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Abstract

This thesis presents the design, implementation, and testing of a water-based mattress
temperature conditioning system aimed at enhancing user comfort and improving sleep
quality. As an alternative to traditional room air conditioning, the device actively reg-
ulates user temperature through direct heating and cooling. The system utilizes Ther-
moelectric Coolers (TEC). The project includes the complete mechanical, electrical, and

rmware development with manufacturing and testing. A prototype mattress was fabri-
cated by routing silicone tubing through a standard foam mattress for real-world evalua-
tion. Experimental validation con rmed the system’s functionality and quiet operation.
The heating mode rapidly reached target temperatures, while the cooling mode success-
fully lowered mattress temperatures under the user. Although peak cooling capacity was
slightly limited by electrical resistance in the driver circuit and thermal resistance within
the mattress, the thesis demonstrates that TEC-based conditioning is a highly viable
concept for personal thermal comfort.

Abstrakt

Tato prace predstavuje navrh, implementaci a testovan vodn ho systemu pro upravu
teploty matrace, navrzeneho ke zvysen komfortu a mimo jine i kvality spanku. Jako
alternativa k tradicn klimatizaci toto zar zen aktivne reguluje teplotu uzivatele pomoc
jeho pr meho ohrevu a chlazen . System vyuz va termoelektricke clanky (TEC). Projekt
zahrnuje kompletn vyvoj, vyrobu a testovan mechaniky, elektroniky i rmwaru. Pro
vyhodnocen v realnych podm nkach byl vytvoren prototyp chlazene matrace protazen m
silikonovych hadicek skrz standardn penovou matraci. Experimentaln validace potvrdila
funcnost zar zen i jeho tichy chod. Rezim ohrevu rychle dosahoval c lovych teplot,
zat mco rezim chlazen uspesne snizoval teplotu matrace pod uzivatelem. Ackoliv byl
chladic vykon m rne omezen elektrickym odporem v budic m obvodu a tepelnym odporem
uvnitr matrace, tato prace prokazuje, ze temperovan zalozene na technologii TEC je
vysoce perspektivn m konceptem pro zajisten osobn ho tepelneho komfortu.

Keywords

Temperature conditioning, mattress temperature conditioning, thermoelectric cooler.
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Rozery abstrakt

Tato diplomowa pace se zaby\a ravrhem, implementac a testo)anm vodnho sysemu
proupravu teploty matrace. Hlavnm clem je zajsen optinalnho tepelreho komfortu,
ktey je ktow pro dosaen vysole kvality smnku. Naveere zazen aktivre reguluje
teplotu wivatele prostednictvm pneho olrevu a chlazen,cne pedstavuje alternativu
k tradcn klimatizaci mstnosti. Klasicka klimatizace je totz energeticky raracra a mus
pekoravat wrazre ztaty zpsobere parazithm \etanmci prostupem tepla z extereru.
Naproti tomu prne chlazen wivatele v posteli gires podstatre mers parazitn ztaty,
snizuje celkovou spotebu energie a podle vedeckych studi nee clere chlazen ela lehem
smnku prokazatelre zlegsit zdrav a zwsit wivatelsky komfort.[1] Prioritnm pazadavkem
na jeho konstrukci byl tichy chod, ktey by nerwsil wivatele gi spnku.

Projekt zahrnuje kompletn mechanicly, elektricky a softwarow wvoj, \cetre wroby
a testonan. Chladic a ohrvac sysem je poharen termoelektrickymi canky (TEC),
konketre modelem PM-40X40-89. Zazen bylo konstrulcre rozceleno na dva odcelere
vodn okruhy: okruh pro matraci (MWL - Mattress Water Loop) a chladic vodn okruh
samotreho zazen (CWL - Coolant Water Loop). Pro efektivn prenos tepla byl naveen
tzv. "Thermal Stack”, ktely obsahujectyi TEC elementy zapojere do dvou paralelnch
\etv a umsere mezi hlinkowmi vodnmi bloky wnenk tepla. Model zazen je
gra cky zobrazen na rasledujcm obiazku.

Obmazekc. 1: Diagram zachycujc model zazen. Revzato z diplomowe pace.

Mechanicla konstrukce

Cel vreg obal zazen byl vyroben pomoc 3D tisku a je vybaven odnmatelrym bacnm
panelem pro snadry pstup k vnitnm komponenitm. V sysemu jsou nasazena dwe
ponorra cerpadla AD20P-1230E umsera gmo ve vodn radece, kde samotra ka-
palina funguje jako winry akusticky tlumc. Pro chlazen okruhu CWL slow dwaln
vodn radator osazery ventibtory Noctua NF-A12x25-PWM, ktee byly vybany pro
suj vysoky wkon @i zachowan minimaln hlicnosti. Samotra testovac matrace vznikla



modi kac standardn penowe cetske matrace od spolecnosti IKEA, do ktee byly inte-

grovany silikonowe hadtky o rozmerech 10x8 mm pro veden chladic kapaliny. Totoresen
se ulazalo jako velmi vhodre, nebo jeho instalace nebyla wivateli emg detekowana.
Zazen, spolu s elektronikou, je vyobrazeno na rasledujcm obazku.

Obazekc. 2: Zazen zobrazeno v CAD prosted.

Elektronika arzen

Rdic elektronika je zal@ena na mikrokontroeru STM32F103C8T6. V mamci projektu
byly vyvinuty dwe desky plesrych spaj, konketre rdc deska (Main Board) a deska
buda (Driver Board). Modul Driver Board zajs tuje ovhdan TEC elemeni pomoc in-



tegrovareho budce moton HIP4081AIBZ a N-MOSFET tranzistau. Lkivatelske rozhran

je realizovano prostednictvm sedmi mechanickych tlactek Cherry MX Blue s wraznou
hmatovou odezvou a OLED displeje SSD1306Rdic software vyw\a jednoducly a
spolehliwy algoritmus typu ,bang-bang\ s hysterez. Tento pstup je plre dostecujc
pro udeen stabiln teploty, protae tepelma kapacita matrace i okruhu MWL je ponerre
vella. Na rasledujcm obmazku jsou desky Main Board a Driver Board zachyceny ve
chvli ovaen zastavboweho prostoru.

Obrazekc. 3: Desky Main Board a Driver Board umsere vsasi.

Shrnut a zhodnocen wsledk

Nasledra experimengln validace plre potvrdila funkcnost realizovareho sysemu i splren
paadavku na ticty provoz. Fyzicle testy putoku prolazaly,ze po gipojen matrace k
hlavnhmu zazen klesl putok vody v okruhu MWL pouze o 10,7%. V reimu olrevu
dokazalo zazen dosahnout clowch hodnot velmi rychle, ptenz na teplotu 40 °C se
nahalo za mere ne 15 minut. Ri kontaktu bylo toto teplo vnmano jako pjemre a po
zysen limitu na 45 °C byl tepelry tok jese wrazreg a komfortreg. V rezimu chlazen
pak sysemuspesre snzoval teplotu matrace pmo pod wivatelem a clow teploty 15 °C



dosahl kehem 30 minut (z paatecnho nahatho stavu 40 °C). Nejns dosazera (a &
adare) teplota bylo 9 °C. Zde jz wsak dochazelo ke kondenzaci.

Podrobre testovan \sak odhalilo i uci omezen v maximalnm chladicm wkonu,
ktely dosahoval piblzre 90 W, c@ je mere nez teoreticky aelavare hodnoty. Tento
pokles byl zpsoben pedewsm vysm elektrickm odporem na desce Driver Board,
pravcepodobre v dsledku dekch tras, ca vedlo k poklesu proudu proekajcho TEC
chnky. Dabm limitujcm faktorem byl pirozery tepelry odpor samotre peny matrace a
jejch dvou ochranrnych potal. Z tohoto dvodu bylo pro dosaen wrazreho chladicho
efektu na povrchu nutre sreit teplotu vody v okruhu MWL & na 9 °C. Takowe srezen
teploty \sak kuli kondenzaci nen vhodre.

Do budoucch verz sysemu by bylo vhodre umstit hadcky v matraci neteji, tedy
bke k elu wivatele. Testy totz ulazaly, ze powie tenlke silikonowe hadcky nejsou
pi lezen nijak hmatatelre, a jejich posun bke k povrchu by wrazre sreil tepelry
odpor mezi chladivem a wivatelem. | pes tato popsara omezen a podrety k dabkmu
wvoji diplomowa paceuspesre dokazuje,ze temperovan matrace pomoc TEC technolo-
gie je vysoce funkchm a perspektivnm konceptem pro personalizovare zajsen tepelreho
komfortu. Na rozdl od kezrnych vyhrvacch gikyvek totz nabz rychlou obousmnernou
odezvu, a to pi zachown naprosto tickeho chodu zazen.
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1 Introduction

Humanity's drive for environmental control is as old as civilization itself. An Air Con-
ditioning (AC) unit can be considered as one the best devices for room environmental
control. But this seemingly perfect solution with almost unbelievable thermal e ciency
presents a complex paradox, where cooling the room also heats the outside, creating ad-
ditional cooling demand. This phenomenon and the energy consumption of AC units only
worsen and accelerate the ongoing climate crisis.

Given that the change in human behaviour is unlikely, nding a more suitable solution
for creating comfort is indirectly the topic of this thesis. The focus is on cooling the user
directly, since the traditional AC must ght signi cant losses, that come through parasitic
ventilation of the room and heat transfer to the outside. As smaller parasitic losses are
present in the direct approach. The device itself may not need to be as e cient as typical
AC for it to consume less energy over all. Furthermore, the primary focus shall extend
beyond user comfort to also enhance the user's health.

Sleep is an an activity, that bene ts from body cooling, as some studies suggest[1],
resulting in potential better health and greater comfort. Currently, the market o ers
multiple solutions, ranging from devices that force air through mattresses[2] to water
cooled mattresses[3]. The latter o er greater control, as the water can be cooled down
(or even heated up) to a precise value.

This thesis goal is to create a device capable of cooling and heating water, and manu-
facture a mattress tted with tubing for the water (coolant) to pass through. The thesis
shall follow the process of requirements creation, selection of key components and their
preliminary veri cation, design and manufacturing of the device (mechanics, electronics
and rmware), and nally the testing of the entire system with the custom mattress.

14



2 Requirements

This chapter is dedicated to the declaration and de nition of requirements. They are
divided into four types - system, mechanical, electrical and validation. Each requirement
has its ID, type, description and reasoning. The device was designed with the goal of
satisfying all requirements.

System

ID REQ-1

Type System

Description Room temperature shall be de ned in the range of 20 °C to 24 °C with
relative humidity between 30% to 60%.

Reasoning De ning room temperature for further use in requirements. Based on
historical data from Home Assistant (HA) environmental station.

ID REQ-2

Type System

Description The mattress coolant shall reach the minimum temperature of 18 °C
under normal operation in a room with the room temperature de ned
in REQ-1.

Reasoning De ne the minimum temperature to prevent condensation, injury or
in extreme case, freezing of the coolant.

ID REQ-3

Type System

Description The mattress coolant shall reach the maximum temperature of 35 °C
under normal operation in a room with the room temperature de ned
in REQ-1.

Reasoning De ne the maximum temperature to prevent damage and injury due
to overheating or in extreme case boiling of the coolant.

ID REQ-4

Type System

Description Mattress coolant shall not undershoot or overshoot the desired tem-
perature by more than 0.5 °C.

Reasoning To make the mattress coolant temperature stable.

15



2 REQUIREMENTS

ID REQ-5

Type System

Description Mattress coolant temperature hysteresis shall be under 0.5 °C.

Reasoning To make the mattress coolant temperature stable.

ID REQ-6

Type System

Description All Pugh matrices shall use a weighted scoring system where criteria
are assigned a weight (1: low importance, 2: normal importance, 3:
high importance) and alternatives are rated on a 1 to 5 scale relative to
the baseline (3: baseline/neutral, 4: better, 5: much better, 2: worse,
1. bad). The total score is then calculated using Equation 2.1.

X
TotalScore = Rating W eight: (2.2)

Reasoning To make the decision process uni ed.

Mechanical

ID REQ-7

Type Mechanical

Description Materials present in the cooling loop shall not be susceptible to elec-
tromechanical corrosion and material mixing in the same loop shall be
done in a way, to prevent this phenomenon.

Reasoning To extend the life of the device.

ID REQ-8

Type Mechanical

Description Used coolant shall be demineralized.

Reasoning To lower coolant conductivity and prevent scale build up, ensuring
longer lifetime.

ID REQ-9

Type Mechanical

Description The device shall be producing little to no sound under heat loads
de ned in REQ-29 and REQ-30.

Reasoning To not disturb the user while operating.

ID REQ-10

Type Mechanical

Description Fans accessible by user shall be covered with a fan grill with minimally
IP20.

Reasoning To prevent user injury.

16



2 REQUIREMENTS

ID REQ-11

Type Mechanical

Description Entire system shall be enclosed with su cient air ow to ensure oper-
ation.

Reasoning To prevent user injury and make the system uniform.

ID REQ-12

Type Mechanical

Description The device case shall have a side panel through which components can
be accessed.

Reasoning To make the device maintainable.

ID REQ-13

Type Mechanical

Description A re ll port for the coolant shall be easily accessible. The port may
be inside the case de ned in REQ-12.

Reasoning To make the device maintainable.

ID REQ-14

Type Mechanical

Description The device shall have mechanical button interface.

Reasoning To allow the user to be able to control the device locally.

ID REQ-15

Type Mechanical

Description A dedicated button for enabling and disabling the conditioning shall
be present on the device.

Reasoning To allow the user to be able to control the device locally.

ID REQ-16

Type Mechanical

Description The device shall have a display (screen), that gives the user information
about the system and that can be turn on or o.

Reasoning To allow the user to be able to control the device locally while not
disturbing them.

ID REQ-17

Type Mechanical

Description The display shall have a dedicated on/o (wake up) switch.

Reasoning To allow the user to be able to control the device locally while not

disturbing them.

17



2 REQUIREMENTS

ID REQ-18

Type Mechanical

Description The coolant in the mattress shall ow freely under testing conditions
de ned in REQ-32.

Reasoning To make the device to be able to overcome the hydraulic resistance
with user lying on the mattress.

ID REQ-19

Type Mechanical

Description The mattress shall be comfortable and feel as close to a hormal mat-
tress as possible. The conditioning system shall not compromise the
user's comfort.

Reasoning To provide a comfort for the user.

ID REQ-20

Type Mechanical

Description All components and assemblies shall have a part number with pre x
ASE-DIP- for assembly, CMP-DIP- for component, ELE-DIP- for elec-
trical component and FAS-DIP- for fasteners. The part number shall
comprise of 4 numbers, beginning with 0000 and counting upwards.

Reasoning To make the components tracking simple and clear.

ID REQ-21

Type Mechanical

Description The device shall have a quick connect water pipe connector, that does
not leak water when being connected or disconnected. This pipe con-
nector shall be easily accessible to the user.

Reasoning To make the device easier to ship and compatible with multiple mat-

tresses.

18



2 REQUIREMENTS

Electrical

ID REQ-22

Type Electrical

Description Mains power input (230 V) shall be located as high as technically
possible on the device case. The mattress coolant pass-through shall
be located as low as technically possible on the case.

Reasoning To prevent short circuit due to coolant contamination (spilling).

ID REQ-23

Type Electrical

Description All components connected to mains voltage shall be grounded.

Reasoning To make the device safe.

ID REQ-24

Type Electrical

Description The mains power input shall have properly sized fuse.

Reasoning To make the device safe.

ID REQ-25

Type Electrical

Description Any high power electronics close to the coolant pipes connections shall
be rated IPx5 or higher.

Reasoning To make the device safe.

ID REQ-26

Type Electrical

Description The power rail shall have a voltage less than 50 V DC.

Reasoning To make the device safe if a leak would occur.

ID REQ-27

Type Electrical

Description The logic rail shall have no more than 5 V while matching the chosen
UC voltage is preferred.

Reasoning To make the design simpler with no logic level shifters.

ID REQ-28

Type Electrical

Description All systems excluding the conditioning system shall be cooled passively.

Reasoning To make the design simpler and to reduce the level of noise.

19



2 REQUIREMENTS

System validation

ID REQ-29

Type Validation

Description Mattress coolant shall be able to reach the minimal stable temperature
de ned in REQ-2 from the initial room temperature under 150 W
heating load.

Reasoning The system shall be able to cool down while being introduced to losses
and human body heat.

ID REQ-30

Type Validation

Description Mattress coolant shall be able to reach the maximal stable temperature
de ned in REQ-3 from the initial room temperature under 150 W
cooling load.

Reasoning The system shall be able to heat up while being introduced to losses
and human body heat.

ID REQ-31

Type Validation

Description Mattress coolant shall be able to reach any desired temperature within
the temperature range de ned in REQ-2 and REQ-3 in 20 minutes
from the initial command. The mattress coolant shall be at room
temperature per REQ-1.

Reasoning To make the system responsive.

ID REQ-32

Type Validation

Description The mattress tubing patency shall be tested by human with minimal
weight of 65 kg or higher. The ow rate may decrease, but must be
high enough to let the coolant move through uniformly.

Reasoning The device must overcome the hydraulic resistance while the user is

lying on the mattress to ensure functionality.

20



3 Design

This chapter is dedicated to the preliminary design concept, components selection and
concept validation. The nal design and manufacturing is in Chapter 4.

3.1 Mechanical design
3.1.1 Conditioning system

The heating of the system could be done by using multiple types of components, ranging
from simple resistive elements, through Thermoelectric Cooler (TEC) elements to the
Vapor-Compression Refrigeration Cycle (VCRC) technology (Figure 3.1). In both of
the last examples the "hot side" would heat up the system, and heat energy would be
comprised of thermal losses of the device and from the heat from the room itself. If the
system was to only heat up, the resistive element would be a reasonable choice. Since the
need for a cooling was made in REQ-2, a Pugh matrix per REQ-6 was created to select
the type of cooling system type.

Figure 3.1: Examples of TEC[4] (left), resistive heater[5] (center) and VCRC device[6] (right).
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Table 3.1: Pugh matrix of thermal management system constructed per requirement REQ-6.

Parameter Parameter Resistive
i heater TEC VCRC
name weight :
(baseline)
Heating ability 3 3 3 .
Cooling ability 3 3 . :
Heating capacity 3 3 3 .
Cooling capacity 3 3 4 .
Noise 3 3 3 .
E ciency 1 3 3 i
Thermal power 5 ; , :
control
Heating/cooling 5 ; i )
mode change
Hardware price 3 3 3 .
Hardware size
and weight 1 3 3 1
Total Score NA ) o -

(Maximum 120 points)

3.1.2 Thermal Analysis

Per Pugh matrix in Table 3.1 the TEC elements were chosen to power the conditioning
system. To nd what should be the target power, a simple thermal analysis was con-
ducted, focusing exclusively on the cooling mode, as TEC elements operate less e ciently
when cooling[7], so a system capable of meeting the required cooling power will inherently
provide su cient heating power when the current ow is reversed. The target tempera-
tures were derived from REQ-1, REQ-2 and REQ-31. The analysis parameters are located
in Table 3.2.
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Table 3.2: Thermal analysis input parameters.

Name | Value | Unit | Label
Analysis parameters derived from requirements

Initial temperature 24 °C Tinit
Target temperature 16 °C Trarget

Time to reach target temperature 20 min trarget

Estimated analysis parameters
Mattress Water Loop (MWL) 182 | v

water capacity per Equation 3.1 ' MWL
Coolant Water Loop (CWL) 0.75 | Vel

water capacity per Equation 3.5
Estimated peak cooling power 300 W@0 T@7.6 A 0
of TEC elements hot side @25 °C TEC

Estimated peak heat
generated by TEC elements 565 | W@24V @76 A| Prec

Estimated cooling power 360 W/10 °C T p
of water radiator fan @1800 rpm Rad
Estimated heat loss in MWL 50 w PLoss
Estimated heat introduced
by the human body[8] to MWL 100 W Phuman
Mattress height 220 cm IMat, H
Mattress width 100 cm IMat, w
Mattress tube spacing 10 cm | spacing
Tube o set from 5 om |
edge in mattress O set
Internal radius of tubing 4 mm .
used in mattress Mat
Length of connecting tubing 2 m lTube
Internal radius of tubing
used to connect the device 5 mm I Tube
to the mattress
Estimated resistance of other
1 ROther

components in one TEC's branch
Other parameters

TEC element's resistance[9] 1.08 , hot side @25 °C| Rrec
Estimated TEC temperature gradient| 5.217 wW/°C G
Speci ¢ heat 1 v
capacity of water* 4180 Jkg® K Cwater
Pump ow-rate 240 I/h Veump
PSU voltage 24 \Y Upsu

*The water capacity is directly applied to the water volume,
as it is almost identical to the water weight.

The estimations and calculations of the parameters of the Table 3.2 are stated on the
next few pages. The mattress tubing model and preliminary design of Thermal Stack are
in Figures 3.2 and 3.11 respectively.
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Thermal analysis parameter estimation

The estimated MWL capacity was calculated as follows. For better clarity, see mattress
tubing model in Figure 3.2. The reasoning behind Equation 3.4 was that the width of
typical mattress is 100 cm at most (for one person) and length is 200 cm, but to add an
additional bu er, the length of 220 cm was used. The 1008 mm tubing shall be inserted
into it with 10 cm intervals and with a 5 cm o set from the edge. The mattress thickness

was not relevant. Safety factor of 1.5 was used for each volume calculation.

VMWL =15 (VTubing, Internal VTubing, Connecting + VTubing, Mattress ) = (3 1)
=1:5 (0:50+0:32+1:00)=1:82I: '

Vubing, iInemai = 0:50 | (estimated with no further proof): (3.2)

— 2 — 2 —
VTubing, Connecting — 2 I Tube ITube =2 5 2000 =

(3.3)
= 314159 mn? = 0:32 |
V. _ IMat,W 2 | O set 2 | _
Tubing, Mattress = | ‘ Mat 'Mat,H —
Spacing
100 2 5
e 4 2 22 = (34)
10 00
= 995256 mn? = 1:00 I
Vewr =15 VTubing, nternal = 0:75 [ (3.5)

Figure 3.2: Mattress tubing model diagram.
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To estimate the ideal TEC cooling power Qea, an approach of calculating how much
energy is required to be extracted from the MWL was used. After that, the total energy
was used to calculate the average power for extracting it within the 20 minutes in which
the system must reach the desired temperature per REQ-30.

V Cw 1:82 4180:
Quear = (Tint T target) mattress, water ater _ 24 16) -2 "Fig0.7wW: (3.6)
ttarget 20 60

The margin factor fy, was set to 2, as the previous calculations were very uncertain
and the nal needed power can be larger than expected.

The hot/cold factor f jc was set to 2, as the nominal cooling power obtainable from
the TEC datasheet[9] does decrease with the temperature di erence between the hot and
cold sides and can essentially make the TEC generate no cooling power in extreme cases
(Figure 3.3). In other words, the fyc margin tried to incorporate the error that may
have occurred when calculating the hot side temperature, resulting in higher temperature
di erence between the TEC's sides and lower cooling power. With theyic = 2 the
di erence can be in the range of 20 to 30 °C for picked current.

The current factor f; was set to 1.33, since the TEC cooling power increases linearly
with current, while waste heat grows quadratically[7]. For this reason, the maximum
allowable current was set to be 75% of the maximum TEC current from the datasheet[9].

Recalculating the real cooling power needed based on the factors above resulted in an
estimate of 270 W per Equation 3.7.

Qrec, needed = Qidear fm frc 1 =507 2 2 1:33:: 270 W: (3.7)

This drove the design to have multiple TECs in series or parallel, as such a powerful
TEC was expensive and di cult to source.

Because of this, two separate water loops were created - MWL and CWL. As 40080
mm aluminium water blocks and 40040 TECs were wildly available, the design used 4
elements in total per Figure 3.4. This con guration was named Thermal Stack, and its
concept design is described in greater detail in Subsection 3.1.4.

Chosen TECs were PM-40X40-89[9], with a peak cooling power of 89 W. Two parallel
branches were used with two TECs in series per branch (see Figure 3.11). The PSU
voltage was set to 24 V. If an estimate was made, that the one TEC had a resistance
of 1.08 (R tec) per datasheet[9] and the wires, connectors and other components have
introduced another 1 of resistance (Ryner), then the current should be in the range of
7.6 A per branch per Equation 3.8.

Upsu _ 24

ltec = = 7:6 A: (3.8)
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Figure 3.3: Parameters characteristics of PM-40X40-89[9] marked with lines of maximum
cooling power applicable for the chosen PSU.

In the Figure 3.3 there are 2 lines - red and orange. The red one shows when the
current is the limiting factor and the orange shows when the voltage is the limiting factor
for the maximum cooling power with the chosen PSU (Subsection 3.2.3).

From the PM-40X40-89 bottom left graph from datasheet (Figure 3.3), it is apparent,
that the maximum cooling power is 75 W. Per Equation 3.9, this did satisfy the target
cooling power.

Qrec Q TEC, needed:
4 75 270: (3.9)

300 270:
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Figure 3.4: Preliminary design diagram of Thermal Stack.
Blue is MWL, red is CWL and TECs have a gradient between blue and red.

Water radiator cooling power was estimated per Figure 3.13 and in the thermal analysis
the Equation 3.10 was used to calculate the cooling power. This equation is only true for
EK Varder fans running at 1800 rpm[10].

T T
PRad — coolantlo room 360: (3.10)

Per Table 3.6 the water pump ow rate was used to determine the water temperature
di erence on the inlet and the outlet of the MWL. This value (Equation 3.11) was used
to set a permanent temperature o set between hot and cold TEC's side.

T . _ Vpump Cwater _ 3264000 4180
infout — -
Qrec 300

= 0:93 °C: (3.11)

The CWL side of the Thermal Stack does have the same temperature di erence as is
proofed by Equation 3.12.

0:5 Myater Cwater 3(?(;1(())2 4180
T, = = = 0:93 °C: 3.12
in/out, coolant 05 Pcooling 0:5 300 ( )
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The thermal analysis was done with discrete time step of 1 second. The MWL model
was created and is shown in Figure 3.5, from which the Equation 3.13 was derived.

Tl =T, Qrec G Towe T wmwe + T ot P Loss P Human (3.13)
VmwL  Cwater

The value of the TEC temperature gradient G was determined from the TEC's datasheet
seen in Figure 3.3. Using the bottom left graph, the "stall" temperature marked by the
orange line was used. This gradient G was found to be 5.217 W/°C per Equation 3.14.

Qrec 4 > Z5217 wree: (3.14)

G=14 =
Tstall 57:5

Figure 3.5: MWL model diagram.

The waste heat introduced to the CWL was calculated per Equation 3.15 with theo-
retical peak value of 565 W.

I:)TEC =4 RTEC I'?EC +QTEC G TCWL T mwL t T in/out (315)

The CWL was then simulated by the Equation 3.16. The equation was created from
the CWL model in Figure 3.6.

PTEC P radiator
Tisr =T + X 3.16
i I VewL  Cwater ( )
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Figure 3.6: CWL model diagram.

As seen in thermal the simulation output (Figure 3.7), the chosen TECs should have
been able to satisfy the requirements REQ-29 and REQ-31, while reaching the target
temperature taget IN @approximately 11 minutes. The water cooler did saturate around
the 6 minute mark resulting in stabilized TEC cooling power. From that point, the power
was only dependent on the MWL temperature, as the CWL temperature was xed.

Figure 3.7: Thermal simulation output.

From the simulation output a mean cooling power could be derived per Equation
3.17. Even though this value did not satisfy the Equation 3.9, it was very close and in

fact should not cause any problems.

P n=1200 oy
Qrec = —=2 - TEC T =264 W: (3.17)
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3.1.3 Case design

The entire case was 3D printed and has been designed in accordance with requirements.
It is depicted in Figure 3.8. The removable side panel was held by magnets and allows
access to internal components from two sides at once (later changed in Section 4.3). The
fan grills were 3D printed as well with the technique using only gyroid in Il (no bottom

or top layer) resulting in seemingly solid surface, that allows the air ow to pass through
only with little but non-negligible resistance. This method acted as a dust Iter and also
satis ed the requirement REQ-10.

Figure 3.8: The device case as depicted in Computer-Aided Design (CAD).
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The system description of the components placement is shown in Figure 3.9. To
connect the internal MWL to the mattress, a quick connect connectors Alphacool[11]
were used (Figure 3.10). These connect through the typical 1/4" tube, but internally
1008 mm silicon tubing[12] is used. The conversion happened inside the case with a 3D
printed tubing adapter. This adapter was printed from resin, as it needed to be water
tight. Additional resin tubing was used to distribute and guide the MWL and CWL, as
the silicon tubing was too soft and would get easily crimped, preventing the water owing
through.

Figure 3.9: Case side view as depiceted in CAD.

The case stands on rubber feet to minimize sound transfer to the ground. The two
24 V PSUs are located at the back and are vertically mounted. This did raise the centre
of gravity, but as reservoirs were lled with water at the bottom of the case, it did not
matter much. All the electric components, except for the fans, were located above all
potential points, where spillage may occurred, to prevent any damage.

Figure 3.10: Alphacool HF quick disconnect feedthroughs.[11]

31



3 DESIGN 3.1 MECHANICAL DESIGN

3.1.4 Thermal Stack

Based on the outcomes of Subsections 3.1.1 and 3.1.2, the preliminary Thermal Stack was
designed (Figure 3.11). It ts into the case described in Subsection 3.1.3. A thermal paste
ARCTIC MX-4[13] was used to thermally bond the TEC elements to the aluminium heat
exchangers[14].

There was a problem with the thermal paste spilling and owing into the TEC's
crevices, so a procedure of paste application was modi ed and the TECs were cleaned
using Isopropyl Alcohol (IPA) in an ultrasonic cleaner. After that, no problem was found
with this design.

In total ve TEC elements were purchased, and before assembly a simple test with
constant current PSU was conducted, to nd any outliers. Each TEC element was given a
Serial Number (S/N) arbitrarily, but was then referenced based on it. The parameter used
to determine the outlier is resistance. The voltage value was recorded after 15 seconds of
current ow to let the TEC heat up. The data from the test are given in Table 3.3. The
TEC with S/N 4 was identi ed as an outlier for unknown reasons and was not used in
the Thermal Stack.

Table 3.3: Measured voltages on TECs from the constant current test.
SIN | I[A] |[U[V] | R[]
1 0.999| 244 2.44
2 0.999| 2.53 2.53
3 0.999| 2.67 2.67
4 0.994| 3.67 3.69
5 0.999| 2.47 2.47

The nal assembly does not include the WAGO[15] connectors, as the XT-30[16] con-
nectors were soldered to wires leads directly.

Figure 3.11: Thermal Stack assembly (left) with spilling thermal paste (right).

3.1.5 Reservoir

The reservoir was designed to hold two identical pumps and two 10k Negative Temper-
ature Coe cient (NTC) temperature probes[17] for each water loop. The chosen pump
type was AD20P-1230E[18] with parameters per Table 3.6. The idea behind using sub-
mersible pumps was to use the water as a sound dampener to satisfy the REQ-9. The
Thermal Stack (3.1.4) was connected to it through screws as seen in Figure 3.12. It was
connected to other components such as the water radiator through a resin 3D printed pre-
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formed tubing. As mentioned in Subsection 3.1.3, this was done due to the silicon tubing
getting crimped. To seal the reservoir, excessive amount of bathroom silicone was used.
A 3D printed TPU o-ring-like liner was supposed to be used, but in the end a silicone
sealing liner was made on the reservoir lid. More about this is written in the Section 4.1.

Figure 3.12: Water reservoir with mounted Thermal Stack.

3.1.6 Heat exchanger

To cool the CWL a water cooler was needed. In the beginning, a triple water radiator for
computers was chosen. Later, after tests were conducted on the Engineering Breadboard
(Section 3.3), a dual water radiator was adopted.

For the initial testing on Engineering Breadboard, the CoolStream SE 360[10] from
EK Water Blocks was chosen for its cooling capacity and for second hand availability.
According to the manufacturer, the cooling power should be around 460 W per 10 °C of
di erence from the surrounding temperature with fans at 2800 Revolutions Per Minute
(rpm) (Figure 3.13). To be conservative, a 1800 fan rpm was chosen, as lowering the fans
speed is preferable to minimize sound per REQ-9, resulting in 360 W of cooling power
per a 10 °C di erence.

Note that the fan speed is applicable only for the EK Varder fans, which were not be
used. This inaccuracy is accepted and is not considered further on.
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Figure 3.13: CoolStream SE 360 cooling capability.[10]

Fans

Noctua NF-A12x25-PWM[19] were chosen for their superb performance and noise level.
The fan parameters are located in Table 3.5. There are three fans in total used in the
design.

Mattress

Mattress was supposed to be manufactured per applicable requirements in Chapter 2. For
proof of concept design, presented in Section 3.3, no mattress nor cooler (for the MWL)
was used and only a reservoir with a parasitic heat losses was present. The manufacturing
of the mattress is described in Section 4.4.
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3.2 Electrical design

To control the components from Section 3.1 the STM32 was chosen based on its perfor-
mance, peripherals and previous personal experience. The exact Part Number (P/N) is
STM32F103C8T6.[20] As this exact model is used in the Blue Pill development board[21],
this chip could be hot swappable for the entire development board. Thanks to this, if any-
thing would have happened during development and the chip would no longer function,
no repair would need to be carried out, and the work could continue without any changes
to the hardware or rmware. The STM was implemented onto a custom Printed Circuit
Board (PCB) with all the necessary complementary connectors and components, so that
the need to connect or solder additional external boards was minimized. The PCB layout
goal was to minimize its size.

The board's main purpose is to:
"~ control the TECs and measure their current,
"~ control pumps and fans,
" measure room, MWL and CWL temperatures,
" process user inputs from buttons,

" operate display.

With additional nice to have features:
" auto starts when user is detected laying on the mattress,
~ compatibility with ESPhome[22] and connection to the Home Assistant (HA)[23],

"~ additional environmental sensors such as humidity or C®with the HA compatibil-
ity.

The diagram of the entire board can be seen in Figure 3.14.
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Figure 3.14: Electrical architecture design diagram.

PCB

The rst idea was to create a PCB, that would ful | all the previously de ned tasks
with custom TEC driver. In the end, the custom TEC driver did not work on the Main
Board (3.2.1) so a second smaller board was designed, dedicated only to driving the TEC
elements (3.2.2). Because of the tight timeline, the reason for the Main Board's TEC
drivers not working was not fully investigated. Despite this, the proposed ideas were that
either the transistors could not handle the current needed to turn on the MOSFETSs as
calculation error was made when choosing the desired parameters, or an error was made
during routing. The boards are depicted in Figures 3.15 and 3.24. The Main Board
(3.2.1) was a two-layer PCB and the Driver Board (3.2.2) was a four-layer PCB. Both
boards were manufactured in the EU by a company called AISLER and they were RoHS
compliant.
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3.2.1 Main Board

The main board, as seen in Figure 3.15, handled all the inputs and outputs, but did not
drive the TECs. The board key parameters are located in Table 3.4. As this was an
experimental board, a lot of additional connectors or test points were included, to allow
debugging exibility. During manufacturing and assembly, this decision helped to resolve
a lot of minor issues.

Figure 3.15: Main Board's front (top) and back side (bottom).

Table 3.4: Main Board parameters.

Parameter Value Unit
Stand-by power <15 wW
Operating power* <20 W
o 230 @ 50 Hz /
*%
Mains input voltage 120 @ 60 Hz V AC

*With pumps and fans operating.
**Tested only on 230 V @50 Hz.
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Current measurement

Current owing through each of the TEC branches was measured using a shunt resistor
with an ampli er on the Driver Board (3.2.2). An analogue voltage was read by the pC's
Analog to Digital Converter (ADC). This current could be used to see the performance
of each TEC branch or to control the conditioning system.

Temperature measurement

To control the conditioning system to a specic temperature, the temperature of the
MWL must be known. Because of safety reasons, temperature of the CWL must be know
as well, to prevent overheating or overcooling. Two submersible NTC resistors[17] were
used with a resistance of 10 k and a beta constant of 3950.

As the board is experimental, the functionality of adding up to four additional NTC
resistors was made. The puC did not have enough connectors for the ADC channels so
external Multiplexer (MUX)[24] had to be used. The circuit is depicted in Figure 3.16.

Figure 3.16: MUX and NTC connection circuit diagram.

Fans

The fan's (chosen in Subsection 3.1.6) parameters are located in Table 3.5. To control the
fans, Intel ATX 4-wire fan speci cation was implemented.[25] The Pulse-width Modula-
tion (PWM) was provided directly by the uC to the fans, reducing the need for external
MOSFET logic.

38



3.2 ELECTRICAL DESIGN

3 DESIGN
Table 3.5: Noctua NF-A12x25-PWM parameters.[19]
Parameter Value Unit
P/N NF-A12x25-PWM NA
Dimensions 120 x 120 x 25 mm
Voltage 12 \%
Maximal power 1.68 w
Maximal air ow 102.1 m3/h
Maximal static 534 mmH,0
pressure
Acoustical noise <22.6 dB(A)
PWM capability Yes NA
Fan speed range 0 - 2000 rpm
Ingress protection (IP) IP50 NA
Pumps

Two identical pumps were used in the system with parameters located in Table 3.6. They
were controlled by the uC through onboard MOSFETSs[26]. Both pumps were using the

same circuit as per Figure 3.17.

Table 3.6: Parameters of the pump[18].

Parameter Value Unit
P/N AD20P-1230E NA
Voltage 12 \%
Maximal power 4.5 w
Maximal ow rate 240 I/h
Maximal static 3000 mmH,O
pressure
Sound intensity <40 dB(A)
level
Operational 0-75 oC
temperature range
IP rating IPx8 NA
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Figure 3.17: Pump driving circuit.

User interface

Seven buttons in total allowed the user to control the device, while the Organic Light-
Emitting Diode (OLED) display gave the user feedback. See Figure 3.18 for details.

The turn on/o button lets the user start or stop the conditioning of the mattress. The
plus and minus buttons allow the user to change the target temperature of the mattress
conditioning. When pressed, the temperature changes by 0.5 °C, and when held down, the
process of adding/subtracting repeats, with a faster reset time, resulting in fast change of
the desired temperature while giving a good ne tune control. The toggle display button
turns the display on for 30 seconds. This was done to not disturb the user per requirement
REQ-17. The display also turns on whenever any of the control buttons were pressed with
the same timeout.

The memory buttons stored the user's target temperature in the non-volatile ash
memory, ensuring data retention even when the device is powered o . To set a new target
to the memory, the user must hold the chosen memory button for longer that 2.5 seconds.
Message appears on the OLED display, that the new target was saved.
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Figure 3.18: User Interface (Ul) as designed on the mechanism.

The button covers were designed so that even in the dark, user could locate them and
press the correct one. This was done by incorporating haptic features and bumps. These
features were di erent for the control and memory buttons and are depicted in Figure
3.19.

Figure 3.19: Button covers haptic features.

The mechanical buttons Cherry MX Blue[27] (Figure 3.20) were chosen, as they pro-
vide a mechanical support for the button covers and they give a satisfying haptic feeling
and acoustic feedback to the user when pressed. The parameters are located in Table 3.7.
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Figure 3.20: Cherry MX Blue button.[28]

Table 3.7: Cherry MX Blue button parameters.[27]

Parameter Value Unit
Operating force 60 cN
Toggle travel 2.2 mm
Total travel 4.0 mm
Keystrokes lifetime| > 50 mil. | NA

The chosen OLED display is a SSD1306[29], with a display size of 0.96". The display
also features two separate xed segments with di erent colours - blue and yellow (see
Figure 3.21). A library[30] was used to communicate with the display through 12C.

Figure 3.21: Visualization of the SSD1306 dual colour OLED display.

In-bed sensor

A Force-Sensing Resistor (FSR) SF15-600[31] was chosen to enable an in-bed auto start
functionality. The strip has an extremely large resistance (in range of M) when idle,
but when force is applied, the resistance changes drastically (to units of k). The FSR
was connected in series with a resistor (or digital potentiometer (digipot)), to create a
voltage divider. The microchip then measured voltage on the resistor and using simple
TTL logic decided whether the user was in the bed. Also, thanks to the TTL logic, an
External Interrupt (EXTI) pin could wake the uC from deep sleep when FSR resistance
droped to further enhance the in-bed auto start functionality.

As this was a testing board, a digipot MCP4011-103E/SN[32] was used, with the idea
that there would be a calibration procedure. The resistance of the FSR is proportional
to the force applied, so users with di erent weight would create di erent resistance. This
could lead to the in-bed auto start malfunctioning. The threshold for di erent users could
be set by the digipot. The FSR and the digipot were connected as per Figure 3.23 and
the FSR was connected to the device using a magnetic connector.[33]
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Figure 3.22: Picture of a generic FSR.[34]

Figure 3.23: FSR and digipot connection diagram.

In the end, the digipot was not needed, as the resistance of the FSR did change so
signi cantly, that the normal resistor in series would be su cient. Even better, removing
the digipot would be bene cial, as the maximal digipot resistance was only 10 k. That
was almost not enough when the FSR was placed inside the mattress. Empirical testing
suggests that using a resistor in the 150 k range would optimize the FSR's sensitivity.
The automatic in-bed detection was not implemented in the code, but the feasibility was
veri ed.

ESP32

An ESP32-C3 board[35] could be installed to provide some of the nice to have features
de ned in the Section 3.2. It would communicate with the STM32 through UART and
should run an instance of ESPHome. This instance would then be added to the HA. The
chosen board could be equipped with an antenna to further enhance the signal strength,
as mattresses are often located at places with poor Wi-Fi signal.
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3.2.2 Driver Board

The purpose of this board was to drive the TEC elements in cooling as well as in heating
mode. This functionality was done by utilizing motor driver HIP4081AIBZ[36] with func-
tionality such as integrated charge-pump, shoot-through protection or undervoltage pro-
tection. The driver was connected to four N-MOSFETs AOSP66406[26]. As the current
passing through the TECs needed to be smooth, an inductor DTMSS-40/0.22/10-V[37]
was used with the inductance of 240 puH with maximum continuous current of 10 Amps.
The board was also equipped with a current measuring capabilities using a 20 m shunt
resistor[38] and ampli er INA180AL1IDBVR[39]. The 12 Volts input was used to drive the
MOSFETSs through the HIP4081 and was lowered to 3.3 Volts to power the HIP4081 and
INA180. The 24 Volts branch was only a pass-through to the TECs controlled by the
MOSFETSs.

One Driver Board operates one TEC branch, which was a design change from the
initial idea of the Main Board. This was done to lower price and enhance scalability, as
the manufacturer allowed minimal order quantity of three boards.

Parameters are summed up in Table 3.8.

Figure 3.24: Driver Board's front side (left) and back side (right).
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Table 3.8: Parameters of the Driver Board.
Parameter Value Unit
Architecture dual half-bridge | NA
Logic voltage 3.3 \
TEC voltage 24 \
Maximal TEC current 10 A
Maximal measurable current 8.25 A
TEC branch

The TECs were connected as depicted in Figure 3.25. Two separate branches were re-
alised, each with dedicated power supply described in Subsection 3.2.3. Two TECs were
connected in series in one branch, with parameters as per Table 3.9. The TEC character-

istic is depicted in Figure 3.3.

Table 3.9: TEC's parameters per manufacturer datasheet.[9]

Parameter @25 °C | @50 °C | Unit

Hot side temperature 25 50 °C
Maximal cooling capacity 85 75 W
Maximal current 10.5 10.5 A
Maximal voltage 15.2 17.4 Vv

As the chosen PSUs had a current limiting feature, the current limit was be set to
7.6 A per thermal analyses in Subsection 3.1.2. This was done to increase e ciency of
the TEC elements (as is described in 3.1.2) and to protect the Driver Board's current

meassuring system.
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Figure 3.25: Circuit diagram of some of the Driver Board's selected crucial components.

The capacitors C8 and C9 are not installed on the board.
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3 DESIGN 3.3 ENGINEERING BREADBOARD

3.2.3 PSU

In total, three PSUs were used. Two of them were 24 V supplies powering both of TEC's
branches[40] and a 12 V rail was used to power all other electronics[41]. Parameters of
both PSU types were in Table 3.10. The voltage of the 12 V rail was later lowered as far
as the PSU allowed to 10.5 V. This was done to lower the noise generated by pumps and
fans. Both PSU types were made by a reputable manufacturer MEANWELL.

Table 3.10: PSU parameters for each power rail.[40][41]

Parameter | Value | Unit
Borad's power rall

P/N RS-15-12 NA

Nominal voltage 12 \%

Maximal power 25 W
TECs power rail

P/N XLG-200-24-A| NA

Nominal voltage 24 Vv

Maximal power 200 W

Voltage range 12 - 25 Vv

3.3 Engineering Breadboard

A simpli ed version (Figure 3.27) of what was described in Sections 3.1 and 3.2 was
created to test the selected components. The Engineering Breadboard used the selected
PSUs, TECs, water cooler, pumps and fans. The pumps were not submerged in the water
reservoirs for this test, as the reservoir was not yet designed and modi ed water bottles
were used instead.

An Arduino board with MOSFET modules was used to control the TECs and to log
the temperature through a serial monitor. To change the conditioning mode, wires had
to be physically reconnected, using WAGOJ[15] connectors located on the Thermal Stack
(Figure 3.26).

As this was the rst integrated test, the current was limited by the PSUs to 5.5 A or

75% of the expected current in the nal design.
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