of the sensor channel is collected
as discharge. The Picoscope 5000 series is used both as a signal generator and to measure
the output of the bridge connection. The signal generator actuates the sensing resistors at an
amplitude of 2V peak and a frequency of 2kHz. Heat is generated by supplying power to the
heater by means of a programmable DC power source unit (Agilent E3631A). The amount of
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power delivered to the load (in this case the heater) is controlled by modulating the voltage
(Pload = Vz/Rload)-

Protocol

To characterise the sensor, the output voltage of the sensor is measured against the fluid
flow. The volumetric fluid flow is translated from volume flow (mlmin~!) to linear velocity 1
(mms™!). The flow rates used in the experiment are indicated in Table 5.1.

Q (mlmin™!) | v(mms™1
2 4.714
2.6 6.128
3.3 7.778

Table 5.1: Flow rates used in the Experiment

First, a test experiment was conducted using air as the medium. The same experiment was
later repeated using deionised water water as the fluid medium. The heater power used in the
experiment was varied between 40 mW to 170 mW. To observe the variation in the response
two types of tests were conducted.

 Steady increase in heater power keeping the fluid velocity constant

» Switching the flow on-off at constant intervals keeping the flow rate steady.
5.2 Syringe pump setup
Experimental setup

The experimental arrangement is as shown in Fig 5.4. 15ml (D) BD syringe containing
deionised water water was used as liquid medium loaded in the syringe pump apparatus (C).
deionised water water was infused in the sensor (B) through the inlet and collected in a glass

jar (A)
[ Lock in amplifier ]—> User
r -
A "
i Signal
Va Vb generator
H Thermal flow sensor
: (
Syringe pump Fluid inlet Fluid outlet
Figure 5.3: Syringe pump setup

Methods

Figure 5.3 shows the actuation system using a syringe pump system (make Harvard Appara-
tus PHD Ultra). Syringes of 15 volume were loaded in the syringe pump, which acts as a liquid
reservoir. Predetermined flows were set in the machine using the standard flow control GUI
available. Parameters such as rate of flow, volume, time, direction were set. For the sensor
measurement, the Picoscope was replaced by a Lock In Amplifier (SR830 Stanford systems).
Sensing resistors were actuated using an in built signal generator at an amplitude of 1.5V peak
and at a frequency of 1.5 kHz. The output of the voltage divider bridge was measured differen-
tially with the help of a lock in amplifier. Output of the sensor was demodulated by adjusting
the amplifier time constant to 10 ms and the roll off to 12dB.

1o=Av
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Figure 5.4: Syringe pump setup

Protocol

Only the second version of the sensor was tested using the syringe pump setup using deionised
water water as the fluid medium. The initial resistances of the heater and sensor were measured
before beginning the experiment. A flow control program was fed to the programmable syringe
pump, such that the fluid would be injected in the channel at a specific flow rate. The flow rates

used in the experiment were 0 mlmin~! to 10 mlmin~".

Q (mlmin~!) | v(mms™1)
1 2.357
4.714
7.071
9.428
11.785
14.14
17
18.85
21.213
23.57

© 00N OOk W

p—
(=)

Table 5.2: Flow rates used in the Experiment

5.3 Readout Design

The sensing resistors are arranged in a voltage divider circuit as shown in Figure 5.5. A set of
two fixed resistors Ryyeq is used as voltage divider resistances. The value of the Rgyeq is chosen
such that the value is close to Ry. The output of the bridge Vj,y, is sensed by the same device
used for signal generation, and is given as below.

AR V,
2= Tab where Vab=(Vb—Va) AR = Ryown — Rup (5.1)
RO Vin
R
Va=Vin $] (5.2)
Rup + Rfixed
where| Rup = Ry + ATypaRo | (5.3)

Ameya Umrani University of Twente



CHAPTER 5. EXPERIMENTAL METHODS 29
R
Vo = Vin &] (5.4)
Rdown + Rﬁxed
Where‘ Rgown = Ro + ATgown @Ry ‘ (5.5)
R R
Vour = Vb — Va = Vin down ____ 1P (5.6)
Rgown + Rfixed Rup + Rfixed
Substituting the values of Ryown and Ryp from equation (5.3) and (5.5) in Equation (5.6)
ATq4—- ATy«
Vout = Vb —Va=Vin 1 (5.7)
2Rfived + ATy + AT
Rfixed Ru
Va
/\/\/\/\/ L 4 M\/— Signal Generator
Ground
c () >
Rfixed Rd U Ground
Vb
Ground

5.4 Signal Analysis

Lock in Measurement

Figure 5.5: Readout Design

Due to noise in the measurement data it is necessary to distinguish the signal of interest. There-
fore, a lock in measurement technique is used to identify the signal of interest [44]. The lock in
method was implemented by generating a reference signal (channel C of the Picoscope) from
the signal generator and superimposing it on the channels A and B of the sensor as seen in
Fig 5.6. Using this technique, the noisy signal from the sensor output was filtered using a low
pass filter, and only the interested signal can be extracted as seen in Figure 5.7.

V()

Channel A

Filter

signal

Channel C

——— Vi

é?—ﬁ

Reference signal
R(t)

Channel B

V2(out)

|
—
|

signal

Va(t)

Filter

Figure 5.6: Lock in using Picoscope

Robotics and Mechatronics

Ameya Umrani



30 3D Printed Calorimetric Flow Sensor
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Figure 5.7: Extraction of usable signal (right) from an extremely noisy signal(left) using lock in technique

5.5 Conclusion

The experimental methods have been discussed which consist of pressure driven and syringe
pump setup along with a suitable voltage divider readout method. Signal analysis is performed
using a lock in technique to determine the true signal of interest.
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6 Results and Discussion

In this Chapter the results of the experiments performed on both the sensors are presented.
Measurements using a pressure driven pump setup and a syringe pump setup will be discussed.

6.1 Pressure driven pump setup Measurements

The sensor Version 1 was tested for the flow measurements. Measurement setup used is dis-
cussed in the previous Chapter under Section 5.1. Series of tests were performed on the sensor
with air and deionised water water as the fluid medium.

6.1.1 Sensor with air as the medium
Methods

Before beginning with the flow experiments initial resistances of the sensors and heater were
noted mentioned in Table 6.1.1. An external voltage divider resistor of value 3 kQ was used as a
fixed resistor. Recollecting the annealing experiments from Chapter 3, the sensor was annealed
at a temperature of 140 °C for 6 hours in order to decrease its resistance. The heater power was
regulated from 2mW to 10 mW using a programmable DC power source by doing a voltage
sweep from 5V to 10V. Here, the carrier(reference) signal of amplitude 2V and frequency 1 kHz
was superimposed on each of the two channels A and B of the sensors. The outputs from the
sensor are filtered using a low pass butter-worth filter to remove the noise from the measured
signals.

Results
Location | After 3D printing kQ | After baking in Oven at140 °C kQ
Rup 50.985 10.35
Rgown 60.23 12.58
Rpeater 50.269 10.34

Figure 6.1 shows the response of the sensor for the no flow condition using air as the medium.
No significant changes were observed in the output measurements. A sudden spike was seen
in the output response when the flow was switched on at (t =10 sec).

6.1.2 Sensor with water as the medium
Methods

The empty channel was slowly filled with deionised water water without disturbing the previ-
ous setup. The sensor and heater resistances were measured again to ensure that the connec-
tions were tight. The power supplied to the heater was varied from 40 mW to 170 mW using a
programmable DC power supply unit. A flow rate of 4 mlmin~! was used in the experiment.
Referring to Fig 6.1, at t = 0 s the flow was induced in the channel with heater on, and att=130s
the flow was turned off (each division on the time axis corresponds to 20 seconds).

Results

Figure 6.1 Figure 6.2 shows the response from the thermoresistive sensors. No change was
noticed even if the flow was switched on at (t = 0 sec) till (t = 120 sec). However, when the flow
was switched off, at (t = 125 sec) a sharp declining trend is observed in the output response.
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Figure 6.1: Sensor output with air in the channel (TOP) Output from the sensing resistors as a function
of time, (DOWN) Modulated power in terms of change of voltage over time
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Figure 6.2: Sensor response with deionised water (TOP) Output from the sensing resistors as a function
of time, (DOWN) Modulated power in terms of change of voltage over time

Discussion

The power supplied to heater was not sufficient to heat the heater enough. When the heater
temperature was measured using an RTD, the temperature rise achieved was only 5 °C degrees
after supplying 500 mW of power. The reason for low power dissipation could be due to the high
heater resistance. It was also noticed that, the channel was leaking at some points especially at
the contact points of the tubing and sensor connections. Gluing the contacts using epoxy glue
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did not help to solve the issue. The sensing leads were loosely attached to the sensor and hence
improper connections lead to improper readings.

6.1.3 Steady Increase in Heater Power at constant velocity
Methods

Owing to the drawbacks of the sensor version 1 the new version of the sensor was tested in the
following experiments. A Similar lock in technique was used to detect usable signal, but now
the difference between the downstream and upstream sensor output was plotted with respect
to time to get a clear view of the experiment. The heater power was modulated in the range of
0mW to 800 mW. The values of the new sensor and heater resistances are as mentioned below.
The fluidic channel was filled with water, any visible air bubbles were completely removed by
increasing the pressure inside the fluidic channel. The flow control valve was turned on to set
the flow to a steady rate of 10mms~". The heater was turned on, gradually developing heat in
the system. The heater power was varied from 0 mW to 500 mW.

Location | After 3D printing kQ | After baking in Oven at 140 °C kQ
Rdown 8.68 0.72
Ryp 7.25 0.73
Rheater 7.42 0.612

Results

The output response of the sensor is represented in the Figure 6.3 below

0.078

0.086 T T T T T T T T T Py 800
% 0.084 M«W S %
‘é 0.082 '\" w 1 400 ;G
> £
008} m { 200
s A
s s s s 0
0 50

100 150 200 250 300 350 400 450 500
time (sec)

Figure 6.3: Sensor Response to increasing heater power

6.1.4 Alternate On-Off flow
Methods

Figure 6.4 describes the behaviour of the system when the flow is switched on and off alter-
nately. The flow velocity was maintained at 7 mms~! when the flow was turned on.

Results

From Fig 6.4 at (t = 50 sec) it can be seen that the sensor begins to show an increasing trend in
voltage output till about 175 sec at which the flow was turned off, leading to a declining trend
in the graph. After (t = 175 sec) the sensor starts to cool . The most important observation is
that the rise in temperature is proportional to both flow velocity and heater temperature.
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Figure 6.4: Sensor response to alternate on-off of flow

6.2 Syringe pump setup Measurements
Methods

Sensor version 2 was used for the syringe pump measurements. The measured values of the
upstream and downstream resistances were 1.224 kQ and 1.220kQ respectively. The heater re-
sistance was measured 1 kQ. To see if the temperature rise in the heater was as per the modelled
result the static characteristics of the heater element was first measured and compared Figure
6.5a shows the static characteristics of the heater element. A DC power supply was used to
supply power to the heater(P = V?/Rjeater). The rise in temperature of the heater was moni-
tored using a thermocouple placed inside the channel. Power was increased gradually in steps
of 2V and the corresponding temperature rise was monitored.

Once the connections were made the heater was turned on monitoring the rise in temperature
of the fluid (deionised water water). A temperature rise was seen from 23 °C to 58 °C. Once the
temperature was stabilised, the flow was turned on. Flow velocities of 0 mImin~! to 10 mlmin~!
were used in the flow control programme and the heater power was regulated at 1 W.
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Figure 6.5: (left) static characteristic of heater element (right) model and observed results

Results

Figure 6.5 shows the increase of temperature inside of the channel with increasing heater
power. Before the start of the flow profile, the temperature increased from 23 °C to a stable
58 °C at a power of 1 W. The measured resistance of the upstream and downstream resistances
were 1.224kQ and 1.220 kQ respectively. The heater resistance was measured 1 kQ.

Figure 6.6 shows the modelled and average output of the sensor with respect to the flow rate.
For the model a TCR of a = 0.024°C~! was taken. This figure shows a linear response of the
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sensor to flow rates of about 3mLmin~! with a sensitivity of 20 mV/(ml/min) with an 1.5V
input voltage.

101 — Simulation 4
— Measurement

0 1 2 3 4 5 6 7 8 9 10

Flow rate (ml/min)

Figure 6.6: Sensor Response to increasing flow rate

6.2.1 Conclusion

The results from the syringe pump setup displayed better results than the pressure driven

pump. At higher flow velocities the output voltage to flow rate relation flattens and subse-
quently reverses.
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7 Conclusion

A 3D printed flow sensor concept has been modelled, characterised and fabricated successfully
and the research questions discussed in Chapter 1 were addressed. The principle of thermal
flow sensing in a 3D printed sensor was demonstrated.

Taking into account the previous work on modelling a calorimetric flow sensor, the analytical
model described in the thesis has been successful in the current application for laminar flows.
The model proved to be successful in estimating the optimal position of sensors. The current
model also gives an estimation on sensor positioning to obtain maximum sensitivity which was
incorporated while fabricating the sensor.

The resistance-temperature characteristics of the sensors were studied for thermo-resistive ef-
fects. The TCR of material was found to be high enough (0.024 °C~)to be used for (thermal)
sensing applications. While characterising the sensor material, PI-eTPU 85 displayed both PTC
as well as NTC effect at different temperature ranges. The origin of PTC and NTC effects in car-
bon doped conductive polymers is still a subject for further research and outside the scope of
the current thesis. The annealing effect on the sensor material was studied and it was found
that the resistance of the material decreased by a factor of 8 per heat cycle as seen in Chapter
3. The TCR of PI-eTPU displayed changes under the influence of temperature but found to be
quite promising for thermal sensing applications.

The sensor was successfully 3D printed using an FDM printing process. The second prototype
of the sensor with dimensions 15 mm x 12 mm x 12 mm showed promising results due to bet-
ter design. The sensor displayed a sensitivity of 24.84 mV/(ml/min) over a flow ranging from

0mlmin~! to 10 mlmin~1.
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8 Future Work

In the future, the current analytical model could be extended for 3 dimensional geometry of the
sensor to get a better picture on the thermal behaviour inside the sensor channel. The experi-
mental and analytical results can be compared to numerical simulations to validate the mod-
els. An angular acceleration sensor can be characterised by rotating the sensor with varying
frequency. A toroidal design of the channel can be chosen for 3D printing using current state
of art 3D printed methods. More research can be perform on different conductive materials
which can be used in sensing applications.

Robotics and Mechatronics Ameya Umrani



38 3D Printed Calorimetric Flow Sensor

A Appendix

A.1 Constants derivation for time independent constant flow
Recollecting Equation 2.25 and 2.26 from Chapter 2

Ale%k” +B; for -L=sx<-xp
pcpvx
T(x)=4 Ce T for |x|<-xy (A.1)
AgeppT +By for xp<x<L

Are ™+ Bl = Tymp x=-L
Are M 4 B = Cle_”xh+C2—% X=—Xxp
Ayjne " = Cyne " + Qn_)lcch xX=-xp
Ape” ™+ By = Cre™" + Cy + % X =Xp
Ayne™ = Cine™™" + % X=Xy
Aze™ + By = Tormp, x=L (A.2)

From the above relation

X
Ape™n — Aye™ ™ 4 Ajem ™ — Aye™ = Cre™h + —Cre M + 2% (A3
Aryne™ " — Ayne™ " = Cr e — Cre™ (A.4)
X
=2 gt (A5)
0 Q
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As = A.8
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A.2 Effect Of Printing direction on the resistivity

Next,the effect of printing direction on the resitivity of 3D printed eTPU- 85 was studied by
changing the length, width and height of samples respectively. Figure A.3 shows the effect of
changing lengths on the resistance vs temperature curves of a 20 mm and 21mm printed fil-
ament. The resistance and hence resistivity increases with increase in length of the printed
sample with an average resistance change by a factor of 2 when the length was increased by
1mm . Large hysteresis was observed in the larger sample. The rate of change of resistance was

quite high in case of the larger sample with an average change in resistance of 10kQ per 10°C
rise in temperature.

4
75 A0

4
10 » 10

~

o W =3mm /

= e /

sl w=2mm e i
w=1mm e /
A /

@
Ed

@

Resistance {2 (Ohms)
)
o

4.5

Resistance {2 (Chms)
s w (-3
N\
\ \\
\ N

20 30 40 50 60 70 80 20 100

t - - . - Temperature®C
40 50 60 T0 80 90 100
Temperature°C
" Figure A.2: Change in layer height 1 mm and
Figure A.1: Change in widths 2mm

Resistance 2 (Ohms)

"

Zs/p/‘-’/' —B—1=21mm
I =20 mm

40 50 60 70 80 20 100

Temperature®C

Figure A.3: Effect of length change

Figure A.1 shows the effect of changing widths. Resistivity was seen to decrease with increasing
layer width with larger hysteresis observed in sample of least width. The length of the sample
was kept constant at 20 cm. Results from variation of layer height show that as the layer height
increases the resistivity decreases as seen in Figure A.2

A.3 Abtract IEEE SENSORS
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Abstract - This paper shows the development and
characterization of a fully 3D-printed thermal mass flow
sensor, based on regular and carbon-doped thermoplastic
polyurethane (TPU). Using multi material fused deposition
modelling (FDM) 3D-printing, the sensor is based on one
heater element and two resistive thermal sensors (sensor -
heater - sensor configuration). The transduction is based
on the well-known temperature dependent resistance of
carbon doped polymers. Characterisation of the conductive
TPU shows a positive thermal coefficient of resistance
(TCR) ranging between 0.002°C! to 0.024 °C~1, whereas
the sensor shows a responsivity of 20mV ml~! min™! in the
pseudo linear range for flows below 3 mL min~! while using
a power of 1W and heating up 58 °C.

Keywords - 3D-Printing, Calorimetric, Flow Sensing, FDM,
Conductive TPU

I. INTRODUCTION

3D-printed sensors are of interest for small volume, dis-
tributed fabrication, customisation and integration in 3D-
printed structures. These advantages also count for microflu-
idic structures due to a small number of required fabrication
steps to create 3D geometries and customisation at low cost.
3D-printing also allows for the creation of functional sensing
structures that can be embedded in microfluidic structures [1],
[2]. A 3D-printed Venturi tube for flow sensing has been
demonstrated by Ademski et al. [1], Leigh et al. [3] have
demonstrated an impeller flow sensor made using used fused
deposition modeling (FDM) technology. However both meth-
ods are hybrid approaches and additional commercial sensors
needed to be placed inside the structure. Recently a 3D
printed flow sensor, with additional metallization, based on
the Coriolis effect was presented [4].

In this work we show a proof of concept calorimetric flow
sensor, completely fabricated using a consumer grade multi-
material FDM 3D-printer. It does not need additional sensors
since the conductive material functions as heater and sensor.
Previously reported 3D printed sensors printed in one go using
FDM technology are mainly resistive and capacitive force
sensors and do not use the thermal properties of the conductive
material [5]-[10].

II. SENSOR PRINCIPLE

A. Calorimetric Flow Sensing

In calorimetric flow sensing, heat is injected in a flow and
the corresponding temperature change due to convection is
measured at a certain distance. One implementation uses two

thermal sensors and a heater. Relative to the flow-direction,
one sensor is placed upstream, whereas the second one is
located downstream [11], [12]. The heat is carried away from
the heater by the flow in the direction of the flow. The
thermal gradient causes the upstream temperature to fall and
the downstream temperature to rise.

The heating is simply by joule heating, resulting in a
temperature increase in the fluid, the heat of which subse-
quently is carried away by the flow. The resistance of the
sensors are sensitive to temperature and in a certain flow
range the difference in temperature is resolved as a resistance
difference proportional to the heat transported by the flow.
As such it is a direct measurement of the heat flow, and an
indirect measurement of fluid velocity [11]. The working of
the calorimetric flow sensing is illustrated in Figure 1.

Heater Downstream sensor

AW~

Upstream sensor
Fluid inlet

Fig. 1. Schematic representation of a calorimetric flow sensor.

Fluid outlet

B. Model

In our sensor geometry the flow is unidirectional through a
circular duct formed in a 3D printed structure which consists of
two concentric sensors and one concentric heater, see Figure 2
left. We consider a one-dimensional heat transfer model with
flow velocity and temperature averaged over the cross-section.

or  oT ’T  Q(x)
PCp [81& + ’Uaxil -y

dr2 A M
Where c;, is the specific heat, p the fluid density, k the thermal
conductivity of the fluid, v the average velocity of the flow in
x-direction, A the cross-section of the tube and () the heat
density, which is only non-zero at the position of the heater.
Introducing boundary conditions at the edges of the heater and
assuming the temperature at the ends of the sensor structure
to be at ambient temperature, for time independent flow the
solution to the simplified system reads:

AjePert/k B, —L<z< -z
L [Acker™/* 4 Qa] + Be, || < an

pCpv
Agerer®/k 4 By, rpn<z<L

T(z,v) =

2)

where 2L is the length of the sensor, xy is half the heater
length and A; and B;, i = 1,2, ¢ implicitly depend on v.

Figure 2 shows the effect of the v on the temperature inside

the tube for deionized water. v ranges from Omms~' to
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Fig. 2. Left: CAD file of the sensor. Right: temperature profile for various
flow velocities.

III. METHODOLOGY
A. Sensor design and Fabrication

Figure 2 left shows the CAD file of the flow sensor with
a total length of 20 mm, the diameter of the circular channel
is 3mm. The heater is located at the centre of the channel
and has a width of 2mm the two sensors also have a width
of 2mm and are placed symmetrically at a 3 mm distance from
the heater. The location of the sensing resistors is chosen based
on the analytical expression eq. 2. The rectangular outside
allowed for easy printing without the need for support material.
The flow sensor is printed using a dual nozzle FDM 3D-printer
(Creator Pro, FlashForge Corporation, China) fitted with a
dedicated extrusion system for flexible materials (Flexion
Extruder, Diabase Engineering, USA). The sensors and heaters
are made of conductive TPU (PI-ETPU 85-700+, Palmiga
Innovation, Sweden), the rest of the flow sensor structure
is printed from non-conductive TPU (NinjaFlex SemiFlex,
Fenner Drives, USA).

B. Thermal characterisation of conductive TPU

To determine the thermal properties of the conductive TPU
material a 10 cm sample with a diameter 1.75 mm was placed
in a computer controlled oven. The temperature was increased
from 40°C to 120°C and back to 50°C over the course of
3 h. The sample was connected in a 4-wire configuration to a
data acquisition unit (34970A, Keysight, USA). Conductive
silver glue (SCP, Electrolube, UK) was used to make a
connection between the sample and the copper tape traces that
are connected to the data acquisition unit . To get insight in the
reputability of this measurement a heating cycle from 30 °C
to 70 °C and back over the course of 3 hours was repeated for
4 cycles.

C. Flow sensor characterisation

Figure 3 shows a schematic representation of the measure-
ment setup. The flow was provided by a programmable syringe
pump (PHD Ultra, Harvard Apparatus, USA) using syringes
with a volume of 15 mL. The flow sensor setup was filled with

deionized water, excess of water was collected by a container

at the end of the flow sensor.
]—> User
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generator

[ Lock in amplifier

x
Va Vb

Thermal flow sensor

| —

Fluid inlet Fluid outlet

| Power supply |

Fig. 3. Measurement setup, Vi and V4 represent the output of upstream and
downstream thermal sensors.

Syringe pump

The thermal sensors were connected in a voltage divider
setup (Figure 4) and read out using a Lock-In Amplifier
(SR830 Stanford systems), utilising its signal generator at an
amplitude of 1.5V and at a frequency of 1.5kHz. The lock
in time constant was set to 10ms and the roll off to 12dB.
The output voltage is given by eq. 4 with R, and R4 being
the up- and downstream sensors and Rgxeq fixed resistors of
the voltage divider.

Rfixed Ru
Va

Signal Generator

: : [ Ground

Fig. 4. Voltage divider readout circuit design, R, and Ry are representing
the upstream and downstream thermal sensors.

Ground

Rfixed Rd
Vb

Ground

The output of the sensor can be simulated by modelling the
resistance change of the upstream and downstream sensors:

Ry = Ro + ATvaRy R4 = Ro + ATgaRo 3)

With AT the change in resistance and « the temperature
coefficient of resistance (TCR). The resulting expression for
Vour is:

(ATd — ATU)OC

Vou = Vo = Vo=V | e ¥ (ATu + ATu)a

“

For the the static characteristics of the heater element,
the power was increased gradually in steps of 2V (P =
V2 / Ricater)- The corresponding temperature rise was moni-
tored using a thermocouple placed inside of the channel.

To characterise the output of the sensor with respect to the
flow rate, the power of the heater was regulated at 1 W, once
the temperature was stabilised, the flow was turned on. The
flow was increased in steps of 1 mlmin~! to a maximum of
10 mlmin~?, due to the limited volume of the syringe each
flow velocity was measured separately. This measurement is
repeated 5 times.

IV. RESULTS

A. Thermal characterisation

Figure 5 shows the change in resistance with respect to
temperature. A positive temperature coefficient (PTC) effect



was observed till 110 °C after which the negative temperature
coefficient (NTC) effect was seen up till the measurement limit
of 120 °C. From Figure 5 (big figure) the non-linear relation
of the TCR with respect to temperature can be derived. It
displays a superlinear rise from 0.002°C~1 till a maximum
of 0.024°C~! at 110°C.

20

ol * Cyclet : x
+ Cycle 2

-
[oe]
T

Cycle 3 N -
8f| + Cycle4

—
o
T

-
~
T

Resistance (k)

30 40 50 0 70 80
Temperature (°C) -

Resistance (k)
> ©
3

[oe]
T
i
"
I

20 40 60 80 100 120
Temperature (°C)

Fig. 5. Resistance over to a 3 hour heating cycle. Insert: Resistance change
of four successive heating cycles over 3 hours.

The inset of Figure 5 shows that the resistance dropped
after each cycle. However, the influence of temperature on the
material is retained and hence can be used for temperature
sensitive applications.

B. Flow sensor characterisation

Figure 6 shows the increase of temperature inside of the
channel with increasing heater power. Before the start of
the flow profile, the temperature increased from 23°C to a
stable 58°C at a power of 1 W. The measured resistance
of the upstream and downstream resistances were 1.224 k()
and 1.220k() respectively. The heater resistance was mea-
sured 1 k().
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Fig. 6. Temperature in the channel at zero flow with increasing heater power.

Figure 7 shows the modelled and average output of the
sensor with respect to the flow rate. For the model a TCR
of @ = 0.024°C~! was taken. This figure shows a linear
response of the sensor to flow rates of about 3 mL min~!
with a sensitivity of 20mV/(ml/min) with an 1.5V input
voltage. At higher flow velocities the output voltage to flow
rate relation flattens and subsequently reverses.

20 7
10 — Simulation B
— Measurement
0 I I I I I I I I I

0 1 2 3 4 5 6 7 8 9 10
Flow rate (ml/min)

Fig. 7. Model and sensor response to increasing flow rate, measurements are
an average over 5 recording, error bars indicate the lowest and highest value.

V. DISCUSSION

Figure 5 shows a positive temperature coefficient (PTC)
till 110°C after which the temperature coefficient becomes
negative (NTC). This effect has been reported typically for
polymer carbon composites. The PTC effect is thought to
be caused by the difference in expansion coefficient between
matrix and carbon black filler. Whereas the NTC is assumed
to be the result of the formation of conducting networks at
higher temperatures, the elastic modulus of the polymer matrix
decreases leading to re-connection of the conductive pathways
of the filler matrix [13], [14]

The hysteresis shown in Figure 5 might be caused by
the thermal capacity of the material causing the cooling of
the material to be slower than the environment temperature
of the oven. Another explanation could be the annealing
effect as show in Figure 5, resulting in a lower resistivity
after multiple cycles. A high TCR is desired for sensitive
temperature sensing, in comparison the TCR of platinum is
0.0039°C~1! [15], whereas the TCR of PI-eTPU could be as
high as 0.024 °C~1. In the current design the usable range of
the sensor is limited to a flow of 3mL min—!. However, by
changing the design the sensor can be tuned to a desired range.
An application of these flow sensors could be in a 3D-Printed
angular acceleration sensor based on the human vestibular
system such as demonstrated by van Tiem et. al. [16].

VI. CONCLUSIONS

To our knowledge, we have fabricated the first fully
3D-Printed calorimetric flow sensor using FDM technology
that uses a conductive filament (PI-eTPU) as both sensing
and heater material. The sensor has a close to linear out-
put for flows below 3mLmin~! and has a sensitivity of
20mV /(ml/min). The TCR of PI-eTPU does vary under the
influence of temperature but was found to be sufficient to be
used for thermal sensing applications.
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