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Summary:in this thesis, the design of a force balance for a smaldp&ed wind tunnel capable

of measuring lift, drag and pitching moment of small models is presented. The aimprsvide

an accessible tool t@lo measurements in the faculty's wind tunnel, now used mostly for
demonstration purposeslThe design is intended to be inexpensive and understandable for
students and it includes the base, the structure of the balance, and the means to transmit the
forcesto the sensors, along with the data acquisition methodology to process the results. The
latter is made possible by using three load cells: two to measure lift and pitching moment, and
another one to measure drag. Data processing is performed by an Arduinich also enables a
quick and easy calibration and tare process. The electronics and the accompanying code have
been tested, while the structure design is left ready to be built. This work also includes a manual
of use of the force balance.

Key words:Wind tunnel, force balance, Arduino, HX711, Load cell, tareg, lift, drag, pitching
moment.
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1 Introduction

A wind tunnel is a resource used in aerodynamic research to study the behavior of the flow and
its effect on bodies. It is one of the four main methods used for this purpose, which also include
computer simulations (i.e., CFD), analytical problem solaing,making otield measurements.

Wind tunnel testing involvelsuildinga scale model of the object of the study and then measuring

its response under specific conditions, which are usually adapted to be dyalngimilar to the

real. There are many kirsdof wind tunnel applications, and specific tunnels exist for each of them.
The wind tunnel of this thesis is classified as closed air circuit or Gottingen, meaning that the air
inside the tunnel recirculates. The test section of the tunnel is small analsed for aerodynamic
experiments.

1.1 Objective of the study

The objective of this thesis is to design and build, if possible, a force balance for a srsakéxiv

wind tunnel able to measure lift, drag and pitching moment in small modéle design incties

its base, the structure of the balance and its means to transmit the forces to the sensors and the
obtaining and processing of the results. It also includes calibration of the balance and a user
manual.

1.2 Justification of the project and state of the art

A force balance is one of the four main methddsmakeavailable the forces and moments in
wind tunnels, and the most frequently used ofig. The second most frequently used method is

the one implemented at the wind tunnel of the study, which consists in measuring the stress
distribution over the model by means of orifices connected to pressueasuring devices. This

is not only possible withrifices but also with pressure or shear sensitive coati@giser methods

such as measuring the effect that the model has on the airstream by wake surveys and tunnel
wall pressures and measuring the motion of the model under the action of aerodynames forc
and computing the forces from equations of motion are also widely knjdjvn

The implementation of a force balance will provide an accessible tool to do measurements in the
wind tunnel. This will improve upon the existent thed, which requires the model to be tested

to follow a specific design, making it difficult to obtain data. This thesis is an attempt to extend
the use of the wind tunnel of the faculty. Even though the wind tunnel of the study has been
used to run somexperiments, it is generally only used for demonstration purposes. This project
is a good way to exploit the resources of the faculty as the tunnel will be able to be used not only
for demonstrational purposes but also for testing.

This load measurement® tmake available the forces and moments will be done by measuring
directly them with a balanceA balance is expected to separate force and moment components
in a reference framgand there are two fundamental types for measuring total model forces and
moments in general use. External balances, which carry the loads outside the tunnel before they
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are measured and internal balances, which fit into the models and send data out through
electrical signal§l].

For wind tunnel appligtions, the reference frame used is wind axes. Wind axes Aay®inting

to the wind, \4 pointing down and} pointing to the right looking into the wingil]. In this
reference frame lift is in the negativ& direction, drag in the negativel; direction and side
force in the positivel direction.On thex, y, z, axes moment components are rolling moment,
pitching moment and yawing moment respectivdllj. All these componentsire generally
measured with a force balance, but the scope of this project is to get to measure only three of
them for the following reasons.

The force balance is intended to be built as simple and accessible as possible. That is the reason
why building a6-component balance was rejected favor of a 3component, as calibration,
mounting and data obtainment for aGmponent balance is complex and expensive. Also, as the
testing section of the wind tunnel is small, the balance is intended to be used asureloads

in small wing models, which are normally symmetrical, so tiestg able to measurside force

rolling and yawing momens unnecessary. This simplifies the problem of building the balance,
often defined as among the most challenging problemghe field[1]. However, it is interesting

to be able to measure the lift a wing can give and its drag force, as well as its pitobingnt,

whichis useful to find the center of pressure of the wing.

Making it simple andecessible is also the reason why data acquisition with Arduino is chosen, as
it is a simple and widely extended way of processing sensor data among young engineers, in a
way that it makes testing for students more accessible. Arduino is also a moderte singh
inexpensive way of obtaining data and offers a lot of modification and extension possibilities that
can be implemented afterwards. Also, the sensors used for measuring the force are simple and
easy to understand for students.

Thedesign presented in this work is preferable than the one currently in use in Bard@looa
other wind tunnelq3], as the main goal was to have a simple setup, both for its users and for its
constrwction, and the aforementioned experimental setups require the use of expensive data
acquisition software and hardware (i.e., LabVIEW).

1.3 Methodology and scope

This thesis is structured following the design process of the balance. Firstly, the prelimirigry des
of the balance? necessary to define its shape and basic configuraias presentedconsidering
multiple options. The proposals will include basic features, like amount and type of sensors, the
electronics to be used and the general configurationha bbad transmission system. Then, one

of them is chosen among the two final preliminary designs to delve into it, specifying all its
components and measures. Its structure will be defined; including the base, load transmission
and angle of attack adjustmé Also, once the preliminary design is chosen, the data acquisition
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and processing system can be designed and built, defining the sensors and the necessary
electronics, as well as the code needed to read and process data. Finally, construction and
calibration of the whole structure can be done.
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2 Preliminary design

The balance desigmust follow a series of specificatiorts fulfill its objective, being able to
measure the two forces and the momentum mentioned before in an enough accurate way. To do
S0, t is necessary that there is no interaction between measurements and that friction does not
cause the system to be ndmear. It alsomustbe intuitive and easy to use as its intention is to

be used by other students of the faculty. With data of the tuh(raentioned before) and its
objective, the two following preliminary desigaee proposed.Bothdesignause Arduino for data
acquisition and processing.

2.1 First proposal

First proposakonsists of a base holding a beam that is introduced in the wing cross section.
Measures of lift, drag and momentum arergowith the movement of this beanA momentum

rotor sensor as used in other experiments in the figi], (or two, to make it symmetrical and
avoid a ball joint with friction) and four load cells are needed for the measures.

Figurel- Front view of the first proposal preliminary design.

Tablel - List ofadvantages and disadvantages of design 1.

Advantages Disadvantages
No friction or interaction with the differen] More complex to design in order to avoid tk
measurements. interaction. No literature.

Easier to use and intuitive. Possibility to fi A momentum rotor sensor is needed. N
the center of pressure visually if the wing| literature about how to measure with theg
designed to do so. sensors with Arduino.
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Easy to adjust angle of attack. Needto design a system to adapt the balan
to different wing widths.

Easier to build with existing base. Difficult to calibrate.

Literature about a similar design. Higher number of sensors needed, to mak

symmetrical more mount of cells are neede
Difficulties to design a system to transn
loads efficiently.

More complex data acquisition program.
More quantity of pieces to design and bu
specifically for the project.

Need of different materials and study of thd
properties.
Electronicsand kind of load cells cannot K
easily defined.

2.2 Second proposal

Second proposalonsists of two vertical bars holding the model to measure lift and momentum
and one horizontal surface to under them to measure drag. Three beam load cells will be used as
measuring sensors and HX711 amplifiers will be used to transfer the signal iadrdu

Figure2- Side view of the second proposal preliminary design.
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This design needs to have the followijogts to transmit the loads but be able to regulate angle

of attack. The vertical bars neealnjts at the basgas it can be seen Figure2, to transmit all the
drag force to the platform and not bendut the free edgesat the top needball joints as when
calibrating the agle of attack the modehustbe able to turn freely around thg axis The load
cell 3 also needs joints with the sliding platform and the base.

Table2 - List of advantages and disadvantages of de&ign

Advantages

Disadvantages

Only one kind of load cell. Literature abd
how to do it with Arduino.

Having all the structure on a moving apart m
reduce drag measurement precision

Easy to mount load cells.

Need of a more complex system to regul
angle of attack.

Intuitive separation of the loads.

Angle of attack regulation is not so usg
friendly.

No need to do a deep study to choo
materials.

More complex force balance base design.

Most of the pieces can be easily found 3
tested at shops.

No literature about the dad transmissior
design.

Less amount of load cells needed.

Even though the base design is more comyf
it can be easily design and attached to {
existing structure.

Simpler data acquisition program.

Literature about similar angle of attag

regulation system.

As the objective of the thesis is to design a cheap and easy system to do measurements in the
wind tunnel, the second option is chosen, as its design and construction contains less complex
pieces ad lower number of sensors, whiaimplies a reduction in price. As already existing pieces
are used, they can be tested at shops to ensure that they work in the desired way. Also, time is
limited, and the time saved in specific piece design can be used to improve data obtainment,
focus on thepoints that can be improved to make its use more understandable and design the
electronics to be more adaptable to new applications in the future as well as write a more detailed

manual of use. This also makes that the thesis is more focused on thesecaf the balance and

less on material properties and load transmission, which adjusts more to an aeronautical

engineering project.

PagelOof 48



Design of a threexis wind tunnel force balance Itziar Bueno Tintor

3 Force balance structure

3.1 Structure base

The already existing structure of the pressure distribution measuring equipmdritevilsed as

base for the force balance to take advantage of the already existing resources. It fulfils the height
and stability requirementsto not interfere with results, abeing metalliomakes it rigid enough

and has a good subjection to the flooridalso easy to attach to other structures due to its shape
and holes.

Figure3- Structurefor the pressure distribution measuring equipment.

Figure4- Hole measures in the structure.
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-

Figure5- Measures of the vertical attached structure of the base.

The structure of the balance consists of a base that is used to attach all the elements and a moving
platform in which the load cells will be placed. Two of them (liftjtaand the third one (drag) at

the side and attached also to the structure base. The base holds a sliding wheel on which the
sliding platform is placed. The base is designed to hold a sliding wheel of 32 mm outside diameter,
12 mm of inside diameter anth mm width.

The base piece is designed to be attached to the holes in the structure with bolts. As the shape of
the existing base is not regular, the edges of the structure will not be directly jointed with the
base andhe distance will be covered witlolis which are suggested to be placed madjustable

way. The base of the balance is restricted by the shape of the existing struatharelements
already existing on the wind tunnel. The existence of the elemeRigire6, forces theposition

of the model to be at the left, as the bars of the balance cross the wind tuhraigha hole.
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Figure6- Existing element at the tunnel.

The length of the bars to transmit the loadsigurel0) are restricted by the height of the testing
section (sedrigureb), the base and load cell height and placement (2 cm), the position of the
vertical load cell and the height regulation system (8 cm).

Figure7 - Vertical measures of the structure anatttesting section.
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3.2 Load transmission

As the wind tunnel test section is horizontal and the wind direction is perpendicular to the
direction ofE E&Z[« PE A]SCU 8Z Alv £ + E % & o0 o 8§} PE}uv
parallel directiontoE ESZ[« PE A]SC v (E P ]-This i<E¥% reaspnahy@hedift 13 X
measurement will be done vertically and drag measurement will be done horizontally.

Figure8 - Wind tunnel test section with wind axis and forces.

Before doing the measurements the horizontal and vertical loadst be separated and
transmitted to the sensors minimizing interferences between them in order to read the meast
to the real value As the objective of the project is to be able to readfgdent values, at least 3

sensors must be used.

Figure9 - Design for the load transmission of the balance.
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For the load transmission, theecond proposal configuration is chosen to separate and transmit
the loads, where twasensors reading loads in the vertical axis are used to measure lift and
pitching moment and one sensor reading loads in the horizontal axis is used to measure drag.
Load cell 1, 2 and Figure9) measure F1, F2, and F3 or drag respectively.

3.2.1 Lift and pitching moment transmission

Two vertical bars (main load carrying members), which are rigid enough to not absorb any of the
horizontal force by bending, transmit the load from the two joints with the model to their
respective load cell located in a platform. The shape of the bars is a prism with enough height to
reach the testing section from the base of the balance and a prism basestluatg in the wind
direction, to avoid bending, and thin in the perpendicular direction of the wind to create the
minimal interferences with measurements. Tpesition of theload cellonly allows measuring of
vertical loads and the platform is placedanvay that all horizontal loads are not absorbed there.

FigurelO- Vertical bar to transmit the load to the load cells

Figurell- Top pieceto attach the model

The sum of the difference in vertidalads measured when the wind tunnel is on and off will be
the lift force of the model. The pitching moment could be calculated measuring forces in two
points in the same axis, but it is decided to be calculated in lift axis as it is the easiest due to the
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balance configuration and as the lift force is the biggest force, the measurement in this axis is the
most accurate.

3.2.2 Drag transmission

The main load carrying member is the base platform of the other load cells, which could move
freely in the wind axis the load was not transmitted to a load cell that can measure force only
in the horizontal position. All the load in the horizontal axis is transmitted to this load cell, except
for the absorbed by the friction of the sliding platform, as union betweers laand load cells are
strong enough noto absorb drag.

3.3 Angle of attack adjustment

Thesystem to adjust the angle of attackbased on an already existing system usethanaxis

force balance$s] andconsists ofa protractorthat can be placedt the back of the testing section

to measure inclination and a bolt system that is located under the testing section and attached to
the lift and pitching moment load cell§wo8 cmlong boltswith their respective flat nuthat can

move upanddown are attached to each load céleeFigurel?, left side of the load celland

each of them is then tied to a vertical béfigurel0) that is placedon the flat nuts When the
desired inclination is selected, the pieces can be &ghd maintain their position.

Figurel2- Lift loadcell attached to the height regulation system.

The maximum angle of attack designed to be reached with the syste@5sdegrees, which
defines the distance between load cells, the maximum distance possible between thenabie

to reach this inclinationas to the8 cmlength of the bolts, the height of the load cell and the
occupied by thewutsand the bar baseeduce the moving distande 4.1 cm It is very important
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that the system is very tightly adjusted to eliminate any possible vibration thatl@ausenoise
in the measurements.

Figurel3- Movement of the top piece of the balance with bar height change.

Figurel4- Configuration of the balance at different angles of attack
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Figurel5- Configuration of the balance with a negative angle of attack.
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4 Data acquisition and processing

The system to obtain data is composed of three load cells with their respective HX711 amplifier
connected to an Arduino that is coacted to a laptop to read the datalo more detailed
information about how to read the data from the laptop thee (E [+ u iy jncluded at the

annex(pag.

Figurel6 - Scheme of the connections of data acquisition system.

4.1 Load cells

The measurement of the forces is done by three load cells, two of them are able to measure up
to 5 kg and are used fdift and pitching momentand another one able to measure up tkd is

used fordrag All of them can measure positive and negative forces.

The maximum axial force, force in the direction of drag, measur#te wind tunnel of the study
for a scale 1:100 DHC 400 model with A 1X11 i’ pis 0.318 Nwhile the maximurmormal
force, corresponding to the one in the direction Idf, measured i29.8 N[6]. This model is
representative of the models that can be testatthe wind tunnel and the data obtained is used
to calculate the approximate maximum drag and lift loa#tgthat can be reached with the wind
tunnel, which ared.033 kgand 3.04 kgrespectively.The size of the load cells must be enough to
measure this mamum force and, in the case of thi& load cells, to support the weight of the
model They should also have a size that is adequate to the scale of the measurements they are
doing in order to makerecise measurement3wo5 kgload cells in the lifaxisallow a maximum
load of 10 kg which gives a wide enough margemd the 1 kgload ell is alsoenough for
measuringdragforce.

4.2 HX711 Amplifier
This amplifier is used becausastlesigned for weighscales and industrial control applications
to interface directly with a bridge sensor and asmmunication protocol allows the connection
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of the same clock (yellow wifgigure16) for allof them, so that only 4 pins for data are needed.
This typeof connection eases the addition of new functions or sensors to the Arduino that could
be done in the future. HX711 amplifies also the simplest to use with Arduino ando& of
literature and libraries are available for it.

This amplifier is precision 24it analogto-digital converter (ADCWwhat makes the acquisition
of the data more precise than receiving an analogic signal directly with Arduirntohas only a
10-bit analogto-digital converter.To not interfere with meas@ment precision(load cells have
0.05 %error, which means a ratio &f000 : 1the minimum number of bits would be 11, or 12
taking into account that values can be positive or negatiwé, (L s&tvand t>° L t&v 3 which
makes 24 bits more than enough to ensure that electroniitsnat interfere in precision {68 L

Sxyywsy.

The communication protocol of the HX711 amplifier is not normalized and uses the following
process. The amplifier halsree different gains that can be chosen, although for the project only
gain 128 will be usetthannel AFigure17). Pin PD_SCK (yellow and DOUT (blue
wire[Figure16) are used for this gain selection and also for data retrievglut selection and
power down controls. When output data is not ready for retrieval, digital output pin DOUT is high.
Serial clock input PD_SCK should be low. When DOUT goes to low, it indicates data is ready for
retrieval. By applying 2260r 27 posiive clock pulseat the PD_SCK pidepending on the gain
chosen (seigurel7) as input and gain selection is controlled by the number of the input PD_SCK
pulses data is shifted out from the DOUT output fifigure17). Each PD_SCK pulse shifts out
one bit, starting with the most significant bit first, until all 24 bits are shifted out. The 25th pulse
at PD_SCK input will pull DOUT pin back to fpigh

Figurel7 - Canmunication protocol for hx711, data output, input, and gain selection timing and control.

[7]
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Tocontrol more than one amplifier with the same clock the Arduino must wait until all of them
are ready to send data, and then stéhe process reading data from each one of the amplifiers,
with their DOUT pin connected to a different pin from the Arduino for each. This data is stored in
v EE C §Z § }vs Jve 83Z & Aop (JE Z u%o](] ®U 8z §[« A
functions that can process an array of values instead of just single d#dtaugh the pin
limitation of amplifiers that can be connected to the Arduinonist so strict, this way of
connecting the amplifiersould alsobe limited by another factorFor every clock pulse, values
for each load cell have to be read, and Arduino cannot do it simultanedBsty as every clock
pulse lasts25 msand the microprocessor can make the readingapproximatelywJQ the
limitation for this type of connectiors still the number of pins available.

4.3 Arduino

To interface all amplifiers with the same clock a specific library for this purpose is used called
HX712multi. Not all the necessary functions are implemented in this library so programming
some of themis necessary. Althougthese functionscould be directly included at the code, for
other users to be able to use them they are implemented at the library and a pull request is done
at GitHub to update the library witthese new functions

The program includethe following functions to extract data from the values obtained from the
e Ve}(E*X dZ ¢ (pVv S]}ve %o E&} e SZ § AJo o }( o} «]v PE u:
which contains the output in grams for each one of the load cells.

4.3.1 Lift
As there are two load cells measuring in #rdirection lift force is the sum of botteadingsfrom
load cell 1 and load cell 2 (3Ee&ure9).

Arduino code tacalculate lift

F1 = weights[0] *go/ 1000; //[N]
F2 = weights[1] *go/ 1000; //[N]
lift = F1 + F2;

4.3.2 Drag

As there is only one load cell measuring in the parallel direction of the wind the drag measure will
be the resultant force measured by this load calduino code to calculate drag

drag = (weights[2]) *go/ 1000; //[N]

LFor library code see annex pa2é
Page21 of 48



Design of a threaxis wind tunnel force balance Itziar Bueno Tintor

4.3.4 Moment at the leading edge
Pitching moment at the leading edge can be calculated with the values obtained frand12
load cell and known data from the force balance and the wing model.

T, 5 L Distancebetween leading edge antkst load cel{depends on the wing model that is being
tested)

Tse L rdvsL Distancebetween 1st load cell and 2nd load cell
TseL T4sE T56
(5 L force measured at 1st load cell
(¢ Lforce measured at 2nd load cell
I gak TasH (s ET46H (6
Equationl- Calculation of the momentum at the leading edge with balance readings.

Arduino code to calculate momentum at the leading edge

Mle = x01 * F1 + x02 *F2; //[Nm]

4.3.5 Centre of pressure
Alsowith the readings from % and 29 load cell and distance measures center of pressure is
calculated.

I oaLr
Ts 5L Distancebetween leading edgand center of pressure
Tos L TasF Toa
Tos L TaeF Toa
l'oal TosH(5ETos H(s L 1
‘TasF Tps H(s E:TyugF Toa; H(g L
TasH(G ET4sH(s L ToaH (5 E (6;

- Ti6H (6 ETasH(s
. (s E (e

Equation2- Calculation of the center of pressure with balance readings.
Arduino code to calculate the center of pressure

xcp = (x02 * F2 + x01 * F2) / (F1 + F2)*1000;
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4.3.6 Aerodynamic coefficients

When introducing data of the model and the conditions of the experiment in the program,
aerodynamic coefficients can also be calculated. The following lines of code are used for this
purpose.Arduino code to calculate aerodynamic coefficieats:

Cl = (li ft *2)/(rho *v*v*S);
Cd = (drag *2)/ (rho *v*v*S);
Cm= (Mle*2)/(rho *v*v*S*C);
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5 Construction

This thesis includes the mounting and preparation of all the electronics and sensors and the
design of the pieces missing to build the balanEkctronics is readjo be connected to a
computer with the program and the wires are ready to be all connected to the Arduino following
the scheme o Instructions on how to run the program are also includedhr &
manual in pagl Mounting of the system not only includes the construction of the pieces
designed irSolidWorksbut also making a hole in tivand tunnel shell. The hole should be made
when all the piecesra prepared and mounted to ensure that the whole system is working before
making changes on the wind tunnel.

5.1 Electronics

The correct running of the electronics is testaad verified and two successful calibration tests

are done, first one consisting ¢esting if the response of the load cell of 1 Kg is linear, and second
one consisting on seeing if three load cells connected to the same clock at the same time can be
calibrated successfullfo see how the balance is calibrated s#aptefCalibration) pag¢3q). It

has to be noted thathese testsare done holihg the load cell with the hands and not with bolts,

SO an error ugo 2-3% due to the possible movement can be accepted.

In test 1, irst, the 1 kg load cell is calibrated with a weight of 21.2g. Then, when the weight is
placed again at the load cell it shows 21.3g. A weight of 132.6 kg is placed and the load cell shows
133.5 kg. Using library for only one HX711. An error 67, mog#ly due to inaccuracies created

by the fact that the load cell was not tight to a surface shows that the load cell response is as
expectedIn test 2, bad cells with their amplifiers are connected to Arduino following the scheme
on[Figure16] and code with the updated library is uploaded. Calibrai®monewith known
weights placed at each one of the load cells and the system is tested. Each oadheells is
calibrated successfulgnd the values can be read in grams.

5.2 Structure of the balance

For the construction of the balance pieces showRigure10||Figurel1||Figurel8andFigure19)|
designed for the balance should be buiitmetal, preferably an aluminum alloy. Sketches of the
piecescan be seen in Annex, p448| The load cells already have the bolt system

with the only need to be tighten and placed in the structufdso, it is recommended that for
making angle of attack adjustment easier, a protractor is placed at the back part of the testing
section.

The base should be put on the existisgjucture and djust it to the holes, as mentioned in
|Structure basls(pag. As the structure is not smooth, it is recommended to use bolts of a
smaller diameter, to be able to adjust the piece at least two millimeters when building the
balance, but without making the unions less strong, as they must not allow vibraticil. under

the base helps placing the piece in its position as it can be sgagune20
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Figurel8- Base of the balace.

Figurel9- Sliding platform of the balanocgewed fromunderneath

Figure20- Base of the balance viewed from underneath.
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Figure21- Upper side of theligling platformwith the position of the load cells.

When attaching the lift load cellfoad cell 1 and load cell 2p the movingplatform, it is
important to leave a certain distance between the base and the load cell. Bolt system shown in
[Figure22jis recommendedin this figure only the system to make it stay in a height can be seen.
Nuts should be tight to each other in order to create a strong union thatains in the same
place.lt is important that the nuts are very tight to avoid any kind of vibration. Anothwernuts
should be putoneunder the baseand the other one tied to the load cell (§E&gure24).

Figure22- Bolt system to leave a distance between the load cell and the base.

The drag load cell should be placed vertically in the side Hateshown ifFigure21) between
the moving platform and the base. Bolts used to tighten this load cell are diffsrzatDIN M4

for the upper part and DIN M5 fdhe lower parf), so it can easily be seen where they have to be
attached.
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Figure23- Drag load cell with its bolts.

Figure24- The three load cells of the balance with all the bolts and nuts that areedded construction.
From left to right, load cells 1 and 2 and load cell 3.
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Figure25- Side view of the force balance structure.

Figure26- Structure of the balance from the back side (left) andréae (right).
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Figure27- Top view of the structure.
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6 Calibration

The balance is designed to be used to test different wing models and be able to adapt to the
conditions of the experiment. As the use of the balance throughout the time can affect the output
of the sensors and, when measuring, the model is placed on théras to be ensured that none

of these facts make the measurements of the balance unreliable. The procedure for adjusting the
balance for each measurement is designed to be as easy as possible for users. In this procedure
balance tare and balance calibi@ should be distinguished, as tare is the procedure to adapt
the balance to the different weight configuration of the model and should be done every time a
measurement islone,and calibration is done to adjust the balance to possible new conditions,
like state of the load cells, load cell replacement, changes in electronics or environmental
conditions like temperatureAlso,it is important for the maintenance of the balance not to leave
models or heavy parts on the balance for a long time to avoid dredpe load cells.

Tare of the balance is a function included in the code that automatically sets the balance to 0
adjusting the values of the output. This function is included in the library and is programed
specifically for a balance with more than osensor connected to the same clock. The functioning
of tare is similar to the one of a kitchen balance, when a weight is placed on the balance the
program saves the value of the weight when tare is requested and subtracts the value from the
output. This$ programed to be done for each of the load cells when any character is sent to the
Arduino through the serial monitor and each time the programipsoaded,or the Arduino is
reset. In this way, models with different weight distribution can be tested eutldoing changes
in the configuration of te balance or the programArduino code calling the tare function

/I On serial data (any data), re - tare

if (Serial .available () > 0){

while (Serial . available () {
Serial . read ();

}

tare();
}
As it can be seen in the code, when a character is sent to the serial monitor, tare function is called

(see annex page REF), with the parameters 20 measures and a tolerance in measurements of
10,000 units. This tolerance means that if the differencéwieen two read values of this
measures is higher than it, tare is considered unsuccessful and it is restarted until it is. The tare
timeout is of 4 seconds.

Calibration of the balance has to be done manually. It is necessary to transform the output values
of the amplifier into weight values measured by the load cells. It has to be done individually at
each cell by placing a known weight on it and measuring the output value to calculate a conversion
factor (see[Equation3) between output values and weight measurement. This can be done

because the output of the sensor is linear. Then, once the conversion factor is calculated, it is

introduced in an array of the prografith]e @®& C ] ¢ vS S} SZ u SZ} Ze+ S ¢ 0 ¢
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(see page numb to be used as conversion factdio account for the friction in the system,
calibration will be done with the balance mountedn the lift measuring load cells, a weight will

be placed at the top of each bar and in the drag measuring load cell a weight with a pulley placed
to make the weight pull horizontallghouldbe used.Example othe array with the calibration
values

float measurements[N] = {( -10000/21.2) , -8600/21.2, 40750/ 21.2} /I measured
SCALES parameters
% K J R A NBDEKRKN NAZ@EJC
° G J K SSIA BRC?

Equation3- Conversion factor to calibrate the balance.
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7 Conclusions

A force balance able to measure lift, drag and pitching moment in a smadijeed wind tunnel

has been designed, fulfilling the main objective of the thesis. The design presents all the necessary
parts to build and mount the force balance, along with extensive tests of the electronics. Other
goals of the thesis were to make the design as simple, inexpensive and understandable as
possible. In this work, the decisions made to accomplish this objeatav@xplained. The final
configuration of the balance is an accessible design with a simple data acquisition method, and a
manual of use is included to make it accessible for students.

This design consists on a threensor based force balance for measagrlift drag and pitching
moment, two of them measuring lift and pitching moment and one to measure diragbased

on a typical configuration used for twaxis force balances which is extended to measure the force
in one more axisThe balance is desigd to be used from45 to 45 degrees of angle of attack
(see chapt and, as explained ilpoin to be able to be used in all the speed range of the
wind tunnel.

Data acquisition with Arduino instead of other setups makes the design more adaptable to the
needs of each experiment, while letting students see the dmetgind the results in the screen. It

also avoids expensive laboratory hardware (there is no need for external data acquisition cards)
and software (since Arduino is an opsource platform). The code can also be easily adapted if
further changes are don® the balance. Evidently, obtaining data with this microcontroller has

its drawbacks, as it is not as precise as other methods that might be more common in laboratories.

As the balance has not been built, testing of the whole system could not be perfofPaetial
testing has been done though, proving that the electronics, the sensors and the program work.
Bolt adjustment has also been checked, in order to avoid imprecisions that could cause vibrations
that could negatively affect the accuracy of the résuEven though the manufacturing of the
balance is not complete, recommendations on how to maintain and adjust the balance have been
done. Once the balance is finished, other recommendations can be added to improve its
maintenance. Calibration and tare thie balance are also described, which can also amend some
inaccuracy problems like the creep of the load cells with time. The balance should be tared every
time it is used, and it has been programmed to automatically do so every time it is turned on. It
can also be manually done very quickly and easily. Calibration should also be performed before
new measurements are taken, but since it is onlyax® balance, it can be completed in a rather
short time.

One of the main problems the balance can havehis measurement of drag, as there is no
literature regarding fore balances with sliding surfaces, and the complete design has yet to be
tested. Drag is also the smallest force measured at the balance and then the most sensible to
inaccuracies. In comparisphefore testing the balance, as long as there are no issues during its
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construction, there are no reasons to suspect that there will be any problems when measuring
lift or pitching moment, and this setup should provide correct and accurate results. sThis i
expected, as it was already planned from the beginning that the balance would be more accurate
when measuring lift than drag. For this very reason, pitching moment computation is done with
lift results. It is also assumed that even though there is fnicin the sliding wheel, the measured
response will still be linear.

To be able to use the balance, work done in this thesis should be continued. The pieces designed
should be built and the system should be mounted, including electronics, as specitigd in
paper. When the balance is built, it should be calibrated and tested. Changes in the program can
be done to include further calculations. After building the balance, the work can be also continued
including other features, (i.e. a user interface, eesn to read the measurements connected to

the microprocessor) or complementing the readings of the balance with other sensors that can
be connected to the Arduino.
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8 Budget and list of materials

The budget contains the list and price of the materials purchased at the moment of the thesis

defense.

8.1 Electronics

Table3 - List of prices of the electronics used for the project.

Name Amount Price HRK
HX711 Module 3 87,00

1 kgload cell 1 66,00
Arduino Uno 1 245,00
Arduino wire set 1 47,00

Pin /headers 1 2,30

USB cable type Atotype B | 1 29,00

5 kg load cell 2 120,00
Total 596,30

8.2 Structure materials

Table4 - List of prices of the structure materials purchased at the moment of the defense.

Name Amount Price HRK
DIN 7985 M 4x80 Zn 4 6,08

DIN 6923 M 4 A2 4 5,48

DIN 934 M 4 Zn 27 2,16

DIN 6798 M 4 Zn 8 1,60

DIN 7985 M 4X45 Zn 4 2,24

DIN 7985 M 5x25 Zn 2 1,10

DIN 7985 M 4x25 Zn 2 0,76

DIN 934 M 5 Zn 2 0,22

Total 19,64
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Component specifications

Load cells
Table5- Load cell specifications.

Application Kitchen scale, pricing scale, force test equipmy
Model SC133

Capacity 1Kg, 2kg, 3kg, 5kg, 10kg, 20kg
Rated output iXiFiXifAusls
Nonlinearity 0.05

Repeatability 0.03

Hyteresis 0.03

Accuracy 0.05 %

Creep (5 min) 0.1

Temp. effect on sensitivity 0.003 %RO(
Temp.effect on zero 0.02%RO(

Zero balance Fi>X46RO

Input resistance ilTOOFTi }Zu
Output resistance i1kl }Zu
Insulation resistance 111l DO~fiise
Recommended excitation voltage 5V

Compensated temperature range -10-+50(

Operating temperature range -20+65 (

Safe overload 120 %RO

Ultimate overload 150 %RO

Load cell material Aluminum alloy
Connecting cable LiX6A&ib6iu
Method of connecting wire red/black/green/white

Ball bearing
Table6- Ball bearing measures for the proposed base of the balance.
Measure (mm)
D 32
d 16
B 10
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HX711 Amplifier

Table7- HX711 Amplifier Specifications.
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Code

The library is already implemented and necessary for running the program while some
modifications can be done in the Arduino program while using it.

Arduino library

This section contains the two main files of the library (.h and .cpp). The contributions made to the
library for this thesis are highlighted in green, while the comments explaining the rationale behind
these changes are highlighted in y&llo

HX71imulti.h
#ifndef HX711_MULTI_h

#define  HX711_MULTI_h
#if  ARDUINO >= 100
#include "Arduino.h "

#else

#include "WProgram.h'

#endif

class HX711IMULTK

private:

byte PD_SCK; // Power Down and Serial Clock Input Pin
byte COUNT; /I The number of channels to read
byte *DOUT; /I Serial Data Output Pin

byte GAIN; /I Amplification Factor

bool debugEnabled; // print debug messages?

long *OFFSETS; /I used for tare weight

/I Array of values used to convert the integer digital data to weight (in grams, ounces,
etc.)

public:

/I define clock and data pin, channel, and gain factor

/I channel selection is made by passing the appropriate gain: 128 or 64 for channel A, 32
for channel B

/I count: the number of channels

/I dout: an array of pin numbers, of length ‘count’, one entry per channel
HX711IMULT(lint count, byte *dout, byte pd_sck, byte gain = 128);

virtual ~ ~HX711MULT);

/I returns the number of channels

byte get count ();

/I check if HX711 is ready

/I from the datasheet: When output data is not ready for retrieval, digital output pin
DOUT is high. Serial clock

/I input PD_SCK should be low. When DOUT goes to low, it indicates data is ready for
retrieval.

bool is_ready ();

/I set the gain factor; takes effect only after a call to read()

/I channel A can be set for a 128 or 64 gain; channel B has a fixed 32 gain

/I depending on the parameter, the channel is also set to either A or B

void set _gain (byte gain = 128);

/I waits for the chip to be ready and returns a reading

void read (long *result= NULL;

/I same as read, but does not offset the values according to the tare

void readRaw(long *result = NULL;

/I set the OFFSET value for tare weight

/[ times: how many times to read the tare value

Paged1of 48



Design of a threexis wind tunnel force balanceAnnex

Itziar Buenorintor

Il returns true iff the offsets have been reset for the scale during this call.

/l tolerance: the maximum deviation of samples, above which to reject the attempt to tare.
(i fsetto O, ignored)

bool tare (byte times = 10, uintl6_t tolerance=  0);

I puts the chip into power down mode

void power_down();

/I wakes up the chip after power down mode

void power_up();

void setDebugEnable (bool debugEnable = true );

/* NEW FEATURES BELOW */

/I Method to return the array of SCALES values

Il Method to set the array of SCALES values

/I Method to actually get the weight data (does not return it, but changes the parameter

passed by reference)

/* END OF NEW FEATURES */
h

#endif /* end HX711_MULTI_h */

HX71imulti.cpp

#include <Arduino.h>
#include <HX71% multi.h>
HX711MULTI::HX711IMULTlint  count, byte *dout, byte pd_sck, byte gain) {
PD_SCK= pd_sck ;
DOUT =dout ;
COUNT = count;
debugEnabled = false ;
pinMode(PD_SCK, OUTPUT);
for (int i=0; i<count;i++){
pinMode( DOUT]i], INPUT);
}

set_gain (gain);
OFFSETS = (long *) malloc (COUNTSizeof (long ));

/I Allocate memory space for the SCALES array when creating a new HX711MULTI object

for (int i=0; i <COUNT; ++i){
OFFSETSJi] = 0;

/[ Initialize the SCALES array with 1's to avoid dividing by O

}

}
HX711MULTI:~HX711MULT) {
free (OFFSETS);

/I Recover the memory space allocated earlier when deleting the object

}
bool HX711MULTI:is_ready () {
bool result= true ;
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for (int i= 0; IKCOUNT; ++i) {
if (digitalRead (DOUTIi]) == HIGH) {
result=  false ;
}
}

return  result;

void HX711MULTI::set_gain (byte gain) {
switch  (gain) {

case 128: /I channel A, gain factor 128
GAIN = 1;
break ;

case 64: /I channel A, gain factor 64
GAIN = 3;
break ;

case 32: /I channel B, gain factor 32
GAIN = 2;
break ;

}
digitalWrite  (PD_SCK, LOW);

read (); // aread is needed to get gain setting to come into effect.

}

byte HX711MULTI::get_count () {
return COUNT;

bool HX711MULTI::tare (byte times, uintlé_t tolerance) {
int i,j ;
long values|[COUNT];
long minValues[COUNT];
long maxValues[COUNT];
for (i=0; i<COUNT; ++i){
minValues [ i]= OX7FFFFFFE
maxValues[ i]= 0x80000000;

}

for (i=0; i<times;++i ){
readRaw(values);
for (j= 0; ]<COUNT; ++j) {
if  (values[jl<minValues]j]) {
minValues[j]=valueslj];

if  (values[j]>maxValuesj]) {
maxValues[j]=valuesj];
}

}

if (tolerance!= 0 &&times> 1) {
for (i=0; I<COUNT; ++i){

if (abs(maxValues|i]-minValues [ i])>tolerance) {

/I one of the cells fluctuated more than the allowed

tolerance, reject tare attempt;
if (debugEnabled) {

Serial. print ("Rejecting tare: ("

Serial. print (i);
Serial. print (")" );

Serial. println  (abs(maxValues[i ] -

minValues [ i ]));

}

return false ;
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}

}

/I set the offsets

for (i=0; i<COUNT; ++i){
OFFSETSJi] = values[i J;

}
return true ;
}
/I reads from all cahnnels and sets the values into the passed long array pointer (which

must have at least ‘count’ cells allocated)
/I if you are only reading to toggle the line, and not to get values (such as in the case
of setting gains) you can pass NULL.
void HX711MULTI::;read (long *result) {
readRaw(result);

/I Datasheet indicates the value is returned as a two's complement value, so
'stretch’ the 24th bit to fit into 32 bits.
if  (NULL=result) {

for (int j= 0;]<COUNT; ++j) {

result(j] -= OFFSETS]j];
}
}
}
void HX711MULTI::readRaw( long *result) {
int ij ;

/I wait for all the chips to become ready
while (! is_ready ());
/Il pulse the clock pin 24 times to read the data
for (i= 0; i< 24;++1i){
digitalWrite  (PD_SCK, HIGH);
if (NULL=result) {
for (j= 0;j <COUNT; ++j) {

bitWrite  (result[j], 23-i, digitalRead (DOUTIj]));
}
}
digitalWrite  (PD_SCK, LOW);
}
/I set the channel and the gain factor for the next reading using the clock pin

for (i= 0; i<GAIN;++i ){
digitalWrite  (PD_SCK, HIGH);
digitalWrite  (PD_SCK, LOW);

/I Datasheet indicates the value is returned as a two's complement value, so

'stretch’ the 24th bit to fit into 32 bits.

if (NULL=result) {

for (j= 0;j<COUNT; ++j) {
it ((result]j] & 0x00800000 )) {
resultfj] |= 0xFF000000;

} else {
result[j] &= OXO00FFFFFE /I required in lieu of re - setting the value
to zero before shifting bits in.

}
}

}
void HX711MULTI::setDebugEnable (bool debugEnable) {
debugEnabled = debugEnable ;
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}
void HX711MULTI::power_down() {

digitalWrite  (PD_SCK, LOW);
digitalWrite  (PD_SCK, HIGH);

}
void HX711MULTI::power_up() {
digitalWrite ~ (PD_SCK, LOW);

‘

[l Just return the SCALES array (property of the object)

/I Just set the SCALES object property with the array parameter

/I Use the library's built -in read() method to obtain the weight as an integer
value and save it in a temporary array

/I Convert each value of the temporary array to weight data using the SCALES
property and save it to the result array passed by reference

Force balance program code
This section contains the code used to extract aerodynamic information of the sensors at the
designed configuration.

arduino_get_data_def.ino

#include  "HX711 - multi.h"

#define  CLK AO // clock pin to the load cell

#define N 3 //# of channels

#define  DOUT1 Al // data pin to the 1st load cell lift 1
#define  DOUT2 A2 // data pin to the 2nd load cell lift 2
#define  DOUT3 A3 // data pin to the 3rd load cell drag

#define  TARE_TIMEOUT_SECONDS 4

/I INSERT THE VALUES CORRESPONDING TO YOUR MODEL
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/I Inputs

double x01 = 0.02; // distance between the leading edge and the first load cell
[m]

double v = 10; // speed of the wind [m/s]

double rho = 1.225; // density [kg/m~3]
double S 0.04; // wing surface [m"2]
double C .2; Il chord length [m]

0

/ICALLIBRATION OF THE BALANCE

/ITore - calibrate the balance (if aload cellis replaced or one of the existing

changes its behavior) write a 1.0 in the corresponding cell of measurements]

/I vector and tare the balance (this can be done sending any ch aracter to the
Arduino through Serial Monitor).

/I Then read the value of 'WEIGHT DATA BELOW' corresponding to the load cell at

the program when a known weight is placed at the load cell.

/I Substitute the 1.0 by (value obtained)/(known weight [g]).

float  measurements[N] = {( -10000/21.2) , -8600/21.2, 40750/ 21.2} /I measured
SCALES parameters

/I MAIN CODE, DO NOT SAVE THE CHANGES MADE HERE

/I Init

byte DOUTS|[N] = {DOUT1, DOUT2 DOUTS3}
long int results[N];

double  weights[N];

double go = 9.80662;

double lift;
double drag;
double Mle;
double F1;
double F2;
double x02
double x12
double xcp;
double CI;
double Cd;
double Cm;

0.041;
x01 + x02;

HX711MULTI scales(N , DOUTS CLK);
void setup () {

Serial . begin (115200);

Serial . flush ();

tare();
scales . set_scales(measurements);

}

void tare() {
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bool tareSuccessful = false ;

unsigned long tareStartTime = millis  ();

while (! tareSuccessful && millis () < (tareStartTime + TARE_TIMEOUT_SECONDS
* 1000)) {

tareSuccessful = scales .tare(20 , 10000); llreject 'tare' if still

ringing

}
}
/I void sendRawData 01
Il scales.read(results);
Il for (inti=0; i < scales.get_count(); ++i ) {
Il Serial.print( - resultsi D;
Il Serial.print (( 1! =scales.get_count() - D2t Attt \nY);
1l }
I delay(1000);
I}

void sendWeightData () {
scales . get_units(weights);

for (int i = 0;i < scales .get count (); ++i){
Serial . print (- weights[i 1);
Serial . print ((i !'= scales .get count () - 1) ? "\t" : "\n");

}
delay (1000);

}
void loop () {
Il Serial.printin("RAW DATA BELOW");
Il sendRawData(); // this is for sending raw data, for where everything else
is done in processing
1 Serial.printin 0;
Serial . printin  ("WEIGHT DATA BELOW");
sendWeightData ();
Serial . printin ~ ();
/[calculate forces in N
F1 = weights[0] *go/ 1000; //[N]
F2 = weights[1] *go/ 1000; //[N]

lift = F1 + F2;

drag = (weights[2]) *go/ 1000; //[N]

Mle x01 * F1 + x02 *F2; /[ [Nm]

Xcp x02 * F2 + x01 * F2) / (F1 + F2)*1000;

/laerodynamic coefficients

Cl (lift ~ *2)/ (rho *v*v*S);
Cd = (drag *2)/ (rho *v*v*S);
Cm= (Mle*2)/ (rho *v*v*S*C);

Serial . print ("lift=" );
Serial . print  (lift);
Serial . printin (" [N]" );
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Serial . print ("drag=" );

Serial . print (drag);

Serial . printin  ("[N]* ); //REPRESENT IT IN MILINEWTONS FOR MORE PRECISSION
Serial . print ("momentum at the leading edge =" );

Serial . print (Mle);

Serial . printin (" [Nm]" );

Serial . print ("position of the centre of pressure: " );
Serial . print (xcp);

Serial . printin (" [mm]" );

Serial . printin ~ ();

Serial . printin  ( "Aerodynamic coefficients" );

Serial . print ("Cl=" );

Serial . printin  (Cl);

Serial . print ("Cd=" );

Serial . printin  (Cd);

Serial . print ("Cm=");

Serial . printin ~ (Cm);

Serial . printin ~ ();

/I On serial data (any data), re - tare
if (Serial .available () > 0){
while (Serial . available () {
Serial . read ();

}

tare();

}
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How to use the balance

Before using the balance there are some basic recommendations to follow to ensure the maintenance of
the system.

X To avoidcreep itis important NOT to leave the model on the balance after testing, as it would
decrease the precision of the measurements with time.
X The weight of the model should NOT Higher than 5 kg.
X Make sure the balance remains horizontal and no loads are conisiy@pplied to the drag load
cell.
x Be careful with cable connections and soldering, arnthéfy disconnect follow the connection
] PE u 8§ *pge (po Jv(}EuU §]}v_X

And one last tip for a very common issue.

x If the serial monitor is not showing values after waiting more than one minute or is showing
strange characters, check the wiring, that the program is uploaded and the Arduino is connected

§} §Z }EE 8§ h %}ES v S§Z § §Z Z piglisp00 i pquaktodtle u}lv]s}
number insideSerial.begin(11520@t void setup()

Model

The model should be as light as possible to avoidlim@arities that may occur mostly in theear to 100%
load zone. It should also be able to tie to the balanceemily and tightly to avoid vibrations.

Model building
X Max 5 kg.
X dZ u euE&  }( $Z %o] §} 8§ Zz ® S§$8Z v }(S8Z } pu vsU Zhe-

To test the model at the balance, it has to be attachablthopiece at the top.
Specify distanceat where the holes should be done at the model size how many etc

Testing
1. Attach the top piece tightly to the model and place he model between the two top parts.
2. Introduce the bar in the holes and leave it loose but inside.
3. Adjust the angle of attack wittihe height regulation system.
3.1. Untie thenut with flat surface and move it up or down to the desired positidd® NOT TOUCH
THE NUT RIGHT NEXT TO THE LOAD CELL.
3.2. Make sure both flahuts are at the same height for each lad cell, otherwise the bar will tsteuli
3.3. Tie the nut with the rough piece to the flat nut tightly so it does not move and then the nut on
the top of the large bar base.
3.4. Make sure the unions are strong so that the bars do not move.
4. Tie the bar at the top and make sure it is not susceptible to vibrations.

Be careful not to put too much pressure on the load oghdle adjusting the anglef attack.
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Recommendations
To make the attachment easier, glue a M3 nut to the model in eatcheoholes. Modifications can be

made in the SolidWorks model to change the M3 nut for something else.

Arduino
1. Open the progranarduino_get_data_def.ino
2. }vv 8§ 8Z @& plv} 8} 8Z }lu%opusS & v }% v-Adyho/Genwinobno 3§ } &
and PortCKD”y _ JvP y 8Z vpu €& }( 83Z %}ES Az & 3z & plv} ] }
3. Upload the program to the Arduino

-

Button to upload the progranto the Arduino.

4. Set up the monitor to read the values at (control + shift + M}, 1&200baud

5. Press the reset button at the Arduino board.

The monitor will show théorces and aerodynamic coefficients and their units
7. If TARE is needed because weight is added or any other reason send any character trough the

serial monitor.

Baud options.

o
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Maintenance
It is inpossible to maintain the balance in the same conditions through tim&hesgystem should be
properly calibrated before use.

Calibration of the system
X While TARE sets the balance to (0,0,0), calibration changes the slope of the linear response that
the load cells give when weights are placed.

Save the values at the program before starting calibration process to restore it if something is not working
after re-calibration.

1. Remove all models and things that can interfere with calibration proaedghat ca make load
cells interfere with each other.

2. du@Ev §Z & plv}y }v v p%o0} 3Z %o Batth@EasurehiehfNEZ{, A1}S1E Z
/I measured SCALES parameters § §} 00 i*X

3. Tare the program to set the balance to 0,0,g.v[$ A}@E E C ]é&revnot ex@Etly close to 0,
they should be considerably lower than the ones when a force is applied to the load cell.

4. LookatS3Z A op e (E}u Zt JPZ5 A op [ (E}u 8Z + E] o u}v]3}E

5. When placing a known weight (grams) at a load cell the corresponding should change. First
value is for 1 load cell (lift1) 24 for 2" (lift2) and 3¢ for 3 (drag).

6. To include the friction of the systein the calibration a pulley to simulate drag can be used.

7. Annotate the value when the known weight is placed substitute the 1 at the corresponding

oo $3Z A S}E Z(0} 8 BZu@oo}AIvP (}JJEA E+]}v ( 3}JEX ZZ ]JVvP]

8Z 3 %% @Ee+ 3 3Z }EE *%}v JvP 00 }( ZA ]PZ3 A op ]

Conversion factor = reading/ known weight

8. Ifnegative num Ee % % EU }Vv[S A}IEIEGA ipp&E W% }VZ]VP %00 }( 8§z
means that the load cell is placed upside down.

Calculation of precision

Due to creep and diverse external factors, it is highly probable that load cell measuremesigoreeiries
with time until it stabilizes. If the precision of the balance is needed aftezalédration of the system,
different known weights can be placed the load cells and calculate how much the output varies from
the real weight. Also calibrationith a similar weight to the expected measuring is recommended to get
more accurate results.
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Useful information

x Bolts used in the project are all size M4, except for the ones to tie the model to the balance
which are M3, and two of the drag load celhich are size M5.

Connection diagram of the load cells and amplifiers to Arduitio Al is data of load cell 1 (lift), A2 is data of load
cell 2 (lift) and pin A3 data of load cell 3 (dradQte that the Arduino has 3 GND and each black cable is ctethe
to one of them.

X You can vary the speed at which the numbers appear by changing the delay at the function void()
x YoucanA EC $Z u}pvs }(vpu E« 3Z 8 E pe 3} }81v u v A oyp
x Data wires are connected to analog pins but they are begegl as digital pins, data
transmission is not analogic it is digital
x Safe overload for the load cells is 120%, while ultimate overload is 150%.

Load cell bolts and nuts.
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Position of the two pieces to attach the model.

Measures of the piece that shld be attached to the model.

Pager of 7



|

o

=

[ ¢l

[ ]

[

[ ]

81/(66 27+(5:,6( 63(&,),('), 1,6+
1,0(16,216 $5( ,1 0,//,0(7(56
685)$&( ),1,6+
72/(5$1&(6

/,1(%$5
$1*8/%$5

'5%:1
&+. "
$339 "
0)*
4%

1$0(

6,1$785(

ST 683/ (

(%85 $1° . \ -
%5($. 6+$53 2 127 6&$/( '5%:,1
("*(6
'$7( 7,71(
08$7(5,%/ S

5(9,6,21

EDVH

6+((7

2)

$



o

I
| |
H 1 1
1 1

81/(66 27+(5:,6( 63(&,),('), 1,6+
',0(16,216 $5( ,1 0,//,0(7(56

685)$&( ), 1,6+

(%85 $1°
%5($. 6+$53
("*(6

‘2 127 6&%$/( '5%:,1*

5(9,6,21

72/(5%18&(6

/,1($5

$1*8/$5

1%0¢( 6,*1$785( "$7( 7,71¢(

'5$:1
&+. "
$339 "

0)*

- " EDVH ORDGF

(T 683/ L6+ ((7 2)




A\

(| A

—_——————— e ———————————————————7

81/(66 27+(5:,6( 63(&,),('), 1,6+
1,0(16,216 $5( ,1 0,//,0(7(56
685)$&( ),1,6+
72/(5$1&(6

/,1($5

$1+8/$5

1$0( 6,*1$785(
'58:1
&+. "
$339 "
0)*
43

(%85 $1°
%5($. 6+$53
('*(6
'$7( 7.71(
0$7(5,%/

12

ey 6&S/(

‘2 127 6&$/( '5%:,1*

ORQJ EDU

6+((7

5(9,6,21

2)



[ 1]

LI

A
Y

/
U

7

LD
J

LD
J

(1]

81/(66 27+(5:,6( 63(&,),('), 1,6+
1,0(16,216 $5( ,1 0,//,0(7(56
685)$&( ),1,6+
72/(5$1&(6

/,1($5

$1*8/$5

1$0( 6,*1$785(
'5%:1
&+,
$339 '
0)*
4%

"$7(

(%85 $1'

%5($.

('*(6

0$7(5,%/

(KT

6+$53

7,71(

12

683/ (

‘2 127 6&%$/( '5%:,1*

WRS SLHFH

6+((7

5(9,6,21

2)






	Sheet1
	Drawing View3

	Sheet1 (1)
	Sheet1 (2)
	Sheet1 (3)
	Drawing View1


