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Summary 
 
The construction industry has, similarly to other industries, experienced a recent introduction 
to the world of 3D printing. An illustration of this, 3D concrete printing (3DCP), an additive 
manufacturing process, has allowed structures to be built using a special mix design of 
concrete that is layered one on top of the other using robotics. This method offers many 
advantages in constructing, but due to its relative novelty still remains limited. Cities all around 
the world have taken initiative to introduce and improve this method of building that many 
see as the future of construction. Likewise, many academics have taken lead in exploring the 
pros and cons of 3DCP, and attempt pushing the technique to new heights. In line with this 
development, the Eindhoven University of Technology has assembled a 3D concrete printer in 
their lab in order to study the 3DCP technique. However, due to its relatively young age, many 
variables involved in the 3DCP process remain uncontrolled. One of these variables that are 
currently uncontrolled in the printing process is the temperature of the concrete output. 
Despite the pronounced influence the concrete temperature generally has on the fresh and 
hardened properties of concrete, and despite the further importance these properties play in 
3DCP due to the layering of concrete and the speed in which fresh concrete is loaded, this 
variable is not yet fully controlled or measured in this particular 3DCP process. Currently, 
results depend heavily on intuition, experience, guesswork, and trial and error. This is time 
consuming and expensive and variables need to be better controlled and measured in order 
to standardize printing outputs, understand the behaviour of the 3D concrete printer, and 
control the printing process and the results.  
 
The aim of this thesis was to provide a proof of concept that lays the groundwork for a 
temperature control system for the 3D concrete printer. The goal was to develop a 
temperature control system that can control the temperature of the output concrete at a 
desired value through automatic control and manipulation of the input temperatures in order 
to keep prints consistent and controlled. This was done by exploring the demands of the 3D 
concrete printer and the factors that affect the temperature of the concrete output in 3D 
concrete printing, and then controlling it by developing a real-time temperature control 
system. It develops a system that will keep the concrete output temperature constant and at 
a desired point despite different material input temperatures being used both during the 
mixing process and between prints, and despite fluctuations in system temperatures that also 
affect the concrete output temperature. This was done by controlling the water temperature 
initially used to mix the concrete in the mixer. This input variable was chosen since water can 
hold up to five times as much heat or cold as other concrete components such as aggregate. 
Hot and cold water was utilized as opposed to the regular tap water that was being used 
before, and a system was put in place that can achieve a range of temperatures based on 
mixing the cold and hot water.  In controlling and adjusting the mixing water, all of the other 
factors affecting the temperature of the concrete output were offset, and the temperature of 
the output concrete could be controlled and adjusted.  
 
The mixing water was controlled by developing a ‘valve control subsystem’ that utilized a mix 
of hot and cold water to raise or lower the temperature of the mixing water in order to raise 
or lower the temperature of the output concrete. The valve control subsystem contained two 
valves, one each for hot and cold water, which using a Y-connection mixed them into one hose 
which would lead into the mixer. The temperature of the water at the hose was measured in 
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order to monitor the mixing water temperature being used. A radio transceiver was employed 
in order to receive temperature feedback of the output concrete at the nozzle in order for the 
valve control subsystem to compare it to a pre-set concrete target temperature and react 
accordingly. The temperature feedback from the output concrete at the nozzle was sent by an 
‘output temperature control subsystem’ that utilized a contactless IR temperature sensor that 
communicated the current temperature of the output concrete to the valve control subsystem 
through the use of a transceiver. Since the temperatures vary constantly, this would mean 
that this is an iterative and continuous process, where the feedback loop constantly compares 
the desired target concrete temperate with the actual concrete output temperature and 
reacts accordingly. This inherently comes with a delay and some overshooting and 
undershooting that limited the system. 
 
In the end, a system was designed based on the demands of the 3D concrete printer and was 
tailored to the inputs and outputs of this particular printing process, but limitations were faced 
in the range of temperatures possible, as well as attaching this system onto the 3D concrete 
printing robot. The system was dry-run first using water, and then tested using hand mixed 
concrete in order to test its workings and explore its limitations, as well as to see the systems 
reaction to concrete being used and to test a system where output is influenced by the 
changes in input. However, this system did not include a continuous flow of concrete and 
therefore did not completely imitate concrete behaviour in 3D concrete printing but did 
provide sufficient testing of the system with concrete that utilized a closed loop temperature 
control system with feedback where the output is measured, and the inputs are adjusted 
accordingly, and the output is altered as a result.  The proof of concept delivered in this thesis 
however, provided the groundwork for more research into this topic, and opened the 
possibility of optimizing this system and eventually attaching it the 3DCP robot.  Having that 
in mind, this report was written in a way in order to allow future researchers to take this 
system further and continue optimizing temperature control for 3DCP. Therefore, future 
recommendations so as to possible directions in which future researchers might explore in 
regard to this were given.  
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Abstract 
 
Various variables are involved in every 3D concrete printing process that affect the output 
concrete properties.  However, due to the relative novelty of the 3D concrete printing project 
at the Eindhoven University of Technology, many of these variables are not yet fully controlled 
or measured. One of these variables that are currently uncontrolled in the printing process is 
the temperature of the concrete output.  Concrete temperature greatly affects the properties 
of fresh and dry concrete. Fresh concrete undergoes a change in behaviour under different 
temperatures, and bonding strength and rate of strength gain for example also differ under 
different concrete temperatures. This is even more critical in 3D concrete printing due to the 
layering of concrete.  
 
This thesis aimed to explore the factors that affect the temperature of the concrete output in 
3D concrete printing, and then control it by developing a real-time temperature control 
system. It aimed to develop a system that will keep the concrete output temperature constant 
and at a desired point despite different material input temperatures being used both during 
the mixing process and between prints, and despite fluctuations in system temperatures that 
also affect the concrete output temperature. This was done by controlling the water 
temperature initially used to mix the concrete in the mixer, since water can hold up to five 
times as much heat or cold as other concrete components such as aggregate. Hot and cold 
water was utilized as opposed to the regular tap water that was being used before, and a 
system was put in place that can achieve a range of temperatures based on mixing the cold 
and hot water.  In controlling and adjusting the mixing water, all of the other factors affecting 
the temperature of the concrete output were offset, and the temperature of the output 
concrete could be controlled and adjusted. In the end, a system was design based on the 
demands of the 3D concrete printer and was tailored to the inputs and outputs of this 
particular printing process, but limitations were faced in the range of temperatures possible, 
as well as attaching this system onto the 3D concrete printing robot.   
 
 
 
 
 
 
 
 
 
 
  



ix 
 

List of abbreviations 
 
3D Three dimensional 
3DCP 3D Concrete printing 
IR  Infrared  
TMP Temperature sensor (IR sensor) 
NRF  Wireless radio transceiver  
 
 
  



x 
 

List of figures 
 
Figure 1: The 3D concrete printer ......................................................................................... 13 
Figure 2: Concrete mixer and pump            Figure 3: Nozzle ............................................... 14 
Figure 4: Layering of concrete in 3DCP ................................................................................. 15 
Figure 5: Research model ..................................................................................................... 20 
Figure 6: Current 3DCP system setup.................................................................................... 25 
Figure 7: Control Unit ........................................................................................................... 25 
Figure 8: Concrete mixer and pump...................................................................................... 26 
Figure 9: Nozzle with hose attached ..................................................................................... 27 
Figure 10: Expected concrete temperature behaviour with temperature control system ..... 35 
Figure 11: Closed loop feedback control system (with feedback loop) .................................. 36 
Figure 12: Planned 3DCP setup ............................................................................................. 37 
Figure 13: Decision process for planned system ................................................................... 38 
Figure 14: Setup of main components in the valve control subsystem .................................. 42 
Figure 15: Connection types in the valve control subsystem ................................................. 42 
Figure 16: Components of the valve control subsystem ........................................................ 43 
Figure 17: Complete setup of the valve control subsystem ................................................... 44 
Figure 18: The valve control subsystem with hose connections ............................................ 44 
Figure 19: Responsivity vs Angle of the TMP006 sensor ........................................................ 47 
Figure 20: Target object distance from the TMP006 sensor .................................................. 48 
Figure 21: Setup of main components in the output temperature control subsystem .......... 49 
Figure 22: Connection types in the output temperature control subsystem ......................... 49 
Figure 23: Components of the output temperature control subsystem ................................ 50 
Figure 24: Complete setup of the output temperature control subsystem ........................... 50 
Figure 25: TMP sensor delay with cold object ....................................................................... 52 
Figure 26: TMP sensor delay with hot object ........................................................................ 53 
Figure 27: TMP sensor stability with stationary cold and moving hot objects ....................... 54 
Figure 28: Fixed water temperature and concrete temperature system output .................... 55 
Figure 29: Fixed water temperature and varying concrete temperature (cold) ..................... 56 
Figure 30: Fixed water temperature and varying concrete temperature (hot) ...................... 57 
Figure 31: Varying water temperature and varying concrete temperature ........................... 58 
Figure 32: Water temperature varying with output concrete temperature ........................... 59 
Figure 33: A bang-bang system type example ....................................................................... 61 
 

  



xi 
 

List of tables 
 
Table 1:Temperature influencers involved............................................................................ 28 
Table 2: Temperature data during printing ........................................................................... 29 
Table 3: Variable choice decision matrix ............................................................................... 31 
Table 4: Properties of dry concrete and water mixed ........................................................... 33 
Table 5: Final temperatures for different water and dry mix temperatures .......................... 34 
Table 6: Components of the valve control subsystem ........................................................... 41 
Table 7: Components of the output temperature control subsystem ................................... 46 
 

  



12 
 

  



13 
 

1. Introduction 
 
In the construction industry, looking to find newer, faster, and more cost-efficient methods of 
construction is an endless task. In the past few years, 3D printing has crossed the chasm into 
construction where it is now being utilized as 3D concrete printing (3DCP), and has shown 
potential in being a newer, faster, and more cost-efficient method of construction that the 
industry constantly seeks. Dubai, for example, has set a target to produce a quarter of the 
buildings to be 3D printed by the end of 2030, and other cities such as Copenhagen, Shanghai, 
and San Salvador are following suit. 3DCP is an additive manufacturing technique, which in 
other words means that material is added to create a specific shape. This contrasts with 
subtractive manufacturing in which raw material is cut and made to create a specific shape. 
Concrete printing makes it possible to create finer and more detailed structures, it utilizes a 
particular mix design of concrete dry mix and has a very low viscosity. Since the concrete mix 
used produces a low viscosity, the fresh printed concrete layer maintains its shape until it 
hardens. A useful attribute since additive manufacturing relies on stacking and layers of 
material. In 3DCP there is no need for formwork to mould the concrete, there is a less need 
for labour since the robot does most of the work, and there is a higher construction speed and 
a higher design freedom (Wolfs, 2015).  
 
One of these 3D concrete printers is found at the Eindhoven University of Technology in 
Eindhoven in The Netherlands. Led by Prof.dr.ir. T.A.M. Salet of the Department of Built 
Environment, and together with a handful of partner companies, they have recently 
constructed a 3D concrete printer which can be seen in its entirety in Figure 1.  
 

 
Figure 1: The 3D concrete printer 
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This particular printer was built primarily to study the 3DCP technique, rather than build 
structures for construction use, and is based on a gantry system robot that is 12x6x4 meters 
and can print concrete objects of various sizes by employing thin continuous concrete layers 
one on top of the other to create larger structures. This method of 3D concrete printing (3DCP) 
is the most commonly used technique currently being used and developed since it can create 
structures with high precision. Due to its relative novelty, as well as limitations such as its 
limited printable area, more research is necessary in order to better control the printing 
process and control the variables involved. The printer is controlled by a controller system 
which is the ‘brain’ of the 3D concrete printer and uses a concrete mixing device for the 
material preparation. The setup, which is further illustrated in chapter 2.1, consists of dry 
concrete mixture being placed in the concrete mixing device as seen in Figure 2, where water 
is then added from a wall mounted tap and mixed in the mixing device, which creates a fluid 
concrete. This fluid concrete is then pumped using a rotor stator pump that is driven by a 
motor and attached to the concrete mixing device, into a hose that is connected to a nozzle 
on the robot arm which can be seen in Figure 3. The robot arm, being controlled by the motion 
controller, then moves in three planes of motion as well as rotates along the vertical axis whilst 
simultaneously discharging the fluid concrete to print the concrete layer.  
 

 
Figure 2: Concrete mixer and pump            Figure 3: Nozzle 

 
This is repeated layer by layer throughout a path in order to create the concrete structure as 
can be seen in Figure 4. The motion controller also controls the motor that drives the pump in 
the concrete mixer, allowing it to both control the robot arm as well as control the pressure 
in which the concrete if pumped through the hose and eventually through the nozzle. The 
printer output results on many variables such as material properties, printing speed, print 
path, and the shape of the nozzle. However, due to the relative novelty of this particular 3DCP 
project, many of these variables are not yet fully controlled or measured, and results depend 
heavily on intuition, guesswork, and trial and error. This is time consuming and expensive and 
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variables need to be better controlled and measured in order to standardize printing outputs, 
understand the behaviour of the 3D concrete printer, and control the printing process and the 
results. 
 

 
Figure 4: Layering of concrete in 3DCP 

1.1. Problem definition 
 
One of these variables that are currently uncontrolled in the printing process is the 
temperature of the concrete output. The temperature of the fluid concrete depends on 
several factors: temperature of the water being used for mixing, temperature of the dry 
concrete mix being used, the ambient room temperature, the change in temperature due to 
the pump, the heat transfer from mixing and pumping, and the increase in temperature due 
to cement hydration. Cement hydration is an exothermic reaction (Ghafoori & Diawara, 
Influence of Temperature on Fresh Performance of Self-Consolidating Concrete, 2009), where 
the longer time the cement is being hydrated the more it will increase in temperature. 
Different curing methods that are performed on casted concrete are aimed to reduce the 
temperature of the concrete due to heat of hydration and thus result in a better strength gain 
curve and reduce problems such as thermal cracks (Ghafoori & Diawara, Influence of 
Temperature on Fresh Performance of Self-Consolidating Concrete, 2009). The temperature 
of the dry concrete mix is the same as the ambient room temperature since the dry concrete 
mix is stored indoors. The temperature of the water from the tap in The Netherlands can vary 
from a low of 6 °C to a high of 30 °C in a few days in the summer (Moerman, 2013). This 
variance gives an uncontrolled change in the properties of the concrete output and is a 
variable that is unpredictable and significant in the results of 3DCP. The temperature increase 
from the pump can heat up the concrete with varying extend depending on how long it has 
been continuously pumping and how old the pump is getting, as well as how hard it needs to 
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work to push that particular batch of concrete, which is partially a factor of the viscosity of the 
concrete. This again is a factor that continuously changes and adversely affects the concrete 
and should be controlled. As can be seen, all these are factors that vary with time and cannot 
be averaged, assumed, or neglected, and need to be controlled. Furthermore, they are all 
factors that can significantly affect the temperature of the concrete output and affect the 
consistency of results. 
 
Fresh concrete undergoes a change in behaviour under different temperatures (Dils, Schutter, 
& Boel, 2012). Fresh concrete with a higher temperature leads to a faster hydration, an 
accelerated rate of setting and therefore lower long-term strength and hardened properties, 
as well as an accelerated evaporation of water, a loss in concrete workability, and weaker 
bonding between the layers of the printed concrete (Lozano, Cea, Fité, & León, 2008). 
Concrete with lower temperatures leads to a slower hydration, a loss in workability, and a 
slower rate of setting. A slower rate of setting in concrete is sometimes detrimental to the 
hardened properties and the strength gain of the concrete and may therefore cause the 
structure to fail to develop enough early strength in order for the printing to be successful 
(Assaad & Khayat, 2005). This is because early strength is crucial in 3DCP since concrete is 
layered one on top of the other, and a lack of early strength gain would mean that the lower 
layers do not develop sufficient strength in order to carry the layers above, resulting in the 
printed structure to fail prematurely.   
 
These changes in behaviour of the concrete due to temperature changes are specifically 
critical in 3DCP. In 3DCP the structure is printed layer-by-layer as previously explained. This 
creates an additional factor that may be a weak link in 3DCP when compared to regular 
concrete casting (Le, et al., 2011). Weak bonding between the layers may be the detrimental 
factor in the failure of a printed structure, where bonding would be less of an issue in regular 
concrete casting due to the absence of these layers. Bond strength between layers of concrete 
is a factor of time and temperature, where they both affect the setting and hydration of the 
concrete, and the bond strength between concrete layers reduces as the time between the 
printing of layers increases (Le, et al., 2011). Nevertheless, it would be difficult to control the 
bond strength using the printing time gap between layers if the temperature is not controlled. 
Having said so and looking at how temperature vastly affects hydration and the rate of setting 
of concrete, it is evident that temperature control is an even bigger criterion when compared 
to regular concrete casting. As a result, it is vital to ensure that the bonding between the layers 
is as strong as possible, but that cannot be done without understanding and controlling the 
temperature influencers involved in the process of 3DCP.  
 
Finding that sweet spot of ideal concrete temperature for the 3DCP is critical in controlling the 
fresh and hardened concrete material properties and is vital in the long-term success of 3D 
printing. Furthermore, controlling the concrete temperature and deliberately increasing or 
decreasing it would allow further control on the properties of the concrete being printed. 
Currently, concrete temperature measurements are taken manually sporadically, and pump 
temperatures are recorded by a data logger in order to ensure that they do not exceed a 
maximum value. Yet if the values are exceeded, little action can be taken in order to influence 
the concrete temperature, and more often than not it is merely used as an indicator of 
pressure build-up rather than temperature control. Similarly, it is difficult to control the 
concrete temperature manually due to the continuous concrete printing process. The current 
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system is time consuming, does not allow for real-time modifications, is not automated, and 
is inconsistent. Theoretically identical concrete prints may end up with varied concrete 
temperatures at various points due to differences in factors such as the water mixing 
temperature or the heating due to the pump. With the current method, temperature 
measurements are noted, and their impact can be determined and can be used to change 
variables in the next print in order to improve or modify the concrete properties. However, a 
more efficient approach would be to control the temperature of the concrete through real-
time measurements, where a temperature feedback loop is set up that measures the 
temperature of the concrete and alter the inputs in order to adjust the concrete temperature 
to a consistent set value. This will create the possibility for real time changes of the variables 
in order to control the output concrete temperature and will provide possibilities to impact 
the fresh and hardened concrete properties during printing, as well from print to print.  
 
Furthermore, using real time measurements to alter the properties of the variables 
automatically eliminates human errors from the process, and provides efficiency, consistency, 
and automation to the process. This will provide possibilities to study other variables and their 
impact in the printing process since one variable will now be controlled. It will also allow for 
the possibility of testing newly developed concrete mixtures, different printing strategies, and 
printing in different environments (Strien, 2017). To achieve outputs that meet the expected 
outputs vital parameters such as temperature must be fully controlled to be able to have a 
controlled project where only one variable is being altered at a time to study and manipulate 
to improve results. By having a controlled project and then changing other variables 
separately, such as printing speed to study bonding once temperature is controlled as 
previously mentioned, the impact of each variable can be determined. The impact a variable 
such as temperature has on the fresh and hardened properties of the concrete makes it an 
even more critical variable to control, even in this early stage of the 3DCP project. Therefore, 
the limitations produced by the current lack of control on the concrete temperature are 
numerous and substantial, and remedying this would provide scientific significance, lay the 
groundwork for other variables to be studies, as well as provide monitoring, control, and 
efficiency in the 3DCP process.  
 

1.2. Research questions 
 
The objective of this research is to monitor and control the output concrete temperature in 
3DCP by developing a temperature control system that shows that it is possible to use data 
points to automatically alter the temperature of the concrete output in real-time to a desired 
figure. This system must measure, control, and alter the temperature of concrete output using 
various data inputs and by controlling the inputs. This research goal can be sum up in the 
following main question: 
 
How can temperature measurements be used to automatically control the temperature of 
concrete output in 3D concrete printing in real-time?  
 
To answer the main question, some additional research questions are must first be defined: 
 

1. What are the demands of the 3D concrete printer?  
2. What are the concrete temperature change influencers in 3DCP? 
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3. How is the optimal input variable(s) to be controlled determined in order to regulate 
the output concrete temperature?  

4. To what extent can changing the selected input variable affect the temperature of the 
output concrete? How much change in input parameters is required and is it feasible 
and practical to accomplish?  

5. What are the demands of the system developed that can collect and analyse the 
temperature data and take action accordingly? 

6. Can automatically generated adjustments to the input influence the output to the 
desired level?  

7. Is this system generic enough to be applied to other 3D concrete printers? 
8. What is the delay and extent of overshooting and undershooting in the system in 

controlling the output temperature of concrete?  
9. Will the temperature control system lead to a more controlled and consistent printing 

process and better concrete output?  
10. Can the temperature control system be fully automated and work in real time?  

 
1.3. Research design 

 
The goal of the research is to develop a temperature control system for 3D concrete printing 
where the inputs are automatically regulated in order to control the output concrete 
temperature at a desired figure. Since this is a development project aimed to develop a system 
to fit the demands of the 3D concrete printer in use, exploring similar existing systems would 
provide insight onto how this research design could be built. Hence, suitable literature was 
studied beforehand in order to provide understanding into current 3D concrete printing 
setups, as well as provide intuition into and compare similar systems. After that, the research 
design was initiated. In this section, the basis of how this will be achieved and the order and 
reasoning behind it will be explained. 
 

1. Exploring the mechanics and demands of the 3D concrete printer  
To begin with, the first step in order to begin making the temperature control system is to 
explore the demands of the 3D concrete printer in which the temperature control system will 
be tailored to.  
 

2. Understanding the temperature influencers involved in 3DCP 
Next, the various variables and inputs involved in the 3DCP process need to be studied. It is 
important to understand the inputs and their temperatures and their effect on the output 
concrete temperature in order to identify the output concrete temperature influencers in the 
3DCP process. Variables such as ambient temperature also need to be investigated in order to 
understand the temperature change influencers and the temperatures of the input variables 
in 3DCP. Ensuing that, and supported by findings in the literature, defining which input 
variable(s) is best controlled (easy/cost efficient/effective) in order to regulate the output 
concrete temperature will need to be chosen.  
 

3. Variable effect investigation 
After that, the impact the chosen variable(s) has on the output concrete temperature will be 
determined. Finding the extent to which altering the chosen variable has on the output is 
important to develop the temperature control system since it will show how much change in 
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input parameters is required in order to achieve desired results, and if it is feasible and 
practical to accomplish. However, this is an iterative process where other variables may need 
to be explored instead if the chosen variable’s impact is insufficient in controlling the output 
concrete temperature.  
 

4. Developing the temperature control system 
Based on the variable effect investigation, a system can be developed that will monitor the 
output concrete temperature and regulate it through altering the properties of the input 
parameters of the variable chosen. The developed system will collect and analyse that 
variable’s temperature data and take action accordingly. It will automatically monitor and 
control the output concrete temperature and automatically generate adjustments to the input 
variable to influence the output concrete temperature in real time to the desired level during 
the printing process through a feedback loop.  
 

5. Testing the system and finding limitations 
After developing the temperature control system, tests can be run in order to realise to what 
extent the system can control the output concrete temperature. It is expected that since the 
system heats up or cools down the input variable depending on whether the concrete output 
needs to be increased or decreased, and that it is not a precisely calculated effect, that the 
system must continuously iterate the process in order to get closer and closer to the desired 
output. This system will take the desired concrete output value and compare it with the actual 
concrete output temperature, depending on the variation the system must decide whether 
the input variable temperature should be increased or decreased. After that the system will 
continuously feedback this information to automatically adjust the input variable temperature 
accordingly. However, since the temperatures vary constantly, this would mean that this is an 
iterative and continuous process, where the feedback loop constantly compares the desired 
concrete temperate with the actual concrete output temperature and reacts accordingly. This 
inherently comes with a delay and some overshooting and undershooting that needs to be 
explored. The results and limitations of the system will need to be explored in order to tell if 
the temperature control system developed leads to a more controlled and consistent printing 
process and better concrete output, and if it can be fully automated and work in real time. 
Adjustments to the temperature control system are made based on these testing results, 
making this stage of the research an iterative process until an apt temperature control system 
is developed.  
 

6. Conclusions and future recommendations 
In the conclusions, the system is discussed in order to obtain an answer to the research 
questions presented, and the research objective is assessed. The target of this research is to 
provide the groundwork and proof of concept that a temperature control system can be 
utilized to automatically control the output temperature of concrete in 3DCP in real time. The 
goal is to deliver a concept that can be further improved and optimized for 3D concrete 
printing. The target is to eventually use such a system as a standard for every 3D concrete 
print. However, since the current setup utilizes no temperature control, the ability to take this 
and attach it to the printer robot may be a step too soon. Therefore, the chosen strategy is to 
aim to utilize this system for the demands of the 3D concrete printer, where developing the 
real-time temperature control system, for 3D concrete printing will be evaluated and 
discussed based on its future value. Therefore, the last step in this research process is to 
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provide conclusions about the working of the system, and proposals on future 
recommendations and future research, where future improvements and changes could be 
investigated in order to take the system forward and optimize it for 3D concrete printing.  
 

 
Figure 5: Research model 

 
1.4. Scientific importance 

 
The 3DCP process involves several variables that can affect the temperature of the output 
concrete such as temperature of the water being used for mixing, temperature of the dry 
concrete mix being used, the ambient room temperature, the change in temperature due to 
the pump, the heat transfer from mixing and pumping, and the increase in temperature due 
to cement hydration (DOLKEMADE & WILLIAMS, 2016). These factors vary with time and 
between prints and cannot be assumed or neglected and need to be controlled. However, due 
to the relative newness of this particular 3DCP project, many of these variables are not yet 
fully controlled of measured, and results depend heavily on intuition, guesswork, and trial and 
error. This is time consuming and expensive and variables need to be better controlled and 
measured in order to standardize printing outputs, understand the behaviour of the 3D 
concrete printer, and control the printing process and the results.  
 
To achieve outputs that meet the expected outputs vital parameters such as temperature 
must be fully controlled to be able to have a controlled project where only one variable is 
being altered at a time to study or manipulate it to improve results, and to be able to study 
other variables. By having a controlled project and then changing the variables separately, 
such as printing speed to study bonding once temperature is controlled, the impact of each 
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separate variable can be determined. The impact a variable such as temperature has on the 
fresh and hardened properties of the concrete makes it an even more critical variable to 
control, even in this early stage of the 3DCP project (DOOMEN & J.M.J., 2016). 
 
Currently, temperature measurements of the are taken by hand by a handheld infrared 
thermometer during or after printing is completed. Temperature measurements are taken 
purely for data and measurements about the printed structure, and presently this information 
is stored as data (as a graph) rather than used a s a feedback to alter the concrete mix. Overall, 
there is no ambient temperature measurement, no water temperature measurement, no 
fresh or printed concrete temperature measurement, no feedback to controller, no 
temperature boundaries, no automation of temperature change, and no temperature change 
or control. Furthermore, the acceptable temperature range of the concrete is not set since 
factors that affect it, such as ambient temperature, are currently not being measured in the 
current setup. Even if the temperature is somehow decided to be too high or too low, there is 
no system in place to manage or influence the temperature of the concrete and is rather used 
as variables and information for the next print. Similarly, the temperature of the output 
concrete is difficult to control manually due to the continuous printing process.  
 
This lack of real-time feedback increases the risk of bad prints and lowers the success rate of 
the printing. Similarly, this lack of real-time feedback limits the printing inputs, such as 
concrete mix specifications, to a particular print setup, meaning that these results could not 
be replicated in another environment. Using this current setup, having the same structure 
printing in the same printing technique and speed, with the same material, could have 
different properties and range of success depending if it was printed in the winter or in the 
summer, or in the day versus at night. This illustrates a lack of temperature control in the 
current 3D concrete printing setup that could highly influence results and the success of the 
project overall.  
 
Consequently, the system developed in this thesis would provide more output concrete 
temperature control and thus cut down the failure rates of the printed output due to 
temperature, provide more consistency in printing, control one of the variables affecting the 
strength development of the concrete (Ghafoori & Diawara, Influence of Temperature on 
Fresh Performance of Self-Consolidating Concrete, 2009). Furthermore, it would open the 
possibility for testing of the bond strength and maturity of concrete, which is a factor of time 
and temperature, and is a critical variable in 3DCP (DOLKEMADE & WILLIAMS, 2016). This 
technique would also allow the water temperature to be set to much wider range of 
temperatures, making it possible for concrete to be produced with a wider range of 
temperature allowing for better applications in 3DCP and different printing possibilities. This 
also brings the opportunity to study the effect of water temperature or overall concrete 
temperature on 3DCP in more depth, as well as study other variables under different concrete 
temperatures, providing scientific and research importance in the field of 3DCP.  
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1.5. Objective and expected results 
 
The target of this research is to provide the groundwork and proof of concept that a 
temperature control system can be utilized that will use temperature measurements to 
automatically control the temperature of the output concrete in 3DCP in real time in order to 
help gain better control over the 3DCP process. The goal is to deliver a concept that can be 
further improved and optimized for 3D concrete printing. The target is to eventually use such 
a system as a standard for every 3D concrete print. However, since the current setup utilizes 
no temperature control, the ability to take this and attach it to the printer robot may be a step 
too soon. Therefore, the chosen strategy is to aim to utilize this system for the demands of 
the 3D concrete printer, where developing the real-time temperature control system, for 3D 
concrete printing will be evaluated and discussed based on its future value. The basic demand 
of this research however, which is to deliver the system that can measure and control the 
output concrete temperature in 3DCP, automatically and in real time, is expected be achieved.  
 

1.6. Reading guide 
 
This report is structured in five chapters: Introduction, Methodology, Implementation, Results 
and Discussions, and Conclusions. There are also several appendices to follow. The research 
questions formulated are linked to the research model presented in Figure 5, which is the 
reading sequence of this thesis. In the end, these chapters will initiate and conclude the 
research outline provided, which in turn will answer the research questions formulated.  
 
The first chapter, the introduction, shares some background information, lays out the problem 
definition and the research questions, and the research design is developed. The second, third, 
fourth, and fifth chapters follow the setup formulated in the research design presented in 
Figure 5, where the second chapter, the methodology, initiates the research outline and 
explores the possibilities and demands of the systems, where the third chapter, the 
implementations is focused on its development. They include a description of the working 
method used, as well as the approach and decisions made in order to develop the system 
proposed in this graduation project and share the techniques used to achieve the goal of this 
thesis. The fourth chapter, the results and discussion, shares the testing done on the system 
explained in the methodology and implementation chapters, and aims to provide explanations 
and discussions on the test performed, as well as reasoning behind the results obtained, and 
find limitations in the system that were exposed during testing. The final chapter, the 
conclusions, concludes the research outline and discusses what is learnt from the research, 
but also describes future recommendations. This chapter discusses where future 
improvements and changes could be made in order to take the system forward and optimize 
it for 3D concrete printing.  
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2. Methodology 
 
As laid out in the previous chapter, the goal of this thesis is to develop a system to monitor 
and control the output concrete temperature in 3DCP. This will be done by developing a 
temperature control system to control the temperature of the output concrete by 
manipulating the inputs. In order to do so, understanding the inputs and outputs of the 
systems, as well as the mechanics and demands of the 3D concrete printer, must first be 
accomplished. Since this system must also control the output temperature automatically and 
in real time, the system must be tested in order to confirm that the automatically generated 
adjustments to the input influence the output to the desired level. To recap, the research 
question is defined as follows: “How can temperature measurements be used to automatically 
control the temperature of concrete output in 3D concrete printing in real-time?”.  
 
In order to satisfy the research question, a research plan was developed. This plan divides the 
development project into six segments that tackle the different parts of the 3D concrete 
printer that must be researched in order to develop the temperature control system 
presented in this thesis. This was done by investigating the current 3DCP setup, understanding 
the variables involved and their effect, and designing a system that would lead to a more 
controlled and consistent printing process. After that, the system was tested, and the results 
were discussed. These six segments that form the framework of developing this system are:  
 

1. Exploring the mechanics and demands of the 3D concrete printer  
2. Understanding the temperature influencers involved in 3DCP 
3. Variable effect investigation 
4. Developing the temperature control system 
5. Testing the system and finding limitations 
6. Conclusions and future recommendations 

 
The first four segments, which deal with the working of the 3D concrete printer, the variables 
involved, and developing the temperature control system, are laid out in this chapter and the 
next. The subsequent two chapters deal with testing, discussing, and finding limitations in the 
system, as well as conclusions and future recommendations. Considering that this is a 
development project, the approach used was experimental and combined using system 
control techniques with observation of the current setup and variables involved in order to 
develop a system that can control the temperature of the output concrete. Through the 
investigations done on the six segments stated above and laid out in this chapter, an input 
variable is identified through exploring and investigating the printer and all the temperature 
influencers involved, before the system is developed, tested, and discussed. Literature was 
used to support the variable effect investigation, and the results were used as an indication 
to point towards the workings of this system and its limitations.  
 

2.1. Exploring the mechanics and demands of the 3D concrete printer  
 
To begin with, the first segment that was investigated in order to accomplish the research goal 
and address the research question and sub questions was that of the mechanics and demands 
of the 3D concrete printer. By understanding the ins and outs of the current setup, the basis 
of the temperature control system can be laid out since the system will be tailored to the 
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needs of this 3D concrete printer. This was done by studying the 3D concrete printer in use 
during printing over a period of months in order to note down the details and differences 
between prints, and the typical setup, which comprises of the core functions, was noted.  
 

2.1.1 The 3D concrete printer setup 
 
The 3D concrete printer, which operates at the structures lab at the Eindhoven University of 
Technology under the Department of Built Environment, was built primarily to study the 3DCP 
technique, rather than build structures for use, and is based on a gantry system robot that is 
12 x 6 x 4 meters (l x w x h) that covers a printable area of 9 x 4.5 x 2.8 meters (l x w x h). It 
can print concrete objects of various sizes by employing thin continuous concrete layers one 
on top of the other to create larger structures. This method of 3D concrete printing is the most 
commonly used technique currently being used and developed since it can create structures 
with high precision.  
 
The 3D concrete printer functions through three main parts that work in unison in order to 
create 3D concrete printed structures. These parts are the concrete mixer and pump, the 
gantry robot, and the control unit. The printer is controlled by the controller unit, which is the 
“brain” of the 3D concrete printer and uses the concrete mixing device for the material 
preparation and controls the movement of the nozzle through the gantry robot. It utilizes a 
particular mix design of concrete dry mix that has a very low viscosity. Since the concrete mix 
used produces a low viscosity, the fresh printed concrete layer maintains its shape until it 
hardens. The setup consists of dry concrete mixture being placed in the concrete mixing 
device, where water is then added from a wall mounted tap and mixed in the mixing device, 
which creates a fluid concrete. This fluid concrete is then pumped using a rotor stator pump 
that is driven by a motor and attached to the concrete mixing device, into a hose that is 
connected to a nozzle on the robot arm. The robot arm, being controlled by the control unit, 
then moves and rotates whilst simultaneously discharging the fluid concrete to print the 
concrete layer. This setup can be seen in Figure 6.   
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Figure 6: Current 3DCP system setup 

The control unit operates as a Computer Numerical Control (CNC) machine and has a ‘Siemens 
Numerik’ operating system. It utilizes G-code for the motion segment of the controls in order 
to give movement commands to the gantry robot and utilizes M-code in order to give machine 
setting commands and transmit settings to the concrete printer and pump. The control unit 
used can be seen in Figure 7.  
 

 
Figure 7: Control Unit 
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2.1.2 The mechanics of the 3D concrete printer  
 
Applying this, the concrete mixer and pump prepare the concrete and pump it through the 
hose, where it usually spends around 90 seconds before it reaches the nozzle, which is 
attached by the gantry robot controlled by the control unit. The nozzle can move in the x, y, 
and z directions, as well as rotate around the z-axis. 
 
As mentioned, the concrete mixer and pump blends the custom-made dry concrete mix 
powder material (best described as mortar) placed into the mixer, with water obtained from 
a tap in order to create fluid concrete that is then pumped through. It should be noted that 
other dry materials such as gypsum or plaster can also be used in this machine. The amount 
of water used in mixing is regulated by a tap on the machine that is governed by the 
water/cement ratio required for the material properties set for that particular print. Since the 
dry mix extraction into the mixer is constant, regulating the water flow would proportionally 
correspond to the water/cement ratio. Inside the mixer, a horizontal screw extracts the dry 
mix into the mixer, where water is then added, and the mixed material is then stored in a 
vertical container outside the mixer which acts as a temporary storage of concrete ready to 
be used. This container contains the sensor which starts and stops the mixing based on the 
level of concrete available in that container. Once the senor detects a low level of concrete in 
the container, it signals for the mixer to mix more concrete to fill up the container. A mixing 
rod is also employed in this vertical container to constantly mix the concrete to prevent it from 
hardening prematurely, and its frequency is controlled by the control unit.  The concrete mixer 
and pump indicated in the overall 3D concrete printer setup seen in Figure 6, as well as the 
external vertical container described, can be seen in Figure 8.  
 

 
Figure 8: Concrete mixer and pump 
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The material then leaves this vertical container through the bottom where a rotor stator pump 
is located. The control unit also controls the rotation speed of this pump, which operates at 
the same rotation speed of the mixing rod inside the mixer. The rotor stator pump pressures 
the material from the vertical container through a hose that is several meters long. Concrete 
typically spends around 90 seconds inside the hose before it reaches the nozzle where it is 
then expelled onto the concrete structure being printer. The nozzle, that is also connected to 
the gantry robot whose movement is controlled by the control unit as previously mentioned, 
is usually shaped depending on the requirements of the print such as the required layer width 
or shape. The shape and size of the nozzle may differ subject to printing requirements; 
however, the shape of the nozzle must have the same surface dimensions as the hose to allow 
for conformity in pressure. The nozzle with the hose attached can be seen in Figure 9. 
 

 
Figure 9: Nozzle with hose attached 

 
2.2. Understanding the temperature influencers involved in 3DCP 

 
After understanding how the concrete printer works through the mechanics and demands of 
the 3D concrete printer, the next step in order to accomplish the research goal and address 
the research question and sub questions was to investigate the output concrete temperature 
influencers involved in the setup explained in the 3DCP process. This is to be done by studying 
the temperatures of the inputs or influencers involved in the 3DCP process that may affect 
the output concrete temperature, at different stages in the printing process. Several variables 
were identified in the 3DCP process that may have an influence on the output concrete 
temperature. These included variables such as the temperatures of the inputs as well as 
environmental or system variables. Table 1 below identifies and describes the identified 
temperature influencers that may have an effect on the temperature of the output concrete 
that needs to be controlled. 
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Table 1:Temperature influencers involved 

Variable Description 

Temperature of tap 
water 

The temperature of the tap water used for mixing is monitored to 
observe if any temperature changes cause output concrete 

temperature changes and to understand the relation between the 
mixing water and the output concrete temperature. 

Temperature of the 
dry concrete mix 

The temperature of the dry concrete mix used before mixing was 
measured to monitor any temperature influence and to 

understand the relation between the dry concrete mix and the 
output concrete temperature. 

Temperature of the 
fresh concrete in 
the mixing device 

The temperature of the fresh concrete inside the mixing device 
was noted. Here a slight increase of temperature from the water 
and dry mix is expected due to the chemical reaction of heat of 

hydration of cement, which is an exothermic reaction. 

Temperature of the 
pump 

The temperature of the pump is monitored in order to observe the 
increase of temperature due to the pump since the pump 

temperature increases during printing or as the pump gets older 
over time or if it needs to work harder due to blockage or more 

viscous concrete. 
Temperature of the 

printed concrete 
from the nozzle 

The temperature of the output concrete was measured as this is 
the criteria targeted to be controlled. The concrete was measured 

right after the nozzle deposits the concrete layer. 

Ambient 
temperature 

The ambient room temperature in the lab is measured in order to 
monitor the changes in room temperature and if they have an 

effect on the temperature of the printed concrete. 
 
It is important to understand these output concrete temperature influencers and their effect 
on the output concrete temperature in order to be able to control it. Variables such as ambient 
temperature also need to be investigated in order to understand the temperature change 
influencers and the temperatures of the inputs in 3DCP. Ensuing that, and supported by 
findings in the literature, defining which input variable(s) is best controlled in order to regulate 
the output concrete temperature will need to be chosen. In choosing this variable, the 
effectiveness, cost efficiency, and difficulty in which it is controlled is considered. For instance, 
the temperature of the concrete dry mix is an input variable that may have a pronounced 
effect on the output concrete temperature and controlling or altering the temperature of the 
dry concrete mix may result in controlling output concrete temperature to desired level. 
However, cooling and heating bags of powder is not an easy or cost-efficient method of 
controlling the temperature. Similarly, the ambient temperature may be a variable that has 
an evident influence on the temperature of the concrete output, but heating or cooling the 
whole lab to a degree in which the concrete would be influenced is not an ideal approach to 
concrete temperature control and its effect would be limited. The chosen variable must be 
realistically and easily controlled, inexpensive and practical to heat up or cool down, and 
effective in influencing the temperature of the output concrete to the desired extent.  
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2.2.1 Monitoring the temperature influencers during printing   
 
The first step in order to do so is to first monitor the temperature influencers during printing 
in order to understand the relationships between the temperature, identify trends, and to be 
able to recognise the typical ranges of these temperatures. Table 2 summarizes the data 
obtained by monitoring the temperatures of the influencers throughout five different printing 
sessions (labelled as 1.x to 5.x in Table 2) by measuring these temperatures manually through 
a handheld infrared thermometer. Thirteen measurements in total were taken at different 
points in the printing process across five different printing sessions in order to maximize the 
data range. The data shows that practically, the effect of the temperature of the pump is the 
most significant since a warmer pump heats up the concrete as can be seen by the 
temperature variances between measurements. This could be identified since the other 
variables were kept mostly at room temperature so were consistent. The tap water 
temperature was also similar since only water from the cold faucet was used, and the external 
temperature did not vary to the extent to which the water temperature is affected, since these 
measurements were all within a few months from each other.  
 
Table 2: Temperature data during printing 

Temperature 
(°C) Water Dry 

mix 
Concrete 
in mixer Pump Printed 

concrete Ambient 

Measurement 
1.1 23 25 27 36 36 23 

Measurement 
1.2 22 25 28 33 33 22 

Measurement 
2.1 22 25 26 36 36 23 

Measurement 
2.2 23 25 27 36 36 23 

Measurement 
3.1 20 25 27 33 31 22 

Measurement 
4.1 22 26 30 36 34 24 

Measurement 
4.2 21 23 28 34 32 24 

Measurement 
5.1 22 24 23 28 28 23 

Measurement 
5.2 22 22 24 27 27 23 

Measurement 
5.3 22 22 24 27 27 23 

Measurement 
5.4 21 22 24 29 29 23 

Measurement 
5.5 21 22 25 30 29 23 

Measurement 
5.6 22 23 26 30 30 23 
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The temperature of the concrete in the mixer was as expected slightly higher than the 
temperatures of the water and the dry mix individually. This is because the chemical reaction 
of heat of hydration in cement hydration is an exothermic reaction (Ghafoori & Diawara, 
Evaluation of Fresh Properties of Self-Consolidating Concrete under Long Transportation Time 
and Extreme Temperature , 2010). The temperature of the pump increases throughout the 
duration of printing which in turn heats up the concrete going through it. This temperature 
increase varies depending on printing time, concrete properties, and the age and lubrication 
of the pump, and would need to be offset by the system proposed in this thesis as it is one of 
the main contributing factors to uncontrolled output concrete temperature.   
 

2.2.2 Choosing the variable to control  
 
The next step in order to choose a suitable variable to control is to understand what effectively 
influences the output concrete temperature. The literature indicates that water would have 
the largest effect on the output concrete temperature since water can hold up to five times 
as much heat or cold as other concrete components such as aggregate (Ghafoori & Diawara, 
Evaluation of Fresh Properties of Self-Consolidating Concrete under Long Transportation Time 
and Extreme Temperature , 2010). Water can be to be heated up or cooled down easily and 
quickly and can be done some to different extents without difficulty. Also, a wider range of 
water temperatures can be achieved by mixing different ratios of hot and cold water. Le et al. 
states that the water temperature would be the controlling parameter in the output concrete 
temperature in 3DCP, when comparing with the other concrete components (LE, et al., 2012). 
Due to the relative ease of heating or cooling water when compared to other materials, and 
it’s pronounced influence on the temperature of the concrete, it is expected that choosing to 
control water and make it the focus of the temperature control system by heating or cooling 
the water being used during concrete mixing continuously during printing, would achieve 
desirable results. (LIM, et al., 2011) 
 
After studying the effect of the variables on the output concrete in 3DCP, as well as the data 
of the temperatures obtained, a decision must be made in order to choose a suitable variable 
to control in order to achieve the goal of controlling the temperature of output concrete in 
3DCP. Keeping in mind the practicality and ease of changing the temperatures of the 
temperature influencers in the 3D concrete printing process, as well as its effectiveness and 
cost, a matrix was made, shown in Table 3. This matrix gives every variable in consideration a 
score to every weighted criteria in order to help identify which is the best variable to control. 
It scores each variable on a scale of 1 to 5 with one being the lowest, against a weighted 
criterion weighed from 1 to 3 (shown in brackets in the table heading). The ‘temperature of 
the fresh concrete in the mixing device’ as well as the ‘temperature of the printed concrete at 
the nozzle’ refers to controlling these variables at those locations through heating up or 
cooling down the concrete at the mixing device or the nozzle respectively. The effectiveness 
was scored based on the literature as well as the data temperatures measured in Table 2. The 
cost effectiveness and ease/practicality were intuitive based judgements. A possible general 
method of controlling this variable, as well as the level of control this method would provide, 
were used to base these decisions. In the end, the matrix determined that the best 
temperature variable to control would be to control the temperature of the mixing water 
being used as it provided effectiveness, a high level of potential control, was easy and practical 
to manipulate, and thus provided the highest total score in the matrix.  
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Table 3: Variable choice decision matrix 

 
Considering everything so far, the temperature of the printed concrete can be said to depend 
on several factors: temperature of the water being used while mixing, temperature of the dry 
concrete mix being used, ambient room temperature, increase in temperature due to the 
pump, and increase in temperature due to cement hydration. When looking at these 
temperature influencers, it is easy to see that controlling the water temperature can be the 
easiest variable to influence since cooling or heating the dry mix concrete is comparatively 
expensive, slow, and inconvenient, and controlling the ambient temperature is only possible 
to a very limited degree and is not practical. Similarly, controlling the temperature through 
cement hydration is not possible as it is only possible to select cement with a lower heat of 
hydration, but this does not control the temperature during printing, but only lowers it when 
compared to regular concrete. This would also result in a different cement being used which 
changes the printing material and is not desirable in order to maintain a controlled 
experiment. Lastly, the increase in temperature as a result of the pump can be limited or 
controlled but does not control the printed concrete temperature, where the temperature 
cannot be lowered at will, only regulated to a certain degree, and is therefore not a variable 
that can be utilized to fully adjust the temperature of the printed concrete. 
 
The chosen variable must be realistically and easily controlled, inexpensive and practical to 
heat up or cool down, and effective in influencing the temperature of the output concrete to 
the desired extent. Controlling the water temperature during printing will make it possible to 
continuously change the temperature of the concrete output during the printing process due 
to the immediate effect water has on overall temperature of the concrete. This is because 
water can hold up to five times as much heat or cold as other concrete components such as 
aggregate. In heating or cooling the mixing water, all of the other factors affecting the 

Variable to control Possible method of 
control 

Level 
of 

control 
(2) 

Ease and 
practicality 

(2) 

Cost 
efficient 

(1) 

Effectiveness 
(3) Total 

Temperature of 
tap water 

Use hot and cold-
water taps, or a 

heater and chiller, in 
different water ratios 

5 5 3 4 35 

Temperature of 
the dry concrete 

mix 

Refrigerate or heat 
up dry concrete mix 

bags 
3 2 2 2 18 

Temperature of 
the fresh concrete 

in the mixing 
device 

Surround the mixer 
from the outside with 

coolant or heating 
sack 

2 4 3 3 24 

Temperature of 
the pump 

Surround the pump 
from the outside with 

coolant or heating 
sack 

2 4 3 4 27 

Temperature of 
the printed 

concrete from the 
nozzle 

Place an infrared 
heater ‘gate’ at the 
nozzle or a similar 
method of cooling 

4 3 2 5 31 

Ambient 
temperature 

Adjust the heater or 
air conditioner 1 1 3 1 10 



32 
 

temperature of the concrete output can be offset. Controlling the water would also result in 
controlling the temperature of the fresh concrete in the mixing device, as well the concrete at 
the nozzle without the impracticalities of having to heat up or cool down the concrete at those 
locations. Water is also relatively easy and cost efficient to heat up and cool down, which 
makes it an ideal candidate in controlling the concrete output temperature. Water 
temperature can also be set to a much larger range of temperatures than other parameters, 
bringing the opportunity to study the effect of water temperature or overall concrete 
temperature on 3DCP in more depth. 
 

2.3. Variable effect investigation 
 
After choosing the mixing water as the input variable to control in order to control the 
temperature of the output concrete in 3DCP, the impact it has on the output concrete 
temperature will be determined. Finding the extent to which altering the chosen variable has 
on the output is important to develop the temperature control system since it will show how 
much change in input parameters is required in order to achieve desired results, and if it is 
feasible and practical to accomplish.   
 
To do that, and to take the first step in order to begin making the temperature control system 
is to check the effect water temperature change has on the fresh concrete temperature and 
if it is sufficient to change the concrete temperature adequately on its own. This check would 
confirm that water, as suggested by the literature, is the best variable to alter to change the 
overall concrete temperature. This would be the basis of the research since it is predicted that 
in heating or cooling the mixing water all the other factors affecting the temperature of the 
concrete output can be offset sufficiently. The temperature control system being developed 
aims to tackle all the factors that can affect the temperature concrete output. Due to their 
varying nature and their unpredictability, and the capacity of water to offset these variables 
is critical in controlling the output concrete temperature.  
 
The water to cementitious material ratio normally used during printing is 0.2 for most printing 
sessions. This value is lower than typical concrete but is required for 3DCP in order to achieve 
no slump of concrete, which is needed for geometrical precision (Doomen, 2016). However, 
this lower ratio means that there is less water in the fluid concrete that can influence the 
temperature. Therefore, the capability of the water to affect the overall concrete temperature 
is diminished in 3DCP and needs to be checked theoretically in order to ensure that it is 
sufficient. This is done by using the specific heat of both the solid and the liquid components 
of the concrete and applying their ratios and starting temperatures in order to calculate the 
final temperature of their mixture. This however does not take into account the continuous 
exothermic reaction of cement hydration, which in other words means that the concrete will 
continue to heat up as the cement continuously hydrates. Nevertheless, it is important to 
calculate this to estimate the theoretical reactions of the concrete temperatures, which would 
provide a guideline in checking if water can be controlled to the extent to achieve desired 
results, and its capacity to offset other variables’ influences on the concrete temperature. For 
example, if it is estimated that the pump heats up the concrete with X °C , then knowing that 
manipulating the water temperature can lower the concrete temperature by X °C in order to 
keep the final output concrete temperature constant is vital information that indicates the 
success of this system.  
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In order to do so, the specific heat of both water and the dry concrete mix are found (De 
Schutter & Taerwe, 1995) (Mataraarachchi, Sayanthan, & Nanayakkara, 2015). For water, the 
standard specific heat of 4186 J/Kg°C was used. This high value reflects water ability to hold 
heat as expected. As for the dry concrete powder, the standard mortar powder specific heat 
could not be directly applied since this powder is a custom blend. Therefore, the standard 
specific heat of 780 J/Kg°C was first assumed, and a practical experimentation was conducted 
to test this number using water of different temperatures (De Schutter & Taerwe, 1995). 
Taking the water temperatures and specific heat into account, as well as the actual 
temperature of the mortar versus the theoretical one, the specific heat of the dry concrete 
powder was thus estimated to be at 857 J/Kg°C. The water to cement ratio being typically 
used in printing is 0.2 as previously mentioned, hence this was replicated by using 1kg of water 
for 5kg of dry concrete powder for this analysis. Table 4 summarizes these values that will be 
used later in Table 5 to find the final temperatures of the concrete with different water and 
powder starting temperatures. (Mataraarachchi, Sayanthan, & Nanayakkara, 2015) 
 
Table 4: Properties of dry concrete and water mixed 

Solid (dry concrete powder)   
Mass (kg) 5 
Specific heat (J/kg°C) 857 
    
Liquid (water)   
Mass (kg) 1 
Specific heat (J/kg°C) 4186 

 
Applying these properties and ratios, some theoretical values of the temperature of the fresh 
concrete could be found under different temperature combinations for the dry concrete 
powder and the water. Since the temperature data obtained and shown in earlier in Table 2 
found the dry mix to be between 22°C and 26°C, values around those figures were taken for 
this analysis. As for the water, values as low as 5°C which is the probably lower limit attainable 
if a chiller is used, as well as values as high as 70°C which is the probably higher limit attainable 
if a geezer is used, were used. With this analysis, water at different temperatures can be tested 
to see if they can potentially offset the other temperature influencers in 3DCP by either 
heating up or cooling down the fresh concrete.  
 
If for instance the pump begins heating up during printing, resulting in a temperature increase 
in the output concrete temperature, the mixing water can then be either cooled down in order 
to achieve the desired concrete output. However, this is not a direct relation since if the 
output concrete temperature is X°C too warm, then cooling down the water by X°C will not 
remedy that. Instead, the fresh concrete temperature would need to be lowered as a whole, 
which would result in the water temperature probably needing to be lowered by a value 
greater than X°C due to the low water to cement ratio. Also, this is not a linear relation, using 
water that is Z°C cooler will not always cool the concrete by the same Y°C, as there will be 
diminishing returns once the concrete gets colder and colder. Similarly, other factors such as 
heating of the concrete from cement hydration will have more of a pronounced effect in 
colder concrete temperatures. In other words, cooling the concrete as much colder levels will 
be a much more difficult task that cooling it at higher temperatures, and vice versa. Therefore, 
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these calculations shown in Table 5 provide a theoretical guideline to how the concrete 
temperature will be affected in certain ranges of water temperature in order to confirm using 
the water ability to offset the temperature changes in 3DCP under these material conditions.  
 
Table 5: Final temperatures for different water and dry mix temperatures 

 
As can be seen mixing the dry concrete powder of different temperatures around the typical 
room temperature values, with water of varying temperatures, can result in a wide range of 
final temperature of fresh concrete. This substantiates the use of mixing water as the variable 
to control in developing the temperature control system for the output concrete. Table 5 
shows that when compared to the current setup where both the dry mix and water are at 
room temperature, using cold water can reduce the temperature of the concrete by a 
substantial 10 degrees, which is sufficient in offsetting the increase in temperature 
experienced during printing. Similarly, using hot water can increase the temperature of the 
concrete by nearly 30 degrees, which is ample in increasing the temperature of the output 
concrete if needed. The combination of both, can accomplish the goal of controlling the 
temperature of the output concrete by heating it up or cooling it down whenever needed in 
order to achieve concrete at more stable and desired temperatures. This shows that the 
mixing water can affect the concrete temperature enough to be a suitable choice of variable 
to control in order to influence the output concrete temperature despite the low amounts of 
water used in 3DCP as a result of the low water to binder ratio. The theoretical temperature 
values presented exceed the requirements needed for water to be a viable choice, as it shows 
the extent in which changing the input variable can affect the temperature of the output. 
Furthermore, it demonstrations that the changes required are feasible and practical to 
accomplish and align with the workings of the 3D concrete printer as well as the material used.  
 

2.4. Developing the temperature control system 
 
Based on the variable effect investigation, a system can now be developed that will monitor 
the output concrete temperature and regulate it through altering the properties of the input 
parameters of the input variable chosen. The developed system will collect and analyse that 
variable’s temperature data and take action accordingly. It will automatically monitor and 

Temperature 
of water (ºC) 

Final temperature (ºC) 
Temperature of dry concrete powder (ºC) 

20 21 22 23 24 25 26 27 28 29 
5 12,6 13,1 13,6 14,1 14,6 15,1 15,6 16,1 16,6 17,1 

10 15,1 15,6 16,1 16,6 17,1 17,6 18,1 18,6 19,1 19,6 
15 17,5 18,0 18,5 19,0 19,6 20,1 20,6 21,1 21,6 22,1 
20 20,0 20,5 21,0 21,5 22,0 22,5 23,0 23,5 24,0 24,6 
25 22,5 23,0 23,5 24,0 24,5 25,0 25,5 26,0 26,5 27,0 
30 24,9 25,4 26,0 26,5 27,0 27,5 28,0 28,5 29,0 29,5 
40 29,9 30,4 30,9 31,4 31,9 32,4 32,9 33,4 33,9 34,4 
50 34,8 35,3 35,8 36,3 36,8 37,4 37,9 38,4 38,9 39,4 
60 39,8 40,3 40,8 41,3 41,8 42,3 42,8 43,3 43,8 44,3 
70 44,7 45,2 45,7 46,2 46,7 47,2 47,7 48,2 48,8 49,3 
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control the output concrete temperature and automatically generate adjustments to the input 
variable to influence the output concrete temperature in real time to the desired level during 
the printing process through a feedback loop.  
 
Specifically, now that water has been identified as the input variable to govern in order to 
sufficiently control the output concrete temperature in the 3DCP setup, and the effect water 
temperature has on the fresh concrete in the 3DCP is confirmed and estimated, the 
temperature control system can be developed. This system will automatically vary the 
temperature of the mixing water inputted into the 3DCP process based on the temperature 
measured of the output concrete. This temperature control system will control the 
temperature of the output concrete at a set desired value through automatic control and 
manipulation of the input temperatures in order to keep prints consistent and controlled. It 
will compare the desired temperature of the concrete with the actual temperature measured 
at the nozzle and would continuously increase or decrease the mixing water temperature in 
order to influence the output concrete temperature.  
 
Since the system heats up or cools down the input variable, the mixing water, depending on 
whether the concrete output temperature needs to be increased or decreased, and it is not a 
precisely calculated effect, this results in the system continuously iterating the process in 
order to get closer and closer to the desired output. This system will take the desired concrete 
output value and compare it with the actual concrete output temperature, depending on the 
variation the system must decide whether the input variable temperature should be increased 
or decreased. After that the system will continuously feedback this information to 
automatically adjust the input variable temperature accordingly. However, since the 
temperatures vary constantly, this would mean that this is an iterative and continuous 
process, where the feedback loop constantly compares the desired concrete temperate with 
the actual concrete output temperature and reacts accordingly. This inherently comes with a 
delay and some overshooting and undershooting that gets closer and closer to the target 
temperature as time increases since the variations between the target temperature and the 
actual temperature get less and less. This is illustrated in Figure 10 by showing how the 
temperature of the output will generally eventually converge with the desired concrete 
temperature.  
 

 
Figure 10: Expected concrete temperature behaviour with temperature control system 
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2.4.1 System control 
 
The target of this system would be to gain more system control over the 3DCP process. This 
will be achieved by following the basics of closed loop control systems and applying it to the 
printing process. Closed loop control systems are systems that utilize feedback to compare 
the actual output to the desired output and respond accordingly. Real life examples of this are 
refrigerators or air conditioners, which use a thermostat to detect the temperature and 
control the operation of its electrical parts to keep the temperature of the target area at a 
pre-set constant. One advantage of using a closed loop control system is its ability to adjust 
its output automatically by feeding the output signal back to the input. This feedback signal is 
what defines a closed loop control system and is required for the temperature control system 
being developed for the 3D concrete printer since the output will continuously need to be 
adjusted, despite closed loop systems generally being more complicated and typically more 
expensive to make than similar non-feedback systems. Figure 11 outlines the basic process of 
a closed loop feedback control system in which the temperature control system being 
developed for the 3D concrete printer will be based.  
 

 
Figure 11: Closed loop feedback control system (with feedback loop) 

 
Following these principles and the closed loop feedback control system process seen in Figure 
11, a planned system is created for the 3D concrete printer. This includes an output which in 
this case would be the printed concrete from the nozzle, a measurement which in this case 
would be the temperature of the printed concrete, and an input which in this case is the mixing 
water. A comparator is also used in which the desired temperature of the concrete is set, 
which is compared to the measurement value taken.  
 

2.4.2 Planned System 
 
Next, the planned system can be drawn up. As can be seen in Figure 12, the planned system 
would include modifications from the current setup, seen in Figure 6. The planned setup 
would include the measurement of the concrete temperature at the nozzle, which is used in 
the feedback loop. It will also have a temperature sensor to measure the temperature of the 
water used, for monitoring purposed. Next, it will use valves for hot and for cold water inlets 
and would be the input for this system. These valves can be controlled by a water controller, 
which would be the controller in this system. The water controller device will be the 
comparator since both functions could be performed by the same controller in this system. It 
will receive measurements from the temperature reading at the nozzle, compare it with the 
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set temperature value, and then proceed to control the water valves (the inputs), which go 
through the 3DCP process and eventually influence the concrete temperature at the nozzle 
(the output), thus completing the feedback loop and achieving a closed loop feedback control 
system.  A Y-connection will also be utilized for water mixing purposes. This planned 3DCP 
setup can be seen in Figure 12, where ‘T’ indicated temperature data collection points.  
 

 
 

Figure 12: Planned 3DCP setup 

 
In the planned 3DCP setup, the mixing water will be controlled by developing two subsystems. 
A ‘valve control subsystem’ that utilizes a mix of hot and cold water to raise or lower the 
temperature of the mixing water in order to raise or lower the temperature of the output 
concrete. The valve control subsystem contains two valves, one each for hot and cold water, 
which using a Y-connection mixes them into one hose which would lead into the concrete 
mixer. The temperature of the water at the hose will be measured in order to monitor the 
mixing water temperature being used. A connection will be employed in order to receive 
temperature feedback of the output concrete at the nozzle in order for the valve control 
subsystem to compare it to a pre-set concrete target temperature and react accordingly.  
 
The temperature feedback from the output concrete at the nozzle will be sent by the second 
subsystem in this setup, an ‘output temperature control subsystem’ that utilizes a 
temperature sensor that communicates the current temperature of the output concrete to 
the valve control subsystem. Since the temperatures vary constantly, this would mean that 
this is an iterative and continuous process, where the feedback loop constantly compares the 
desired target concrete temperate with the actual concrete output temperature and reacts 
accordingly.  
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In order to develop this system, a decision flowchart is required to base this process in which 
decisions will be taken to control the water temperature in this setup. This decision flowchart 
can be seen in Figure 13 and explains the process in which the water controller compares the 
temperatures involved in the feedback loop in this system, then controls the valves based on 
that assessment. The aim is to achieve an output concrete temperature (Tconcrete) equal to 
the pre-set desired temperature (Tdesired). When that is not met, the system reacts by 
increasing or decreasing the temperature of the mixing water accordingly. However, since it 
is a continuously changing value, it would be an iterative and continuously process. This is 
reflected by the feedback loops seen in the decision process in Figure 13.  
 

 
Figure 13: Decision process for planned system 
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3. Implementation 
 
This chapter aims to implement the system drawn up in the methodology. It aims to follow 
the decision process for the planned system that was defined based on the current 3DCP setup 
as well as the aim for closed loop feedback control system in order to develop the subsystems 
previously discussed. This chapter explains how the two subsystems that will work in junction 
in order to acquire a water temperature control system for 3DCP were developed. It provides 
the requirements for each subsystem as well as the components used, including their function 
and connection type, and how they were put together and coded. Further details about these 
subsystems and their specific connections can be found in Appendix I.  
 

3.1. Valve control subsystem 
 
After planning the system and determining a decision flow, designing the system could be 
instigated. Using microcontrollers and devices to collect temperature data, a system must be 
designed that automatically alters the temperature of the concrete output in real-time to a 
desired figure depending on the print. The system must know whether it is needed to heat up 
or cool down the concrete output, and thus heat up or cool down the mixing water, which is 
the input variable. And given that it is not a precisely calculated effect, the system must 
continuously iterate this process until the desired output is achieved. In order to achieve this, 
the temperature control system would thus consist of two subsystems:  
 

i. A valve control subsystem that receives temperature data, processes that data, and 
controls a hot and cold valve accordingly.  

ii. An ‘output temperature control subsystem’ that measures the temperature of the 
concrete at the nozzle and communicates it to the valve control subsystem. 

 
3.1.1 Requirements and components of the subsystem 

 
In this section, the valve control subsystem will be exhibited, the specifications of its parts will 
be stated, and workings will be explained. This system will take the desired concrete output 
value and compare it with the actual concrete output temperature, depending on the 
discrepancy the system must decide whether the input variable temperature should be 
increased or decreased. After that the system will feedback this information to the water 
valves leading to the hot and cold water, and the mixing water would automatically be 
adjusted accordingly. However, since this calculation is not exact, and the temperatures vary 
constantly, this would mean that this is an iterative and continuous process, where the 
feedback loop constantly compares the desired concrete temperate with the actual concrete 
output temperature and acts accordingly. It would be continuous measure and feedback 
rather than a ‘stop-go’ system that only jumps into action when needed. This would ensure 
that the concrete temperature is kept in range throughout the mixing process, and that real-
time temperature feedback Is present, and that automatic action is taken in real-time once 
the temperature is not at the desired level.  
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Based on that, the requirements of the valve control subsystem would be to:  
 

i. Receive temperature data from the concrete at the nozzle. This should be done 
wirelessly due to the physical distance between the nozzle and the mixer.  

ii. Compare the temperature of the concrete output with the desired concrete 
temperature. 

iii. Take action according to the temperature discrepancy. This decision is based on the 
decision flowchart shown in Figure 13. 

iv. Control hot and cold-water valves based on the temperature comparison in order to 
adjust the mixing water temperature accordingly. Indicate visually which valve is open 
at which time for visual feedback.  

v. Converge water from both taps into the mixing water hose leading to the mixer. The 
temperature of the water in this hose should be monitored.  

vi. Continuously iterate this process automatically and in real time. 
 
In order to do so, these main components were utilized: 
 

1. An Arduino microcontroller 
2. Two solenoid water valves 
3. A waterproof temperature probe 
4. A radio transceiver 
 

In addition to these components, other components such as wires, resistors, transistors, 
diodes, breadboards, and hoses were used to complete the subsystem. A Y-connection was 
used in order to converge the hot and cold water from the valve into one hose leading to the 
mixer. A red LED and a blue LED were also utilized in order to give visual signals to which valves 
were open. The Arduino IDE software was also used to write the microcontroller code and 
upload it onto the board. Lastly, a voltage regulator was used on the radio transceiver to 
ensure uninterrupted and reliable operation. A table of the main components, their 
specifications, and their functions in the valve control subsystem could be found in Table 6.  
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Table 6: Components of the valve control subsystem 

 
3.1.2 The setup of the subsystem 

 
These components were then arranged together, along with the supplementary components, 
in order to complete the setup of the subsystem. A representation of this can be seen in Figure 
14. The radio transceiver was employed in order to receive temperature feedback of the 
output concrete at the nozzle in order for the valve control subsystem to compare it to a pre-
set concrete target temperature and react accordingly. The temperature feedback from the 
output concrete at the nozzle was sent by an ‘output temperature control subsystem’ that will 
be explained in more detailed in the subsequent section. It communicated the current 
temperature of the output concrete to the valve control subsystem through the use of the 
transceiver. In Figure 14, the Arduino microcontroller is marked as ‘1’, the valves are marked 
as ‘2’, the waterproof temperature probe is marked as ‘3’, and the radio transceiver is marked 
as ‘4’. The Y-connection is also included to complete the representation and is marked as ‘5’. 

Component Type Function Specifications Power 
requirements 

Arduino 
microcontroller 

Arduino UNO 
Rev 3 

(ATmega328 
chip) 

Perform comparator, 
computation, and 

control functions in 
the subsystem 

• 14 digital pins to control 
digital components 

• 6 analogue pins to control 
analogue components 

• 32K bytes flash memory 
for sketches 

• 3.3V and 5V outputs, as 
well as external power 
source connector (VIN) 

7V-12V  

Solenoid 
electrically 
controlled 

water valves 

Plastic ½’’ 
nominal valve 

pipe size.  

Control the hot and 
cold-water flow 

through signals from 
microcontroller 

• Working water pressure: 
0.02 Mpa to 0.8 Mpa   

• Working temperature: 0 
°C to 75 °C 

• Response time: Less than 
0.3 seconds 

12V  

Waterproof 
temperature 

probe 

Waterproof 
DS18B20 digital 

temperature 
sensor 

Measure the 
temperature of the 

mixed water going to 
the concrete mixer 

• Temperature range: -55 °C 
to 125°C  

• Accuracy: ±0.5°C 
• Response time:  less than 

750ms 

3V-5.5V 

Radio 
transceiver 

nRF24L01+  
single chip 
transceiver 

Wirelessly receive 
concrete 

temperature data 
from nozzle  

• 2.4GHz frequency 
• 250kbps, 1Mbps, and 

2Mbps air data-rate 
options 

• Two-way multiple 
communication (125 
channels)  

• Typical wireless range: 
40m to 100m 

• Max range: 520m in open 
area at 2Mbps. 850 m in 
open area at 250kbps.  

1.9V-3.6V  
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Figure 14: Setup of main components in the valve control subsystem 

 
Under this setup, the connection types between these components were developed based on 
the requirements and workings of these components. This can be seen in Figure 15. Hoses 
were used to connect the water between components, and wires and perf boards were used 
to connect the electrical components.  
 

 
Figure 15: Connection types in the valve control subsystem 
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After the subsystem setup was completed, and the connections developed, the code was then 
prepared using the Arduino IDE in order to develop the software in which the subsystem 
would work and control its components. The software for the valve control subsystem 
consisted of controls for the valves, where the valve is closed by default when a 12VDC is 
applied to the two terminals as was the case in this subsystem. This was reflected in the code 
where the default ‘gates’ were closed unless the system sent an open signal. Since water has 
to be continuously flowing to the mixer, one of the valves was always open at any given time. 
LEDs were also set up that lit up according to which valve was open for visual feedback, where 
a red LED indicated when the hot water valve was open, and a blue LED indicated when the 
cold-water valve was open. The software also consisted of commands for the waterproof 
temperature probe, which displayed the mixing water temperature once per second for 
continuous monitoring. The code also managed the radio signals received by the radio 
transceiver, this consisted of the temperature data of the output concrete at the nozzle. Using 
this data, the Arduino compared it with the desired temperature set up in the code and 
automatically took action accordingly. The code then iterated this setup every second and 
adjusted the workings of the system appropriately. In the end, it allows for using a mix of both 
water temperatures to alter the mixing water temperature to push concrete temperature up 
or down in order to maintain it at a desired temperature. The annotated code can be found in 
full in Appendix II. 
 
The final valve control subsystem was then put together and can be seen in Figure 17. It was 
also connected to the water connections and can be seen Figure 18. Figure 16 shows some of 
the components of the subsystem such as the LED lights and the valves and the temperature 
probe.  
 

 
Figure 16: Components of the valve control subsystem 
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Figure 17: Complete setup of the valve control subsystem 

The fully working temperature control subsystem that was used in the temperature control 
system in the end can be found in Figure 18 connected to the water connections. The full 
connections of this subsystem can be found in Appendix I.  
 

 
Figure 18: The valve control subsystem with hose connections 
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3.2. Output temperature control subsystem  
 
After developing the first subsystem, which was the valve control subsystem, designing the 
second subsystem could be instigated. As explained, the temperature control system would 
consist of two subsystems that when used in combination would complete the temperature 
control: 
 

i. A valve control subsystem that receives temperature data, processes that data, and 
controls a hot and cold valve accordingly.  

ii. An ‘output temperature control subsystem’ that measures the temperature of the 
concrete at the nozzle and communicates it to the valve control subsystem. 

 
The valve control subsystem was developed in the previous section. Consequently, in this 
section, the output temperature control subsystem will be exhibited, the specifications of its 
parts will be stated, and workings will be explained.  
 

3.2.1 Requirements and components of the subsystem 
 
The main function of this subsystem is to measure the temperature of the concrete output at 
the nozzle during printing, then communicate this data to the valve control subsystem in order 
for it to respond accordingly and control the water valves correctly so as to adjust the 
temperature of the output concrete. However, since the temperatures vary constantly, and 
there is a fundamental delay in the 3DCP setup due to low concrete flow, this would mean 
that this is an iterative and continuous process, where this feedback loop constantly compares 
the desired concrete temperate with the actual concrete output temperature and acts 
accordingly. This would mean that the concrete would need to be continuously measured and 
feedbacked rather than it being a ‘stop-go’ system that only jumps into action when needed. 
This would ensure that the concrete temperature is kept in range throughout the mixing 
process, and that real-time temperature feedback Is present, and that automatic action is 
taken in real-time once the temperature is not at the desired level. This must be done 
continuously, promptly, accurately, wirelessly, and without disturbing the concrete flow, thus 
done in contactless means. Based on that, the requirements of the output temperature 
control subsystem would be to: 
 

i. Measure the temperature of the concrete in a contactless method and not disturb the 
concrete printing process or alter the printing material or layer shape.  

ii. Send the temperature data from the concrete at the nozzle to the valve control 
subsystem. This should be done wirelessly due to the physical distance between the 
nozzle and the mixer. 

iii. Be battery powered and compact due to lack of electrical source and space available 
at nozzle. Also, to not overcomplicate of crowd the nozzle area. 

 
In order to do so, these main components were utilized: 
 

1. An Arduino microcontroller 
2. An infrared contactless temperature sensor 
3. A radio transceiver 
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In addition to these components, other components such as wires, and a perf board were used 
to complete this subsystem. A 9V long lasting battery was also utilized to fulfil the 
requirements of the subsystem. The Arduino IDE software was also used to write the 
microcontroller code and upload it onto the board. Lastly, a voltage regulator was used on the 
radio transceiver to ensure uninterrupted and reliable operation. A table of the main 
components, their specifications, and their functions in the output temperature control 
subsystem could be found in Table 7.  
 
Table 7: Components of the output temperature control subsystem 

 

Component Type Function Specifications Power 
requirements 

Arduino 
microcontroller 

Arduino UNO 
Rev 3 

(ATmega328 
chip) 

Perform control 
functions to governor 
the functions of the 

subsystem 
components 

• 14 digital pins to control 
digital components 

• 6 analogue pins to control 
analogue components 

• 32K bytes flash memory 
for sketches 

• 3.3V and 5V outputs, as 
well as external power 
source connector (VIN) 

7V-12V  

Contactless 
temperature 

sensor 

TMP006 IR 
thermopile 

sensor 

Using infrared 
emissions, the sensor 

measures the 
temperature of the 
concrete output at 

the nozzle 

• Temperature range: -40°C 
to 125°C 

• Accuracy: Max ±1°C 
through all temperature 
ranges 

• Field of view: Max 180° 
but responsivity decreases 
depending on angle (see 
Figure 19) 

• Recommended field of 
view: Angle ±30° 

• Distance from object: 
relative to object radius 
(see Figure 20)  

• Recommended distance 
from object: distance < r/2 
where r is the radius of 
the target object 

 

3V-5V 

Radio 
transceiver 

nRF24L01+  
single chip 
transceiver 

Wirelessly send 
concrete 

temperature data 
from nozzle to the 

valve control 
subsystem 

• 2.4GHz frequency 
• 250kbps, 1Mbps, and 

2Mbps air data-rate 
options 

• Two-way multiple 
communication (125 
channels)  

• Typical wireless range: 
40m to 100m 

• Max range: 520m in open 
area at 2Mbps. 850 m in 
open area at 250kbps.  

1.9V-3.6V  
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The workings of the TMP006 IR contactless temperature sensor requires certain further 
specifications, where it’s competence relies on three factors: The angle of the sensor relative 
to the object, the placement of the TMP sensor relative to the size of the object, and the 
surface emissivity of the target object.  
 
Firstly, the angle of the sensor relative to the object plays a part in how much IR radiation is 
picked up by the sensor, and hence a large angle may reduce this and result in incorrect 
temperature readings. Figure 19 presents the responsivity vs angle graph from the sensor data 
sheet for different angles of the field of view by the sensor. On the 3D concrete printer, this 
temperature sensor will be placed at the nozzle to measure the temperature of the output 
concrete. The nozzle lays concrete horizontally so placing the TMP006 temperature sensor 
was placed at an angle of 0° relative to the target object is expected. Figure 19 shows that 
anything with a 30° relative view is acceptable, and this is to be expected with the setup of 
this subsystem.  
 

 
Figure 19: Responsivity vs Angle of the TMP006 sensor 

Next, the placement of the TMP006 sensor relative to the size of the object plays an important 
role in the accuracy of the readings. Distances larger than recommended may reduce the 
amount of IR radiation picked up by the senor and may result in incorrect temperature 
readings. Figure 20 presents the percentage of TMP006 signal (IR emissions) that is picked up 
from the target object at various relative distances. Figure 20, obtained from the device data 
sheet, illustrates how the ratio of the distance between the sensor and object to half the 
radius of the target object is what dictates the percentage of signal picked up. This ratio should 
be targeted to be less than 0.5 in order for it to lie in the recommended relative distance and 
absorb enough IR emission to deem the reading accurate. The corresponding percentages of 
signal picked up at different ratios is also displayed in Figure 20. On the 3D concrete printer, 
this sensor will be placed flush at the nozzle, but due to the thickness of the nozzle wall before 
the material, as well as the small width of layers of concrete printed, the distance is expected 
to be slightly larger ratio and therefore a slight loss in accuracy is expected. But this error is 
consistent throughout the print and therefore can be corrected by acknowledging this error 
beforehand when setting up the desired temperature range initially.  
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Figure 20: Target object distance from the TMP006 sensor 

Lastly, the surface emissivity of the target object plays a significant part in part in how much 
IR radiation is picked up by the sensor. The emissivity of an object is defined as the ability of 
an object surface to radiate energy relative to an ideal emitter. An ideal emitter, also called a 
black body, has an emissivity value of 1. When using the TMP006 for target object surface 
temperature calculations, it is essential that the surface of the target object be able to emit 
sufficient IR radiation to be accurately detected by the IR sensor in the TMP006. Targets with 
very low emissivity values emit less IR radiation, and therefore produce smaller signals, which 
are harder for the TMP006 to capture and measure. Polished and shiny metal objects have 
surface emissivity values that are typically too low for use with the TMP006. To measure the 
surface temperature of an object with a very low emissivity, it can be painted with lampblack 
paint which has an emissivity of 0.96. As a design guideline, the TMP006 should only be used 
to calculate the surface temperature of target objects with emissivity values equal to 0.7 or 
greater. On the 3D concrete printer, despite other materials being potentially used, concrete 
is typically the material of choice. Also, this subsystem is tailored to concrete printing. As a 
result, the surface emissivity of concrete should be considered. Concrete typically has a 
surface emissivity of 0.85, which is acceptable and considered excellent since it falls well 
within the design guidelines of the TMP006.  
 

3.2.2 The setup of the subsystem 
 
Next, the components described were then arranged together, along with the supplementary 
components, in order to complete the setup of the subsystem. A representation of this can be 
seen in Figure 21. The radio transceiver was employed in order to send temperature feedback 
of the output concrete at the nozzle in order for the valve control subsystem to compare it to 
a pre-set concrete target temperature and react accordingly. In Figure 21, the Arduino 
microcontroller is marked as ‘1’, the TMP006 IR non-contact thermopile sensor is marked as 
‘2’, and the radio transceiver is marked as ‘3’.  
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Figure 21: Setup of main components in the output temperature control subsystem 

Under this setup, the connection types between these components were developed based on 
the requirements and workings of these components. This can be seen in Figure 22. Wires and 
perf boards were used to connect the electrical components. A battery was used to power the 
subsystem due to lack of electrical source available and to not overcomplicate of crowd the 
nozzle area. 
 

 
Figure 22: Connection types in the output temperature control subsystem 

After the subsystem setup was completed, and the connections developed, the code was then 
prepared using the Arduino IDE in order to develop the software in which the subsystem 
would work and control its components. The software for the output concrete control 
subsystem consisted of commands for the TMP006 non-contact temperature sensor, which 
averages out readings based on the chosen number of samples per reading. For accuracy, this 
was chosen as 8 samples per reading. Every 4 samples take about 1 second to complete which 
would mean the sensor would have a temperature reading ready every 2 seconds at this rate. 
This was reflected in the code where the temperature reading was thus requested every 2 
seconds. The code also managed the radio signals sent by the radio transceiver, which 
consisted of the temperature data of the output concrete at the nozzle which was measured 
by the TMP006 temperature sensor. This data was sent to the transceiver located on the valve 
control subsystem to be processed by the Arduino in that subsystem. The code then iterated 
this setup every two second and sent the data accordingly. In the end, this subsystem 
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transmits the temperature of the output concrete at the nozzle continuously in order to 
facilitate temperature control through collaboration with the valve control subsystem. The 
annotated code can be found in full in Appendix II. 
 
The final concrete temperature control subsystem was then put together and can be seen in 
Figure 23. It was also connected to a battery source and placed compactly on a perf board and 
can be seen Figure 24. The full connections of this subsystem can be found in Appendix I.  
 

 
Figure 23: Components of the output temperature control subsystem 

  
Figure 24: Complete setup of the output temperature control subsystem 
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4. Results and Discussion 
 
The aim of this thesis is to provide a proof of concept that lays the groundwork for a 
temperature control system for the 3D concrete printer. The goal was to develop a 
temperature control system that can control the temperature of the output concrete in real-
time at a desired value through automatic control and manipulation of the input temperatures 
in order to keep prints consistent and controlled. Controlling the concrete temperature in 
3DCP was found to be best approached by controlling the temperature of the mixing water. 
In order to do so, a temperature control system was developed that adjusts the mixing water 
temperature based on the temperature of the output concrete. It heats up or cools down the 
mixing water, consequently heating up or cooling down the output concrete, based on the 
temperature compared to the set desired temperature. This system encompassed two 
subsystems: A valve control subsystem that controls the mixing water based on the 
temperature of the concrete, and an output temperature control subsystem that monitors 
and communicates the temperature of the output concrete at the nozzle.   
 
This chapter shares the testing done on the system explained in the methodology. It aims to 
provide explanations and discussions on the test performed, as well as reasoning behind the 
results obtained, and find limitations in the system that were exposed during testing. 
However, in the end, due to time constraints and the novelty of the system, attaching the 
system onto the actual printing robot was not possible. As a result, the testing of the system 
was ‘dry run’ tested using water instead of concrete. Nevertheless, it was based on the 
demands of the 3D concrete printer and the results seen are encouraging and lays the ground 
work for temperature control in 3DCP through the manipulation of water temperatures. It 
opens the possibility for future students to do so and gives insight into the working of water 
temperature control in order to control the temperature of concrete in 3DCP. The data behind 
these tests and graphs can be found in Appendix III. 
 

4.1. Testing the system  
 
After developing the temperature control system, tests can be run in order to realise to what 
extent the system can control the output concrete temperature. It is expected that since the 
system heats up or cools down the input variable depending on whether the concrete output 
needs to be increased or decreased, and that it is not a precisely calculated effect, that the 
system must continuously iterate the process in order to get closer and closer to the desired 
output. This system will take the desired concrete output value and compare it with the actual 
concrete output temperature, depending on the variation the system must decide whether 
the input variable temperature should be increased or decreased. After that the system will 
continuously feedback this information to automatically adjust the input variable temperature 
accordingly. However, since the temperatures vary constantly, this would mean that this is an 
iterative and continuous process, where the feedback loop constantly compares the desired 
concrete temperate with the actual concrete output temperature and reacts accordingly. This 
inherently comes with a delay and some overshooting and undershooting that needs to be 
explored. The results and limitations of the system will need to be explored in order to tell if 
the temperature control system developed leads to a more controlled and consistent printing 
process and better concrete output, and if it can be fully automated and work in real time.  
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To begin with, in short, the radio transceiver on the valve control subsystem was employed in 
order to receive temperature feedback of the output concrete at the nozzle from the concrete 
output control subsystem. This was done in order for the valve control subsystem to compare 
it to a pre-set concrete target temperature and react accordingly. The temperature feedback 
from the output concrete at the nozzle was sent by the output temperature control subsystem 
that utilized a contactless IR temperature sensor (TMP sensor) that communicated the current 
temperature of the output concrete to the valve control subsystem through the use of a 
transceiver.  
 

4.1.1 Testing the concrete output temperature control subsystem  
 
Therefore, to start, the workings of this TMP sensor and thus the concrete output temperature 
control system was explored. Figure 25 shows the TMP sensor as a freezing object is placed in 
front of it and then removed. The exact time the object is placed and removed is noted, and 
the reaction of the system including the delay is calculated. It was found that the delay 
between the cold object being placed in front of the sensor and the correct temperature 
stabilizing and being transmitted was 5 seconds. Similarly, it was found that the delay between 
the cold object being removed from in front of the sensor and the correct temperature 
stabilizing is 3 seconds. It should be noted that the TMP sensor measures temperatures 
roughly every 2 seconds through a series of samples, meaning that the difference between 
the two readings presented is one temperature reading more on when the object was placed 
in front of the sensor. Thus, a delay of 3-5 seconds for a temperature variance of about 25°C 
is acceptable and aligns with the demands of the 3D concrete printer, and the data 
transmitted through the transceivers was accurate.  
 

 
Figure 25: TMP sensor delay with cold object 

 
Next, a similar test was conducted with a hot object.  Figure 26 shows the TMP sensor when 
a hot object is placed in front of it and then removed. The exact time the object is placed and 
removed is noted, and the reaction of the system including the delay is calculated. It was found 
that the delay between the hot object being placed in front of the sensor and the correct 
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temperature stabilizing and being transmitted was 4 seconds. Similarly, it was found that the 
delay between the hot object being removed from in front of the sensor and the correct 
temperature stabilizing is 5 seconds. Thus, a delay of 4-5 seconds for a temperature variance 
of about 25°C is acceptable and aligns with the demands of the 3D concrete printer, and the 
data transmitted through the transceivers was true. 
 

 
Figure 26: TMP sensor delay with hot object 

 
Afterwards, another test was conducted with stationary cold and a moving hot object to study 
the stability of the temperature and effect of a continuously moving object. Figure 27 initially 
shows the TMP sensor readings when a cold object is placed in front of the sensor and then 
removed and placed back. It then shows the sensor readings when a hot object is placed and 
continuously moved around, removed, then placed back. When the cold object was taken 
away then returned, the same object temperature was measured, and the temperature 
remained stable until the object was removed once again. As for the hot object, the 
temperature was constantly varying to various degrees, and did not return to the original 
temperature value once it was removed then returned. This confirms what is already known 
about the TMP sensor and the way it was coded in this system, that it takes 8 samples readings 
over 2 seconds and averages them out to produce the temperature value. This means that 
constantly moving the object results in wayward data and different IR emissivity signals being 
picked up from different spots on the target object. The TMP requires a stability period of at 
least 2 seconds per reading in order for it to produce reliable results, which could be a cause 
of concern when applying this system on the 3DCP with constantly moving parts. The data 
transmitted through the transceivers was acceptable and coincided with the object 
temperature in all ranges with minimal delay. 
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Figure 27: TMP sensor stability with stationary cold and moving hot objects 

 
4.1.2 Testing the valve control subsystem  

 
After the workings of the TMP sensor and thus the output temperature control subsystem was 
explored, the valve control subsystem was studied. This meant that the system output as a 
whole was investigated since the valve control subsystem work depends on the TMP sensor 
readings and the output temperature control subsystem. Firstly, the stability of the valve 
control subsystem was checked. The desired concrete temperature was set at 20°C, and the 
test was run primarily to check the workings of the LEDs and to check that there is no change 
in the temperature of the target concrete set, the concrete temperature data received from 
the output concrete temperature control subsystem, or the mixing water temperature. In this 
case, due to the absence of concrete for this test, the concrete temperature received was 
imitated by an object at room temperature. Figure 28 shows the results obtained from this 
test and portrays excellent stability in all of the three measurements. These results coincide 
with the demands of the 3D concrete printer and show good reliability and stability in the 
system.  
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Figure 28: Fixed water temperature and concrete temperature system output 

 
The valve control subsystem, and thus the working of the system as a whole, was further 
investigated to explore the workings of the system as a whole. The target output concrete 
temperature was set at 20°C and the test was run with no water temperature change. This 
was done by flowing regular tap water of the same temperature through both the hot and 
cold valves. This was done in order to isolate the concrete temperature variable in order to 
see how the system would transmit that data and react. Cold concrete temperatures were 
replicated with an ice pack due to the absence of concrete. Similarly, in reality if concrete was 
connected, it would not be possible to alter the concrete temperature through this system 
while keeping the water temperature the same, due to the design of the system that is based 
on mixing water temperature variances. Figure 29 illustrates the stable water temperature 
and target concrete temperature. It demonstrates the temperature data received from the 
output temperature control subsystem when the ice pack is placed in front of the sensor.  
 
As can be seen in Figure 29, there is a slight delay from when the object is placed or removed 
until the temperature is taken, and the data is transmitted between the subsystems. The delay 
experienced when placing the cold object in front of the TMP sensor until the data stabilizes 
is 6 seconds. Similarly, the delay experienced when removing the cold object from in front of 
the TMP sensor until the data stabilizes is 5 seconds. This is considered as the whole system 
delay inclusive of everything involving the TMP sensor, the transceivers, and the valve system 
response time. A whole system delay in this case of around 6 seconds coincides with the 
demands of the 3D concrete printer and show good reliability and stability in the system, as 
well as quick response time for a temperature variance of about 20°C, which is much larger 
and much more sudden than would be expected during printing.  
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Figure 29: Fixed water temperature and varying concrete temperature (cold) 

 
Similarly, the same test was repeated for a hot object to further investigate the valve control 
subsystem, and thus the working of the system as a whole, under other temperatures. The 
target concrete temperature was again set at 20°C and the test was similarly run with no water 
temperature change by flowing regular tap water of the same temperature through both the 
hot and cold valves. This was done in order to fully isolate the concrete temperature variable 
in order to see how the system would transmit that data and react. Hot concrete temperatures 
were replicated with hot water due to the absence of concrete. Similarly, in reality if concrete 
was connected, it would not be possible to alter the concrete temperature through this system 
while keeping the water temperature the same, due to the design of the system that is based 
on mixing water temperature variances.  
 
Figure 30 illustrates the stable water temperature and target concrete temperature as 
expected. It demonstrates the temperature data received from the output temperature 
control subsystem when the hot water is placed in front of the sensor. As can be seen there is 
a slight delay from when the object is placed or removed until the temperature is taken, and 
the data is transmitted between the subsystems. The delay experienced when placing the hot 
object in front of the TMP sensor until the data stabilizes is 7 seconds. Similarly, the delay 
experienced when removing the hot object from in front of the TMP sensor until the data 
stabilizes is 5 seconds. This is considered as the whole system delay for the hot object inclusive 
of everything involving the TMP sensor, the transceivers, and the valve system response time. 
A whole system delay in this case of around 6 seconds again coincides with the demands of 
the 3D concrete printer and show good reliability and stability in the system, as well as quick 
response time for a temperature variance of about 20°C, which is much larger and much more 
sudden than would be expected during printing.  
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Figure 30: Fixed water temperature and varying concrete temperature (hot) 

 
After the workings of the valve control subsystem was investigated, the system was run with 
fully connected and varying water temperatures in order to see how the complete system 
would react with all its components operational. The test was run by first setting the target 
temperature to 20°C, then placing and subsequently removing a cold object to mimic varying 
concrete temperatures. Figure 31 displays how the system reacted by receiving the 
temperature data from the TMP sensor in the first subsystem and altering the mixing water 
temperature accordingly in the other subsystem. The delays experienced were 6 seconds from 
when the cold object was placed in front of the sensor until the water temperature was 
changed, and 4 seconds from when the cold object was removed from in front of the sensor 
until the water temperature was changed. This delay included the delays of the whole 
temperature control system. It was inclusive of the TMP sensor delay in temperature reading, 
the signal delay between the transceivers of the two subsystems, the signal for the hot water 
valve to open, the time in the pipe for the hot water to reach the Y-connector and converge 
with the mixing water, and finally for the water sensor to record this new temperature. As a 
result, this delay coincides with the demands of the 3DCP and the delay is acceptable since a 
whole system delay of around 6 seconds shows good reliability and stability in the system, as 
well as quick response time for a temperature variance of about 25°C, which is much larger 
and much more sudden than would be expected during printing. 
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Figure 31: Varying water temperature and varying concrete temperature 

 
Running the system with fully connected and varying water temperatures allowed testing of 
the complete system in order to observe the components fully operational in unison. 
However, it did not account for changes in the input water temperature affecting the output 
concrete temperature, since tests up to this point used objects of various temperatures that 
were placed in front of the TMP sensor in order to mimic different concrete temperatures and 
were therefore unaffected by subsequent water temperature changes. Therefore, the next 
step after investigating the workings of the system as a whole was to test the system using 
concrete. Here the varying water temperature input would thus alter the temperature of the 
concrete output since the concrete would be mixed used that water, and in turn have a closed 
system where the output influences the input. The measured temperature of the concrete 
output would be compared to the target concrete temperature and then used to influence 
the input water temperature accordingly, which would then be altered and used in making 
more concrete. This would be iterated to aim for the concrete temperature at the target 
temperature value.  
 
In order to do so, a small batch of concrete was initially mixed by hand in order to produce 
material that can be used for this test. Warm water of about 50°C was initially used to make 
concrete of a high temperature in order to allow the temperature control system to react and 
to exemplify a wide range of temperatures in this test. This resulted in concrete of 38°C that 
was used in the start of this test. The target concrete temperature was set to 30°C in order to 
illustrate the system reacting at both sides of the target concrete temperature value. Figure 
32 displays how the system reacted by receiving the concrete temperature data from the TMP 
sensor in the first subsystem and altering the mixing water temperature accordingly in the 
other subsystem. Dry concrete powder was continuously added to the mixing water in order 
to maintain similar consistency of the produced concrete throughout the test.  
 
The TMP sensor was handheld close to the output concrete in this experiment, which coupled 
with continuous mixing of the concrete caused shakiness that resulted in slightly unstable 
concrete readings that are seen in the concrete temperature readings in Figure 32. However, 
an obvious trend can be seen with the changing concrete temperature and the systems 
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reaction due to the different input and output readings. Another point experienced when 
conducting this experiment was the diminishing returns to changing water temperatures due 
to a higher volume of concrete continuously being accumulated throughout the test. When 
comparing the earlier stage of the test to the latter, the reaction of the concrete to the 
different water temperatures was continuously reduced as the test got longer, however this 
provided insight to how the water control system would continue to respond in such a case. 
This result illustrated the temperature control systems ability to influence the temperature of 
concrete through altering the mixing water temperature. Despite the continuous increase of 
volume of concrete which diminished the ability of new mixing water to influence the overall 
temperature, the system reacted sufficiently to stabilize the temperature of the concrete at 
the target concrete temperature and coincided with the demands of 3DCP and showed good 
reliability and stability in the system, as well as quick response time of about 3 seconds from 
the moment the concrete temperature hit the target temperature to the moment the water 
temperature reacted to that change.  
 

 
Figure 32: Water temperature varying with output concrete temperature 

 
4.2.  Finding limitations in the system 

 
The goal of this thesis is to deliver a basic system that can measure and control the output 
concrete temperature in real time. Therefore, the basic demand of this research, which is to 
measure and control the output concrete temperature change influencers in 3DCP, is 
achieved. In the end, a system was design and tested based on the demands of the 3D 
concrete printer and was tailored to the inputs and outputs of this particular printing process. 
However, limitations were faced in the range of water temperatures possible, as well as 
attaching this system onto the 3D concrete printing robot. Furthermore, the lack of chiller and 
heater to explore further system responses using a wider temperature range limited the 
results.  
 
The system was first dry-run tested using water instead of concrete in order to test its 
workings and explore its limitations, but ultimately a concrete test run was required in order 
to properly examine the system, since that would result in the output reacting to the change 



60 
 

in input water temperatures, which was not the case in the dry run as the output temperature 
was testing using independent variables. Ultimately a test was done using hand mixing and 
concrete to see the systems reaction to concrete being used and to test a system where 
output is influenced by the changes in input. However, this system did not include a 
continuous flow of concrete and therefore did not completely imitate concrete behaviour in 
3DCP but did provide sufficient testing of the system with concrete that utilized a closed loop 
temperature control system with feedback where the output is measured, and the inputs are 
adjusted accordingly, and the output is altered as a result.   
 
This can be seen with the test results, such as that seen in Figure 32, where the system behaves 
as intended as it would in 3DCP, which is to create a real time and automatically controlled 
temperature control system for 3D concrete printing over a wide range of temperature. In 
Figure 32, the change in mixing water temperature affects the output temperature since this 
system was run with concrete, where the change in inputs resulted in concrete temp change 
to get back to target temperature. Despite not going through the mixer and 3D concrete 
printer to affect the output concrete temperatures as it would in 3DCP, the water similarly 
affects the output concrete and alters its temperature as it would during the 3D concrete 
printing process, albeit with different influence and different delay times than expected during 
3D concrete printing.  
 
Despite achieving a closed loop system control behaviour, the tested setup behaved more like 
a ‘bang-bang’ control system due to the on-or-off nature of the valves in the system. In a bang-
bang type of system, a system controller switches from one extreme to the other depending 
on requirements. It abruptly jumps between two system states, which in this case was 
applying the hot water on or off based on temperature feedback, as opposed to continuously 
varying the inputs. Bang-bang systems are not inherently bad, as they have their place in 
system control and offer convenience and simplicity. However, they are more appropriate to 
systems that work on extremes, such as a water boiler than works at full capacity then 
switches off abruptly when the water is boiled. Yet, in this case for 3DCP, system control is the 
target, and having a closed loop system with gradual increase in input properties is far more 
optimal to control the concrete temperature. The results experienced in Figure 32 when 
testing the temperature control system with concrete can be compared to a bang-bang system 
output of a water geezer, seen in Figure 33. As can be seen, the water temperature is not 
slowly approaching the targeted temperature and stabilizing, but rather continuously and 
endlessly overshooting and undershooting the targeted temperature due to the bang-bang 
nature of the system. This is similar to what was experienced in testing the temperature 
control system in this chapter and proved to be a limitation to the developed system.  
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Figure 33: A bang-bang system type example 

 
Having said that, the proof of concept delivered in this thesis however, provided the 
groundwork for more research into this topic, and opened the possibility of optimizing this 
system and eventually attaching it the 3DCP robot. Understanding the limitations of the 
developed system is the first step towards improvement and allowing for temperature control 
in 3DCP. This allows future researchers to take this system further and continue optimizing 
temperature control for 3DCP. Therefore, future recommendations so as to possible 
directions in which future researchers might explore in regard to this are given in the 
subsequent chapter.  
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5. Conclusions and future recommendations 
 
This final chapter, the conclusions, concludes the research outline and discusses what is learnt 
from the research and if the research goals are met, and also describes future 
recommendations. This chapter discusses where future improvements and changes could be 
made in order to take the system forward and optimize it for 3D concrete printing.  
 

5.1.  Conclusions  
 
In the end, the results of this research would be discussed based on its success in obtaining 
answers to the research question and sub-questions presented, where the research will be 
assessed on whether the research objective was accomplished and if the expected results 
match the results obtained.  
 
In order to address the sub questions to be able to satisfy the research question, a research 
plan was developed. This plan aimed to categorize these sub questions into six segments that 
tackle the different parts of the 3D concrete printer that must be researched in order to 
develop the temperature control system presented in this thesis. This was done by 
investigating the current 3DCP setup, understanding the variables involved and their effect, 
and designing a system that would lead to a more controlled and consistent printing process. 
After that, the system was tested, and the results were discussed. To do so, the six segments 
that form the framework of this thesis are: 
 

1. Exploring the mechanics and demands of the 3D concrete printer  
2. Understanding the temperature influencers involved in 3DCP 
3. Variable effect investigation 
4. Developing the temperature control system 
5. Testing the system and finding limitations 
6. Conclusions and future recommendations 

 
This system aimed to measure, control, and alter the temperature of concrete output using 
various data inputs and by controlling the inputs. The research goal can be summed up in the 
following main question: 
 
How can temperature measurements be used to automatically control the temperature of 
concrete output in 3D concrete printing in real-time?  
 
To answer the main question, some additional research questions were defined. These are 
going to be tackled one by one to provide conclusions based on the work done in this thesis 
and thus provide and overall response to the main question.  
 

1. What are the demands of the 3D concrete printer?  
 
The demands of the 3D concrete printer ranges from custom made zero slump concrete, to 
the specific mechanics, workings, and delays of the printer this system is tailored to. The 
process in which concrete is made and which it goes through is important in understanding 
the 3D concrete printer and designing a temperature control system for it. However, 



64 
 

understanding why temperature control is especially critical in 3DCP is the takeaway point 
from understanding the demands of the concrete printer. For example, the maturity of the 
concrete, which is a factor of temperature and time, is critical in determining the success of a 
printed specimen in 3D concrete printing. This is because fresh concrete with a higher 
temperature than normal leads to a faster hydration, an accelerated rate of setting and 
therefore lower long-term strength and hardened properties, accelerated evaporation of 
water, a loss in concrete workability, and weaker bonding between the layers of the printed 
concrete. While concrete with temperatures lower than normal leads to a slower hydration, 
a loss in workability, a slower rate of setting that is sometimes detrimental to the hardened 
properties and the strength gain of the concrete and may therefore cause the structure to fail 
to develop enough early strength in order for the printing to be successful. Playing around 
with the printing time could offset some of these effects, where printing at a slower speed for 
example could allow concrete with a higher than usual temperature to cool down between 
layers. However, not all of the effects of warmer or cooler concrete can be offset by printing 
speed, and in some cases printing speed may be limited by convenience or hardware, 
therefore controlling the concrete temperature is vital in 3D concrete printing.  
 

2. What are the concrete temperature change influencers in 3DCP? 
 
The temperature change influencers in 3DCP were investigated and found to be six main 
influencers: The temperature of the mixing water used, the temperature of the dry concrete 
mix used, the temperature of the fresh concrete in the mixing device, the temperature of the 
pump, the temperature of the printed concrete at the nozzle (output variable), and the 
ambient temperature. The temperatures of the input variables were studied, and their effect 
on the temperature of the output concrete was analyses. Factors such as the cement heat of 
hydration and the nonlinear effect of the heating from the pump were identified.  
 

3. How is the optimal input variable(s) to be controlled determined in order to regulate 
the output concrete temperature?  

 
Based on literature evidence as well as a decision matrix, the mixing water was deemed to be 
the input variable best controlled in order to regulate the output concrete temperature. This 
is due to its influence on the concrete temperature, its practicality and ease in altering its 
temperature, and its cost effectiveness. A system with water temperature control could 
potentially cut down the failure rates of the printed output due to temperature, control one 
of the variables affecting the strength development of the concrete and would allow for 
testing for the bond strength and maturity of concrete, which is a factor of time and 
temperature, and is a critical variable in 3DCP. This technique would also allow the water 
temperature to be set at any number within a range, bringing the opportunity to study the 
effect of water temperature or overall concrete temperature on 3DCP in more depth.  
 

4. To what extent can changing the selected input variable affect the temperature of 
the output concrete? How much change in input parameters is required and is it 
feasible and practical to accomplish?  

 
In heating or cooling the mixing water, all of the other factors affecting the temperature of 
the concrete output can be offset. This was discovered by studying the specific heat of the 
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concrete and water and using their ratios to determine theoretical temperatures. Heating and 
cooling down water is relatively cheap and practical to accomplish and was deemed feasible. 
Also, water holds five times as much heat as other concrete components and consists of a 
significant portion of the mix.  
 

5. What are the demands of the system developed that can collect and analyse the 
temperature data and take action accordingly?  

 
A more efficient way of controlling the temperature of the concrete in 3DCP is to develop a 
system that can automatically use the temperature data to alter the inputs in real time, this 
data can be used to alter the temperature of the mixing water accordingly to obtain the 
desired concrete temperature though a feedback loop. This will make it possible to 
continuously change the temperature of the concrete output during the printing process due 
to the effect water has on overall temperature of the concrete since water can hold up to five 
times as much heat or cold as other concrete components such as aggregate (Ghafoori & 
Diawara, Influence of Temperature on Fresh Performance of Self-Consolidating Concrete, 
2009). To do so, this system would need to consist of two subsystems: A valve control 
subsystem that controls the hot and cold-water valves accordingly, and an output 
temperature control subsystem that monitors and communicates the temperature of the 
output concrete at the nozzle that needs to be controlled. These subsystems required 
microcontrollers, solenoid valves, temperature probes, IR temperature sensors, wireless radio 
transceivers, as well as dedicated software coding to control the components, in order to be 
developed. These two subsystems would work in unison to collect and analyse the 
temperature data from the nozzle and take action accordingly in order to control the system.    
 

6. Can automatically generated adjustments to the input influence the output to the 
desired level?  

 
Through the closed loop system control setup that the system was based on, continuous 
temperature data from the concrete at the nozzle would result in continuous response from 
the inputs, resulting in controlled output concrete temperature at a desired target 
temperature. Coupled with the pronounced effect that water temperature has on the 
concrete temperature, the temperature control system boasted a very short delay of around 
6 seconds, where concrete temperature measurements are taken every 2 seconds. This instils 
confidence that the system’s automatically generated adjustments to the input would 
influence the output quickly and effectively, and thus to the desired level.  
 

7. Is this system generic enough to be applied to other 3D concrete printers? 
 
The temperature control system was tailored to the demands of the 3D concrete printer. It 
was developed based on the shortcomings as well as the mechanics of the 3D concrete printer 
in question, as well as the materials used. As a result, the system is applicable and useable in 
3DCP and other 3D concrete printers as long as the requirements and printing process are 
within the specifications of the temperature control system. For example, the non-contact IR 
temperature sensor at the printing nozzle has a very specific range of use that requires very 
explicit specifications that were tolerated on the setup of the 3DCP in use but may not be 
possible on other printers due to a different printing technique or different nozzle.  
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8. What is the delay and extent of overshooting and undershooting in the system in 
controlling the output temperature of concrete?  

 
Through testing the system, it was found that the whole system delay hovers around the 6 
second mark, with response times often faster than that. The system was tested using 
concrete, but it was not attached onto the 3DCP robot and the concrete did not go through 
the mixer and 3D concrete printing setup. As a result, the delay times and influence of the 
input variable properties on the concrete were specific to the method it was tested. However, 
it is expected from the test results that it would control the output temperature of concrete 
in 3DCP quickly and sufficiently due to the pronounced effect of water on the concrete 
temperature as well as the fast response time of the system during the various tests. 
Nonetheless, due to the bang-bang nature of the test results, it is expected that continuous 
overshooting and undershooting would continue to occur rather than the temperature getting 
closer and closer to the target temperature and stabilizing.  
 

9. Will the temperature control system lead to a more controlled and consistent 
printing process and better concrete output?  

 
It is evident that temperature must be measured, maintained, and changed or controlled 
throughout the printing process. Having said that, the current setup of the 3D concrete printer 
is far from that point. Currently, temperature measurements of the are taken by hand by a 
handheld infrared thermometer during or after printing is completed. Temperature 
measurements are taken purely for data and measurements about the printed structure, and 
presently this information is stored as data (as a graph) rather than used as a feedback to alter 
the concrete mix. Overall, there is no ambient temperature measurement, no water 
temperature measurement, no fresh or printed concrete temperature measurement, no 
feedback to controller, no temperature boundaries, no automation of temperature change, 
and no temperature change or control. Furthermore, the acceptable temperature range of 
the concrete is not set since factors that affect it, such as ambient temperature, are currently 
not being measured in the current setup. Even if the temperature is somehow decided to be 
too high or too low, there is no system in place to manage or influence the temperature of the 
concrete and is rather used as variables and information for the next print. It is unmistakeable 
that a temperature control system would lead to a more controlled and consistent printing 
process and a better concrete output.  
 

10. Can the temperature control system be fully automated and work in real time?  
 
The test results have shown that the temperature control system can be fully automated, 
where the Arduino microcontroller iterate the computational and controlling processes 
accurately and indefinitely. All temperature possibilities are covered within the software and 
the system reacts accordingly and monitors the temperatures as designed. The system also 
proved to be competent in working in real-time as the system reaction time of 6 seconds 
brings the system as close as it gets to real time control through water temperature 
manipulation. Inherent delays in the 3DCP setup that limit the speed in which the concrete 
temperature may be influenced through the mixing water are a result of the mechanics of the 
3D concrete printer. They are the limiting factor in full real time control since any change in 
fresh concrete temperature requires on average 90 seconds to go through the hose to the 
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nozzle, and further time to get through the concrete mixer. Nevertheless, this system on its 
own is fully automated and can work in real time and push the 3DCP setup to its real-time 
control limit.  
 
In conclusion, the system is discussed in order to obtain an answer to the research questions 
presented, and the research objective can be assessed from there. The target of this research 
was to provide the groundwork and proof of concept that a temperature control system can 
be utilized to automatically control the output temperature of concrete in 3DCP in real time. 
The goal was to deliver a concept that can be further improved and optimized for 3D concrete 
printing. The target was to eventually use such a system as a standard for every 3D concrete 
print. However, since the current setup utilizes no temperature control, the ability to take this 
and attach it to the printer robot may be a step too soon. Therefore, the chosen strategy was 
to aim to utilize this system for the demands of the 3D concrete printer, where developing the 
real-time temperature control system, for 3D concrete printing will be evaluated and 
discussed based on its future value. Based on that, in the end it can be said that a working 
system was developed, all the research sub-questions were partially or fully realized, the 
research question was satisfied, and the research target was achieved.  
 

5.2.  Recommendations  
 
Since this temperature control system is targeted to be put in place and used in the 3D 
concrete printer at the Eindhoven University of Technology, it is important to provide 
recommendations and areas for future research or areas of potential improvement in the 
system. Considering that this was a development project, the approach used was 
experimental and combined using system control techniques with observation of the current 
setup and variables involved in order to develop a system that can control the temperature of 
the output concrete. Through familiarizing with the 3DCP process, followed by the 
investigations done on the six segments stated and laid out in this report, an input variable is 
identified through exploring and investigating the printer and all the temperature influencers 
involved, before the system is developed, tested, and discussed. Literature was used to 
support the variable effect investigation, and the results were used as an indication to point 
towards the workings of this system and its limitations. Up to that point, the groundwork of a 
temperature control system for 3DCP is laid out. Taking the mixing water temperature control 
system and applying onto the 3D concrete printer is the logical next step since attaching it 
onto the printing robot would provide new insight into the testing results and would clarify if 
the system needs adjustments or if the components of the system meet the demands of the 
3DCP as expected. This step would open the testing results to new analysis since it will provide 
specific test results for the 3D concrete printer such as specific delay times and the influence 
of the water on the output concrete temperature.  
 
Producing concrete with the desired output temperatures would also mean a greater range 
of mixing water temperatures is required. If a water chiller and a water heater are utilized, 
colder and warmer water can be used to affect the mixing water temperature to greater 
extents and with greater speed. Utilizing a chiller and heater would also allow for temperature 
loss due to the time water spends in the 3DCP process to be reduced by overshooting the 
temperature value to adjust for heat loss, cutting down errors and providing greater control. 
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This will also allow for concrete to be produced with a wider range of temperature allowing 
for better applications in 3DCP. 
 
In order to reduce the bang-bang nature of the current system, a recommended step would 
also be to use electronic values such as thermostatic electronic valves, valves with partial 
opening, or temperature specific values. These valves can be used in order to specify a target 
water temperature to be used rather than having hot water on or off as was seen in the 
current system. The current system has an on-or-off nature where it abruptly jumps between 
two system states in applying hot water based on temperature feedback, as opposed to 
continuously varying the inputs. This is due to the valves used than can either be fully opened 
or closed rather than electronic values that partially open both valves to varying degrees to 
get different mixes of water temperatures and thus a more specific temperature of resulting 
water. Using a thermostatic electronic valve will allow a set output water temperature to be 
targeted, where the electronic valve will automatically adjust the hot and cold-water ratio in 
order to achieve the set temperature. This will allow for a wider and more specific 
temperature range and will eliminate the bang-bang nature of the current setup and will 
provide greater control over the water temperature being inputted. A recommended value to 
use would be a digital industrial water control valve such as those produced by EMECH as they 
would provide the benefits of thermostatic electronic values as well as the ability for the 
temperature set to be controlled locally on the machine well as externally through a signal.  
 
Similarly, since the temperatures vary constantly, this would mean that this is always going to 
be an iterative and continuous process, where the feedback loop constantly compares the 
desired target concrete temperate with the actual concrete output temperature and reacts 
accordingly. However, this inherently comes with a delay and some overshooting and 
undershooting that limited the system. Using a mix of both water temperatures to alter the 
altering the mixing water temperature to push concrete temperature up or down in order to 
maintain it at a desired temperature is less useful if it is out of sync with the immediate 
requirements of the concrete at the nozzle. Therefore, a future step would be to expand on 
the closed loop system groundwork applied to this system by exploring further system control 
techniques and better feedback loops that allow for less undershooting and overshooting and 
more converging temperatures.   
 
These are some proposals on future recommendations and future research, where future 
improvements and changes could be investigated in order to take the system forward and 
optimize it for 3D concrete printing. Nonetheless, in the end, the lack of real-time feedback 
currently employed in the 3DCP process increases the risk of unexpected prints and lowers 
the success rate of the printing. Similarly, this lack of real-time feedback limits the printing 
inputs, such as concrete mix specifications, to a particular print setup, meaning that these 
results could not be replicated in another environment. Using this current setup, having the 
same structure printing in the same printing technique and speed, with the same material, 
could have vastly different properties and range of success depending if it was printed in the 
winter or in the summer, or in the day versus at night. This illustrates a lack of temperature 
control in the current 3D concrete printing setup that could highly influence results and the 
success of the project overall. In the end, the main recommendation would be to remedy that 
by slowly implementing temperature control techniques such as the one presented to you in 
this thesis. 
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Appendix I. Connection Schematics of both subsystems  
 
Appendix 1a – Connection schematic drawing of valve control subsystem  
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Appendix 1b – Connection schematic drawing of concrete temperature control subsystem 
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Appendix II. Arduino codes 
 
This appendix shows the Arduino script of both subsystems. Comments which annotate the 
code are displayed in blue. The script starts with the used libraries which were included to 
simplify the code.  
 
Appendix 2a – Arduino code for valve control subsystem  
 
//Libraries 
 
#include <DallasTemperature.h> 
#include <OneWire.h> 
#include <OneWire.h> 
#include <SPI.h>    
#include "RF24.h"   
 
//Pin setup 
 
int ColdSolenoidPin = 4;     
int HotSolenoidPin = 2;     
 
int redLedPin = 8;              
int blueLedPin = 7;    
         
int temp_sensor = 6;        
 
float temperature = 0;       
int TargetConcTemp = 20;  //Desired concrete temperature used as starting point before data 
is received  
 
RF24 myRadio (9, 10);  
 
byte addresses[][6] = {"1Node"};  
int dataReceived;  //Actual concrete temp at nozzle received from other subsystem 
 
OneWire oneWirePin(temp_sensor); 
 
DallasTemperature sensors(&oneWirePin); 
 
//Initial setup 
 
void setup(void){ 
  Serial.begin(115200); 
  delay(1000); // A delay of 1 second is used so temperature data is sent per second  
  Serial.println(F("RF24 recieving data")); 
   
  pinMode(redLedPin,OUTPUT); 
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  pinMode(blueLedPin,OUTPUT); 
  pinMode(ColdSolenoidPin, OUTPUT);    
  pinMode(HotSolenoidPin, OUTPUT);     
   
  sensors.begin(); 
 
  myRadio.begin();   
  myRadio.setChannel(108);   
  
  myRadio.setPALevel(RF24_PA_MAX);   
 
  myRadio.openReadingPipe(1, addresses[0]);  
  myRadio.startListening(); 
 
} 
 
//Looping setup 
 
void loop(){ 
  Serial.print("Requesting Temperatures from water sensor: "); 
  sensors.requestTemperatures();  
  Serial.println("DONE"); 
   
  temperature = sensors.getTempCByIndex(0); 
     
  digitalWrite(redLedPin, LOW); 
  digitalWrite(blueLedPin, HIGH); 
  digitalWrite(ColdSolenoidPin, HIGH); 
  digitalWrite(HotSolenoidPin, LOW); 
   
  Serial.print("Water temperature is "); 
  Serial.println(temperature); 
 
   if ( myRadio.available())  
  { 
    while (myRadio.available())   
    { 
      myRadio.read( &dataReceived, sizeof(dataReceived) );  
    } 
     
    Serial.print("Data received = "); 
    Serial.println(dataReceived); 
    Serial.println(F(" Successful ")); 
  }  
   
  if(dataReceived <= TargetConcTemp){ 
    Serial.println("Red LED is activated"); 
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    digitalWrite(redLedPin, HIGH); 
    digitalWrite(HotSolenoidPin, HIGH); 
  } //Conditions in which the hot water valve is opened 
 
  else if(dataReceived > TargetConcTemp){ 
    Serial.println("Blue LED is activated"); 
    digitalWrite(blueLedPin, HIGH); 
    digitalWrite(ColdSolenoidPin, HIGH); 
  } //Conditions in which the cold-water valve is opened 
 
  delay(1000); //The loop is run every second  
  } 
 

Appendix 2b – Arduino code for concrete temperature control subsystem  
 

//Libraries 
 
#include <stdint.h> 
#include <math.h> 
#include <Wire.h> 
#include "I2C_16.h" 
#include "TMP006.h" 
#include <SPI.h>    
#include "RF24.h"   
 
 
uint8_t sensor1 = 0x40; // I2C address of TMP006, can be 0x40-0x47 
uint16_t samples = TMP006_CFG_8SAMPLE; //number of temperature samples per reading, 
can be 1/2/4/8/16. It’s about a 1 second wait per 4 samples. 8 samples is chosen therefore 
that is a 2 second wait per temperature reading.  
 
//Pin setup 
 
RF24 myRadio (9, 10);  
 
byte addresses[][6] = {"1Node"};  
int dataTransmitted;   
 
//Initial setup 
 
void setup() 
{ 
  Serial.begin(115200); 
  delay(1000); 
  Serial.println("TMP006 IR Sensor Temperatures"); 
  Serial.println(F("RF24 transmitting data")); 
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  config_TMP006(sensor1, samples); 
 
  dataTransmitted = 25; //Arbitrary known data to start transmitting until data is measured. 
Used as starting point before real data is sent. 
 
  myRadio.begin();   
  myRadio.setChannel(108);   
 
  myRadio.setPALevel(RF24_PA_MAX);   
 
  myRadio.openWritingPipe( addresses[0]);  
  delay(1000); //A delay of 1 second is used, hence temperature data is sent once per second 
} 
 
//looping setup 
 
void loop() 
{ 
  float object_temp = readObjTempC(sensor1); 
  Serial.print("Object Temperature in *C: ");  
  Serial.println(object_temp);  
 
  float sensor_temp = readDieTempC(sensor1); 
  Serial.print("Sensor Temperature in *C: ");  
  Serial.println(sensor_temp);  
 
  myRadio.write( &dataTransmitted, sizeof(dataTransmitted) );  
 
  Serial.print(F("Data Transmitted in *C: ")); 
  Serial.println(dataTransmitted); 
  Serial.println(F("Successful")); 
  dataTransmitted = object_temp;   
   
  delay(2000); // delay 1 second for every 4 samples per reading. So here delay 2 seconds since 
taking 8 samples per reading.  
} 
 

i. TMP_006 functions 
 
// Configures sensor, used to setup before reading and needs to be included as library 
void config_TMP006(uint8_t addr, uint16_t samples) 
{ 
  Wire.begin(); 
  write16(addr, TMP006_CONFIG, samples | TMP006_CFG_MODEON | 
TMP006_CFG_DRDYEN); 
} 
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// Read raw sensor temperature funtions 
int16_t readRawDieTemperature(uint8_t addr) 
{ 
  int16_t raw = read16(addr, TMP006_TAMB); 
 
  raw >>= 2; 
  return raw; 
} 
 
// Read raw thermopile voltage functions, critical in the way the sensor works 
int16_t readRawVoltage(uint8_t addr)  
{ 
  int16_t raw = read16(addr, TMP006_VOBJ); 
  return raw; 
} 
 
// Calculate object temperature based on raw sensor temp and thermopile voltage 
double readObjTempC(uint8_t addr)  
{ 
  double Tdie = readRawDieTemperature(addr); 
  double Vobj = readRawVoltage(addr); 
  Vobj *= 156.25;  // 156.25 nV per LSB 
  Vobj /= 1000000000; // nV -> V 
  Tdie *= 0.03125; // convert to Celsius 
  Tdie += 273.15; // convert to kelvin 
 
  // Equations for calculating temperature  
  double tdie_tref = Tdie - TMP006_TREF; 
  double S = (1 + TMP006_A1*tdie_tref +  
      TMP006_A2*tdie_tref*tdie_tref); 
  S *= TMP006_S0; 
  S /= 10000000; 
  S /= 10000000; 
 
  double Vos = TMP006_B0 + TMP006_B1*tdie_tref +  
    TMP006_B2*tdie_tref*tdie_tref; 
 
  double fVobj = (Vobj - Vos) + TMP006_C2*(Vobj-Vos)*(Vobj-Vos); 
 
  double Tobj = sqrt(sqrt(Tdie * Tdie * Tdie * Tdie + fVobj/S)); 
 
  Tobj -= 273.15; // Kelvin -> *C 
  return Tobj; 
} 
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// Calculate sensor temperature based on raw reading 
double readDieTempC(uint8_t addr)  
{ 
  double Tdie = readRawDieTemperature(addr); 
  Tdie *= 0.03125; // convert to Celsius 
  return Tdie; 
} 
 

ii. TMP_006.h 
 
// Constants for calculating object temperature 
#define TMP006_B0 -0.0000294 
#define TMP006_B1 -0.00000057 
#define TMP006_B2 0.00000000463 
#define TMP006_C2 13.4 
#define TMP006_TREF 298.15 
#define TMP006_A2 -0.00001678 
#define TMP006_A1 0.00175 
#define TMP006_S0 6.4  // * 10^-14 
 
// Configuration Settings 
#define TMP006_CFG_RESET    0x8000 
#define TMP006_CFG_MODEON   0x7000 
#define TMP006_CFG_1SAMPLE  0x0000 
#define TMP006_CFG_2SAMPLE  0x0200 
#define TMP006_CFG_4SAMPLE  0x0400 
#define TMP006_CFG_8SAMPLE  0x0600 
#define TMP006_CFG_16SAMPLE 0x0800 
#define TMP006_CFG_DRDYEN   0x0100 
#define TMP006_CFG_DRDY     0x0080 
 
// Registers to read thermopile voltage and sensor temperature 
#define TMP006_VOBJ  0x00 
#define TMP006_TAMB 0x01 
#define TMP006_CONFIG 0x02 
 
 
// Configures sensor, use before reading from it 
void config_TMP006(uint8_t addr, uint16_t samples); 
 
// Read raw sensor temperature 
int16_t readRawDieTemperature(uint8_t addr); 
 
// Read raw thermopile voltage 
int16_t readRawVoltage(uint8_t addr); 
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// Calculate object temperature based on raw sensor temp and thermopile voltage 
double readObjTempC(uint8_t addr); 
 
// Calculate sensor temperature based on raw reading 
double readDieTempC(uint8_t addr); 
 

iii. 12C_functions 
 
// Read 16 bit int from I2C address addr and register reg 
uint16_t read16(uint8_t addr, uint8_t reg) { 
  uint16_t data; 
 
  Wire.beginTransmission(addr); 
  Wire.write(reg); // send register address to read from 
  Wire.endTransmission(); 
   
  Wire.beginTransmission(addr); 
  Wire.requestFrom((uint8_t)addr, (uint8_t)2); // request 2 bytes of data 
  data = Wire.read(); // receive data 
  data <<= 8; 
  data |= Wire.read(); 
  Wire.endTransmission(); 
 
  return data; 
} 
 
// Write data to I2C address addr, register reg 
void write16(uint8_t addr, uint8_t reg, uint16_t data) { 
  Wire.beginTransmission(addr); 
  Wire.write(reg); // sends register address to write to 
  Wire.write(data>>8);  // write data 
  Wire.write(data);  
  Wire.endTransmission(); 
} 
 

iv. 12C_16.h 
 
// Read 16 bit int from I2C address addr and register reg 
uint16_t read16(uint8_t addr, uint8_t reg); 
 
// Write data to I2C address addr, register reg 
void write16(uint8_t addr, uint8_t reg, uint16_t data); 
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Appendix III. Testing data  
 
Appendix 3a – TMP sensor cold object delay 

Sensor temp in *C Object temp in *C Data temp transmitted in *C 
25,62 24,25 24 
25,62 24,32 24 
25,62 24,28 24 
25,62 24,16 24 
25,62 24,18 24 
25,62 24,23 24 
25,62 24,25 24 
25,62 24,25 24 
25,62 24,18 24 
25,62 24,21 24 
25,62 24,09 24 
25,62 15,69 15 
25,56 0,6 0 
25,44 -0,15 0 
25,37 0,45 0 
25,31 -0,72 0 
25,25 2,61 2 
25,19 3,27 3 
25,16 1,78 1 
25,09 2,88 2 
25,03 3,77 3 

25 3,13 3 
24,94 2,46 2 
24,91 2,42 2 
24,87 2,52 2 
24,81 11,01 11 
24,84 25,57 25 
24,87 25,58 25 
24,87 25,44 25 
24,91 25,57 25 
24,94 25,46 25 
24,94 25,42 25 
24,97 25,43 25 
24,97 25,34 25 
24,97 25,2 25 

25 25,1 25 
25 25,26 25 
25 25,1 25 

25,03 25,01 25 
25,03 24,88 24 



82 
 

Appendix 3b – TMP sensor hot object delay 
 

Sensor temp in *C Object temp in *C Data temp transmitted in *C 
25,72 24,63 24 
25,72 24,7 24 
25,72 24,59 24 
25,72 24,68 24 
25,72 24,59 24 
25,72 24,61 24 
25,72 24,61 24 
25,72 24,61 24 
25,72 24,68 24 
25,72 25,21 25 
25,72 25,37 25 
25,72 25,99 25 
25,78 45,64 45 
25,91 51,37 51 

26 51,02 51 
26,12 51,39 51 
26,22 52 52 
26,34 51,89 51 
26,44 51,57 51 
26,56 49,87 49 
26,66 53,13 53 
26,75 52,85 52 
26,81 53,22 53 
26,91 53,17 53 
26,97 53,49 53 
27,06 52,82 52 
27,16 53,71 53 
27,19 37,19 37 
27,12 23,76 23 
27,09 23,57 23 
27,06 23,39 23 

27 23,62 23 
26,97 23,17 23 
26,94 22,95 22 
26,91 23,21 23 
26,91 23,14 23 
26,87 23,2 23 
26,84 23,42 23 
26,84 23,8 23 
26,81 23,78 23 
26,78 24,12 24 
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Appendix 3c – TMP sensor with stationary cold and moving warm objects 
 

Sensor temp in 
*C 

Object temp in 
*C 

Data temp transmitted in 
*C 

25,91 23,57 23 
25,91 23,68 23 
25,91 23,8 23 
25,91 23,91 23 
25,91 24,01 24 
25,87 23,97 23 
25,87 24,04 24 
25,87 18,95 18 
25,84 15,28 15 
25,81 15,32 15 
25,78 15,56 15 
25,75 15,75 15 
25,72 15,83 15 
25,69 16,05 16 
25,66 16,09 16 
25,62 16,32 16 
25,59 15,83 15 
25,59 15,91 15 
25,56 16,12 16 
25,53 15,93 15 
25,53 23,97 23 
25,56 24,75 24 
25,56 24,74 24 
25,56 24,79 24 
25,56 24,69 24 
25,56 24,53 24 
25,59 24,57 24 
25,59 24,68 24 
25,59 24,66 24 
25,59 22,16 22 
25,56 16,1 16 
25,53 16,44 16 

25,5 16,62 16 
25,47 17,01 17 
25,44 16,72 16 
25,41 16,54 16 
25,37 16,42 16 
25,37 16,5 16 
25,34 16,44 16 
25,31 16,45 16 
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25,31 23,75 23 
25,31 25,11 25 
25,34 25,58 25 
25,34 25,56 25 
25,34 25,58 25 
25,37 27,77 27 
25,41 34,49 34 
25,44 33,36 33 
25,47 30,49 30 

25,5 29,47 29 
25,5 25,68 25 

25,53 27,08 27 
25,56 28,54 28 
25,59 29,61 29 
25,62 31,26 31 
25,62 26,43 26 
25,66 28,57 28 
25,69 27,83 27 
25,69 25,43 25 
25,69 22,95 22 
25,69 23,46 23 
25,72 23,87 23 
25,72 23,54 23 
25,72 23,52 23 
25,72 23,8 23 
25,72 23,87 23 
25,72 23,82 23 
25,72 24,06 24 
25,72 30,25 30 
25,78 32,28 32 
25,81 31,41 31 
25,84 29,52 29 
25,87 30,21 30 
25,94 30,67 30 
25,94 28,38 28 

26 29,24 29 
26,03 29,89 29 
26,06 31,47 31 
26,06 30,4 30 
26,12 28,24 28 
26,12 27,19 27 
26,16 28,3 28 
26,19 22,43 22 
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26,16 21,3 21 
26,16 21,97 21 
26,16 22,34 22 
26,16 22,56 22 
26,16 22,98 22 

 
Appendix 3d – System output with fixed water and concrete temperatures 
 

 Time 
Water temp in 
*C 

Concrete temp 
received in *C 

Target 
concrete 
temp in *C Action 

1:29:01 
AM 26,31 23 20 

 Blue LED 
is 
activated 

1:29:02 
AM 26,31 23 20 

 Blue LED 
is 
activated 

1:29:04 
AM 26,31 23 20 

 Blue LED 
is 
activated 

1:29:07 
AM 26,31 23 20 

 Blue LED 
is 
activated 

1:29:09 
AM 26,31 23 20 

 Blue LED 
is 
activated 

1:29:10 
AM 26,31 23 20 

 Blue LED 
is 
activated 

1:29:12 
AM 26,31 24 20 

 Blue LED 
is 
activated 

1:29:15 
AM 26,31 24 20 

 Blue LED 
is 
activated 

1:29:17 
AM 26,25 24 20 

 Blue LED 
is 
activated 

1:29:19 
AM 26,31 23 20 

 Blue LED 
is 
activated 

1:29:20 
AM 26,25 23 20 

 Blue LED 
is 
activated 

1:29:22 
AM 26,25 23 20 

 Blue LED 
is 
activated 
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1:29:25 
AM 26,25 23 20 

 Blue LED 
is 
activated 

1:29:27 
AM 26,25 23 20 

 Blue LED 
is 
activated 

1:29:28 
AM 26,25 23 20 

 Blue LED 
is 
activated 

1:29:30 
AM 26,25 23 20 

 Blue LED 
is 
activated 

1:29:33 
AM 26,25 23 20 

 Blue LED 
is 
activated 

1:29:35 
AM 26,25 23 20 

 Blue LED 
is 
activated 

1:29:37 
AM 26,25 24 20 

 Blue LED 
is 
activated 

 
 
Appendix 3e – System output with fixed water and varying concrete temperature (cold) 
 

 Time 
Water temp in 
*C 

Concrete 
temp 
received in 
*C 

Target 
concrete 
temp in *C Action 

1:40:31 
AM 26,5 24 20 

 Blue LED is 
activated 

1:40:33 
AM 26,44 24 20 

 Blue LED is 
activated 

1:40:36 
AM 26,5 24 20 

 Blue LED is 
activated 

1:40:38 
AM 26,5 24 20 

 Blue LED is 
activated 

1:40:39 
AM 26,44 24 20 

 Blue LED is 
activated 

1:40:41 
AM 26,44 24 20 

 Blue LED is 
activated 

1:40:44 
AM 26,44 26 20 

 Blue LED is 
activated 

1:40:46 
AM 26,44 26 20 

 Blue LED is 
activated 

1:40:48 
AM 26,44 25 20 

 Blue LED is 
activated 
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1:40:49 
AM 26,44 25 20 

 Blue LED is 
activated 

1:40:51 
AM 26,44 24 20 

 Blue LED is 
activated 

1:40:54 
AM 26,44 24 20 

 Blue LED is 
activated 

1:40:56 
AM 26,44 24 20 

 Blue LED is 
activated 

1:40:57 
AM 26,44 24 20 

 Blue LED is 
activated 

1:40:59 
AM 26,44 24 20 

 Blue LED is 
activated 

1:41:02 
AM 26,5 24 20 

 Blue LED is 
activated 

1:41:04 
AM 26,5 16 20 

 Red LED is 
activated 

1:41:06 
AM 26,5 5 20 

 Red LED is 
activated 

1:41:07 
AM 26,5 4 20 

 Red LED is 
activated 

1:41:10 
AM 26,5 3 20 

 Red LED is 
activated 

1:41:12 
AM 26,5 3 20 

 Red LED is 
activated 

1:41:14 
AM 26,5 4 20 

 Red LED is 
activated 

1:41:15 
AM 26,5 3 20 

 Red LED is 
activated 

1:41:17 
AM 26,5 3 20 

 Red LED is 
activated 

1:41:20 
AM 26,5 3 20 

 Red LED is 
activated 

1:41:22 
AM 26,5 4 20 

 Red LED is 
activated 

1:41:24 
AM 26,5 4 20 

 Red LED is 
activated 

1:41:25 
AM 26,5 4 20 

 Red LED is 
activated 

1:41:28 
AM 26,5 4 20 

 Red LED is 
activated 

1:41:30 
AM 26,44 4 20 

 Red LED is 
activated 

1:41:32 
AM 26,44 4 20 

 Red LED is 
activated 

1:41:33 
AM 26,44 16 20 

 Red LED is 
activated 
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1:41:35 
AM 26,44 25 20 

 Blue LED is 
activated 

1:41:38 
AM 26,44 25 20 

 Blue LED is 
activated 

1:41:40 
AM 26,44 24 20 

 Blue LED is 
activated 

1:41:41 
AM 26,44 25 20 

 Blue LED is 
activated 

1:41:43 
AM 26,44 25 20 

 Blue LED is 
activated 

1:41:46 
AM 26,44 25 20 

 Blue LED is 
activated 

1:41:48 
AM 26,44 25 20 

 Blue LED is 
activated 

1:41:50 
AM 26,44 24 20 

 Blue LED is 
activated 

1:41:51 
AM 26,44 24 20 

 Blue LED is 
activated 

1:41:53 
AM 26,44 24 20 

 Blue LED is 
activated 

1:41:56 
AM 26,44 24 20 

 Blue LED is 
activated 

1:41:58 
AM 26,44 24 20 

 Blue LED is 
activated 

1:41:59 
AM 26,44 24 20 

 Blue LED is 
activated 

 
 
Appendix 3f – System output with fixed water and varying concrete temperature (hot) 
 

 Time 
Water temp in 
*C 

Concrete 
temp 
received in 
*C 

Target 
concrete 
temp in *C Action 

3:04:31 
AM 26,19 24 20 

 Blue LED is 
activated 

3:04:33 
AM 26,25 24 20 

 Blue LED is 
activated 

3:04:36 
AM 26,25 24 20 

 Blue LED is 
activated 

3:04:37 
AM 26,25 24 20 

 Blue LED is 
activated 

3:04:39 
AM 26,25 24 20 

 Blue LED is 
activated 

3:04:41 
AM 26,25 25 20 

 Blue LED is 
activated 
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3:04:44 
AM 26,25 25 20 

 Blue LED is 
activated 

3:04:46 
AM 26,25 24 20 

 Blue LED is 
activated 

3:04:47 
AM 26,25 24 20 

 Blue LED is 
activated 

3:04:49 
AM 26,25 24 20 

 Blue LED is 
activated 

3:04:51 
AM 26,25 25 20 

 Blue LED is 
activated 

3:04:54 
AM 26,25 25 20 

 Blue LED is 
activated 

3:04:55 
AM 26,25 25 20 

 Blue LED is 
activated 

3:04:57 
AM 26,25 26 20 

 Blue LED is 
activated 

3:04:59 
AM 26,25 25 20 

 Blue LED is 
activated 

3:05:02 
AM 26,25 25 20 

 Blue LED is 
activated 

3:05:04 
AM 26,25 24 20 

 Blue LED is 
activated 

3:05:05 
AM 26,31 26 20 

 Blue LED is 
activated 

3:05:07 
AM 26,31 32 20 

 Blue LED is 
activated 

3:05:09 
AM 26,31 35 20 

 Blue LED is 
activated 

3:05:12 
AM 26,31 37 20 

 Blue LED is 
activated 

3:05:13 
AM 26,31 39 20 

 Blue LED is 
activated 

3:05:15 
AM 26,31 40 20 

 Blue LED is 
activated 

3:05:17 
AM 26,31 41 20 

 Blue LED is 
activated 

3:05:20 
AM 26,31 43 20 

 Blue LED is 
activated 

3:05:22 
AM 26,31 44 20 

 Blue LED is 
activated 

3:05:23 
AM 26,31 45 20 

 Blue LED is 
activated 

3:05:25 
AM 26,31 46 20 

 Blue LED is 
activated 

3:05:26 
AM 26,31 47 20 

 Blue LED is 
activated 
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3:05:30 
AM 26,31 47 20 

 Blue LED is 
activated 

3:05:31 
AM 26,31 48 20 

 Blue LED is 
activated 

3:05:33 
AM 26,31 49 20 

 Blue LED is 
activated 

3:05:35 
AM 26,31 49 20 

 Blue LED is 
activated 

3:05:38 
AM 26,31 32 20 

 Blue LED is 
activated 

3:05:40 
AM 26,31 24 20 

 Blue LED is 
activated 

3:05:41 
AM 26,31 23 20 

 Blue LED is 
activated 

3:05:43 
AM 26,31 23 20 

 Blue LED is 
activated 

3:05:44 
AM 26,37 23 20 

 Blue LED is 
activated 

3:05:48 
AM 26,31 23 20 

 Blue LED is 
activated 

3:05:49 
AM 26,31 23 20 

 Blue LED is 
activated 

3:05:51 
AM 26,31 23 20 

 Blue LED is 
activated 

3:05:53 
AM 26,37 24 20 

 Blue LED is 
activated 

3:05:56 
AM 26,31 24 20 

 Blue LED is 
activated 

3:05:58 
AM 26,31 24 20 

 Blue LED is 
activated 

3:05:59 
AM 26,37 24 20 

 Blue LED is 
activated 

 
Appendix 3g – System output with varying water and varying concrete temperatures 
 

 Time 
Water temp 
in *C 

Concrete temp 
received in *C 

Target 
concrete 
temp in *C Action 

3:53:53 
AM 14,44 23 20 

 Blue LED is 
activated 

3:53:55 
AM 14,44 22 20 

 Blue LED is 
activated 

3:53:58 
AM 14,44 23 20 

 Blue LED is 
activated 

3:54:00 
AM 14,44 23 20 

 Blue LED is 
activated 
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3:54:01 
AM 14,44 22 20 

 Blue LED is 
activated 

3:54:03 
AM 14,44 23 20 

 Blue LED is 
activated 

3:54:05 
AM 14,38 23 20 

 Blue LED is 
activated 

3:54:08 
AM 14,38 23 20 

 Blue LED is 
activated 

3:54:09 
AM 14,38 23 20 

 Blue LED is 
activated 

3:54:11 
AM 14,38 23 20 

 Blue LED is 
activated 

3:54:13 
AM 14,38 23 20 

 Blue LED is 
activated 

3:54:16 
AM 14,38 23 20 

 Blue LED is 
activated 

3:54:18 
AM 14,38 23 20 

 Blue LED is 
activated 

3:54:19 
AM 14,38 23 20 

 Blue LED is 
activated 

3:54:21 
AM 14,38 23 20 

 Blue LED is 
activated 

3:54:23 
AM 14,31 21 20 

 Blue LED is 
activated 

3:54:26 
AM 14,31 23 20 

 Blue LED is 
activated 

3:54:27 
AM 14,31 23 20 

 Blue LED is 
activated 

3:54:29 
AM 14,31 8 20 

 Red LED is 
activated 

3:54:31 
AM 14,31 4 20 

 Red LED is 
activated 

3:54:34 
AM 18 4 20 

 Red LED is 
activated 

3:54:36 
AM 20,5 3 20 

 Red LED is 
activated 

3:54:37 
AM 22,75 3 20 

 Red LED is 
activated 

3:54:39 
AM 24,37 3 20 

 Red LED is 
activated 

3:54:42 
AM 27,62 4 20 

 Red LED is 
activated 

3:54:44 
AM 29,12 3 20 

 Red LED is 
activated 

3:54:45 
AM 30,5 3 20 

 Red LED is 
activated 
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3:54:47 
AM 31,75 3 20 

 Red LED is 
activated 

3:54:49 
AM 32,81 3 20 

 Red LED is 
activated 

3:54:52 
AM 34,69 4 20 

 Red LED is 
activated 

3:54:54 
AM 35,44 3 20 

 Red LED is 
activated 

3:54:55 
AM 36,13 5 20 

 Red LED is 
activated 

3:54:57 
AM 36,75 5 20 

 Red LED is 
activated 

3:55:00 
AM 37,81 5 20 

 Red LED is 
activated 

3:55:02 
AM 38,25 4 20 

 Red LED is 
activated 

3:55:03 
AM 38,63 4 20 

 Red LED is 
activated 

3:55:05 
AM 39 4 20 

 Red LED is 
activated 

3:55:07 
AM 39,31 4 20 

 Red LED is 
activated 

3:55:10 
AM 39,88 5 20 

 Red LED is 
activated 

3:55:12 
AM 40,06 5 20 

 Red LED is 
activated 

3:55:13 
AM 40,31 5 20 

 Red LED is 
activated 

3:55:15 
AM 40,5 5 20 

 Red LED is 
activated 

3:55:18 
AM 40,81 4 20 

 Red LED is 
activated 

3:55:20 
AM 40,94 5 20 

 Red LED is 
activated 

3:55:21 
AM 41,06 5 20 

 Red LED is 
activated 

3:55:23 
AM 41,19 5 20 

 Red LED is 
activated 

3:55:25 
AM 41,31 5 20 

 Red LED is 
activated 

3:55:28 
AM 41,44 5 20 

 Red LED is 
activated 

3:55:30 
AM 41,56 5 20 

 Red LED is 
activated 

3:55:31 
AM 41,63 5 20 

 Red LED is 
activated 
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3:55:33 
AM 41,69 5 20 

 Red LED is 
activated 

3:55:36 
AM 41,88 5 20 

 Red LED is 
activated 

3:55:38 
AM 41,94 5 20 

 Red LED is 
activated 

3:55:39 
AM 41,94 5 20 

 Red LED is 
activated 

3:55:41 
AM 42 5 20 

 Red LED is 
activated 

3:55:44 
AM 42,06 5 20 

 Red LED is 
activated 

3:55:46 
AM 42,06 5 20 

 Red LED is 
activated 

3:55:48 
AM 42,06 6 20 

 Red LED is 
activated 

3:55:49 
AM 40,25 17 20 

 Red LED is 
activated 

3:55:51 
AM 37,5 22 20 

 Blue LED is 
activated 

3:55:54 
AM 32,56 22 20 

 Blue LED is 
activated 

3:55:56 
AM 30,56 23 20 

 Blue LED is 
activated 

3:55:57 
AM 28,81 22 20 

 Blue LED is 
activated 

3:55:59 
AM 27,25 23 20 

 Blue LED is 
activated 

3:56:02 
AM 24,69 23 20 

 Blue LED is 
activated 

3:56:04 
AM 23,62 23 20 

 Blue LED is 
activated 

3:56:06 
AM 22,69 24 20 

 Blue LED is 
activated 

3:56:07 
AM 21,87 23 20 

 Blue LED is 
activated 

3:56:09 
AM 21,12 22 20 

 Blue LED is 
activated 

3:56:12 
AM 19,87 22 20 

 Blue LED is 
activated 

3:56:14 
AM 19,31 22 20 

 Blue LED is 
activated 

3:56:15 
AM 18,81 22 20 

 Blue LED is 
activated 

3:56:17 
AM 18,44 22 20 

 Blue LED is 
activated 
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3:56:20 
AM 17,69 22 20 

 Blue LED is 
activated 

3:56:22 
AM 17,37 22 20 

 Blue LED is 
activated 

3:56:23 
AM 17,06 22 20 

 Blue LED is 
activated 

3:56:25 
AM 16,81 22 20 

 Blue LED is 
activated 

3:56:27 
AM 16,62 22 20 

 Blue LED is 
activated 

3:56:30 
AM 16,19 22 20 

 Blue LED is 
activated 

3:56:32 
AM 16,06 22 20 

 Blue LED is 
activated 

3:56:33 
AM 15,88 22 20 

 Blue LED is 
activated 

3:56:35 
AM 15,75 22 20 

 Blue LED is 
activated 

3:56:38 
AM 15,5 22 20 

 Blue LED is 
activated 

3:56:40 
AM 15,38 22 20 

 Blue LED is 
activated 

3:56:41 
AM 15,31 22 20 

 Blue LED is 
activated 

3:56:43 
AM 15,19 22 20 

 Blue LED is 
activated 

3:56:45 
AM 15,13 22 20 

 Blue LED is 
activated 

3:56:48 
AM 15 22 20 

 Blue LED is 
activated 

3:56:50 
AM 14,94 22 20 

 Blue LED is 
activated 

3:56:51 
AM 14,88 22 20 

 Blue LED is 
activated 

3:56:53 
AM 14,81 22 20 

 Blue LED is 
activated 

 
Appendix 3h – System output with water temperature varying with output concrete 
temperature 
 

 Time 
Water temp 
in *C 

Concrete temp received in 
*C 

Target concrete temp in 
*C 

3:12:27 AM 29,37 37 30 
3:12:29 AM 29,37 36 30 
3:12:32 AM 29,31 37 30 
3:12:34 AM 29,25 37 30 
3:12:35 AM 29,25 36 30 
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3:12:37 AM 29,19 37 30 
3:12:40 AM 28,69 37 30 
3:12:42 AM 28,06 37 30 
3:12:44 AM 27,5 36 30 
3:12:45 AM 26,94 36 30 
3:12:47 AM 26,37 37 30 
3:12:50 AM 25,37 36 30 
3:12:52 AM 25 37 30 
3:12:53 AM 24,56 36 30 
3:12:55 AM 24,25 36 30 
3:12:58 AM 23,62 35 30 
3:13:00 AM 23,31 35 30 
3:13:02 AM 23,06 36 30 
3:13:03 AM 22,81 35 30 
3:13:05 AM 22,56 37 30 
3:13:08 AM 22,19 35 30 
3:13:10 AM 22 35 30 
3:13:11 AM 21,81 36 30 
3:13:13 AM 21,62 35 30 
3:13:16 AM 21,31 34 30 
3:13:18 AM 21,19 34 30 
3:13:20 AM 21 34 30 
3:13:21 AM 20,87 35 30 
3:13:24 AM 20,56 34 30 
3:13:26 AM 20,5 34 30 
3:13:28 AM 20,37 34 30 
3:13:29 AM 20,25 35 30 
3:13:31 AM 20,19 33 30 
3:13:34 AM 20 33 30 
3:13:36 AM 19,94 35 30 
3:13:38 AM 19,81 33 30 
3:13:39 AM 19,75 34 30 
3:13:42 AM 19,62 33 30 
3:13:44 AM 19,56 33 30 
3:13:46 AM 19,56 33 30 
3:13:47 AM 19,5 33 30 
3:13:49 AM 19,44 33 30 
3:13:52 AM 19,37 34 30 
3:13:54 AM 19,31 34 30 
3:13:56 AM 19,31 33 30 
3:13:57 AM 19,25 33 30 
3:14:00 AM 19,19 33 30 
3:14:02 AM 19,19 32 30 
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3:14:04 AM 19,12 32 30 
3:14:05 AM 19,12 31 30 
3:14:07 AM 19,06 32 30 
3:14:10 AM 19 32 30 
3:14:12 AM 18,94 33 30 
3:14:14 AM 18,94 31 30 
3:14:15 AM 18,87 32 30 
3:14:18 AM 18,81 32 30 
3:14:20 AM 18,81 32 30 
3:14:22 AM 18,75 32 30 
3:14:23 AM 18,75 31 30 
3:14:25 AM 18,69 32 30 
3:14:28 AM 18,69 31 30 
3:14:30 AM 18,62 31 30 
3:14:32 AM 18,62 32 30 
3:14:33 AM 18,62 31 30 
3:14:36 AM 18,56 31 30 
3:14:38 AM 18,56 31 30 
3:14:40 AM 18,56 31 30 
3:14:41 AM 18,5 31 30 
3:14:45 AM 18,5 30 30 
3:14:46 AM 18,5 31 30 
3:14:48 AM 18,44 31 30 
3:14:49 AM 18,44 31 30 
3:14:51 AM 18,44 30 30 
3:14:54 AM 18,37 31 30 
3:14:56 AM 18,37 30 30 
3:14:58 AM 18,37 30 30 
3:14:59 AM 18,37 31 30 
3:15:03 AM 18,37 30 30 
3:15:04 AM 18,31 30 30 
3:15:06 AM 18,31 31 30 
3:15:07 AM 18,31 30 30 
3:15:09 AM 18,31 30 30 
3:15:12 AM 18,31 30 30 
3:15:14 AM 18,31 30 30 
3:15:16 AM 18,25 29 30 
3:15:17 AM 18,25 28 30 
3:15:21 AM 18,62 27 30 
3:15:22 AM 18,69 27 30 
3:15:24 AM 18,94 27 30 
3:15:25 AM 19,31 27 30 
3:15:27 AM 19,75 27 30 
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3:15:30 AM 20,5 26 30 
3:15:32 AM 20,75 26 30 
3:15:34 AM 21,12 27 30 
3:15:35 AM 21,5 26 30 
3:15:39 AM 22,44 25 30 
3:15:40 AM 22,87 26 30 
3:15:42 AM 23,25 25 30 
3:15:43 AM 23,62 26 30 
3:15:47 AM 24,25 25 30 
3:15:48 AM 24,5 26 30 
3:15:50 AM 24,75 25 30 
3:15:52 AM 25 26 30 
3:15:53 AM 25,19 26 30 
3:15:56 AM 25,56 26 30 
3:15:58 AM 25,75 26 30 
3:16:00 AM 25,87 25 30 
3:16:01 AM 26 25 30 
3:16:05 AM 26,25 25 30 
3:16:06 AM 26,31 26 30 
3:16:08 AM 26,44 26 30 
3:16:10 AM 26,5 26 30 
3:16:11 AM 26,56 25 30 
3:16:14 AM 26,69 26 30 
3:16:16 AM 26,75 26 30 
3:16:18 AM 26,81 25 30 
3:16:19 AM 26,87 26 30 
3:16:23 AM 26,94 27 30 
3:16:24 AM 27 25 30 
3:16:26 AM 27 26 30 
3:16:28 AM 27,06 26 30 
3:16:29 AM 27,06 27 30 
3:16:32 AM 27,12 26 30 
3:16:34 AM 27,19 26 30 
3:16:36 AM 27,19 27 30 
3:16:37 AM 27,19 26 30 
3:16:41 AM 27,25 26 30 
3:16:42 AM 27,25 26 30 
3:16:44 AM 27,25 27 30 
3:16:46 AM 27,31 27 30 
3:16:47 AM 27,31 26 30 
3:16:50 AM 27,5 27 30 
3:16:52 AM 27,62 28 30 
3:16:54 AM 27,62 27 30 
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3:16:55 AM 27,74 26 30 
3:16:59 AM 27,86 26 30 
3:17:00 AM 28,11 26 30 
3:17:02 AM 28,38 27 30 
3:17:03 AM 28,44 27 30 
3:17:07 AM 28,5 27 30 
3:17:08 AM 28,94 27 30 
3:17:10 AM 29,31 28 30 
3:17:12 AM 29,62 27 30 
3:17:13 AM 29,94 26 30 
3:17:17 AM 30,44 27 30 
3:17:18 AM 30,62 28 30 
3:17:20 AM 30,81 28 30 
3:17:21 AM 31 27 30 
3:17:25 AM 31,25 28 30 
3:17:26 AM 31,37 27 30 
3:17:28 AM 31,44 27 30 
3:17:30 AM 31,56 28 30 
3:17:31 AM 31,62 28 30 
3:17:35 AM 31,75 28 30 
3:17:36 AM 31,81 27 30 
3:17:38 AM 32 27 30 
3:17:39 AM 32,25 28 30 
3:17:43 AM 32,69 28 30 
3:17:44 AM 32,88 26 30 
3:17:46 AM 33,06 28 30 
3:17:48 AM 33,19 29 30 
3:17:49 AM 33,38 28 30 
3:17:52 AM 33,56 28 30 
3:17:54 AM 33,63 27 30 
3:17:56 AM 33,75 28 30 
3:17:57 AM 33,75 28 30 
3:18:01 AM 33,88 29 30 
3:18:02 AM 33,94 28 30 
3:18:04 AM 34,2 28 30 
3:18:06 AM 34,45 26 30 
3:18:09 AM 34,69 28 30 
3:18:10 AM 34,75 28 30 
3:18:12 AM 35,38 28 30 
3:18:14 AM 35,94 29 30 
3:18:15 AM 36,38 29 30 
3:18:19 AM 37,13 29 30 
3:18:20 AM 37,44 28 30 
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3:18:22 AM 37,69 27 30 
3:18:23 AM 37,94 29 30 
3:18:27 AM 38,38 29 30 
3:18:28 AM 38,56 28 30 
3:18:30 AM 38,75 29 30 
3:18:32 AM 38,88 29 30 
3:18:33 AM 39 29 30 
3:18:37 AM 39,13 29 30 
3:18:38 AM 39,25 28 30 
3:18:40 AM 39,31 29 30 
3:18:41 AM 39,38 29 30 
3:18:45 AM 39,5 29 30 
3:18:46 AM 39,56 29 30 
3:18:48 AM 39,63 29 30 
3:18:50 AM 39,69 29 30 
3:18:51 AM 39,69 30 30 
3:18:55 AM 39,81 30 30 
3:18:56 AM 39,81 30 30 
3:18:58 AM 39,81 30 30 
3:18:59 AM 39,88 30 30 
3:19:03 AM 39,88 30 30 
3:19:04 AM 39,94 29 30 
3:19:06 AM 39,94 29 30 
3:19:08 AM 39,94 30 30 
3:19:09 AM 39,94 30 30 
3:19:13 AM 39,94 29 30 
3:19:14 AM 39,94 30 30 
3:19:16 AM 39,94 30 30 
3:19:17 AM 39,94 30 30 
3:19:21 AM 40,5 31 30 
3:19:22 AM 41,5 30 30 
3:19:24 AM 41,38 30 30 
3:19:26 AM 41,19 31 30 
3:19:29 AM 40,13 30 30 
3:19:31 AM 37,81 31 30 
3:19:32 AM 35,88 32 30 
3:19:34 AM 34,19 31 30 
3:19:35 AM 32,75 31 30 
3:19:39 AM 30,5 31 30 
3:19:40 AM 29,62 32 30 
3:19:42 AM 28,94 31 30 
3:19:44 AM 28,5 30 30 
3:19:47 AM 27,81 31 30 
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3:19:48 AM 27,44 31 30 
3:19:50 AM 27,12 32 30 
3:19:52 AM 26,81 31 30 
3:19:53 AM 26,5 31 30 
3:19:57 AM 25,81 31 30 
3:19:58 AM 25,44 30 30 
3:20:00 AM 25,12 31 30 
3:20:02 AM 24,81 31 30 
3:20:05 AM 24,12 32 30 
3:20:06 AM 23,81 31 30 
3:20:08 AM 23,5 31 30 
3:20:10 AM 23,19 30 30 
3:20:11 AM 22,87 31 30 
3:20:15 AM 22,31 31 30 
3:20:16 AM 22 31 30 
3:20:18 AM 21,75 32 30 
3:20:20 AM 21,5 31 30 
3:20:23 AM 21,06 30 30 
3:20:24 AM 20,87 31 30 
3:20:26 AM 20,69 31 30 
3:20:28 AM 20,56 31 30 
3:20:29 AM 20,37 30 30 
3:20:33 AM 20,12 30 30 
3:20:34 AM 20 30 30 
3:20:36 AM 19,94 29 30 
3:20:38 AM 19,81 30 30 
3:20:41 AM 19,69 29 30 
3:20:42 AM 19,56 30 30 
3:20:44 AM 19,44 30 30 
3:20:46 AM 19,31 29 30 
3:20:49 AM 19,12 29 30 
3:20:51 AM 19,06 29 30 
3:20:52 AM 19 29 30 

 


