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Freely rotating smartphone

Motivation

In addition to translational movements, rotational movements also occur often. Many rotational
movements have a predefined, fixed axis of rotation, e.g., at the drum of a washing machine in the
spin cycle or turbines. But there are also many movements, especially in sports, in which such a clear
axis of rotation is missing: When jumping from the ten-meter tower, you can experience for yourself
that not all turns are possible without further ado and you sometimes have to bend strongly to create
a certain jump. Various skateboard tricks also show that certain rotational movements are very stable
when executed correctly (e.g. the monster flip, in which a perfect rotation around the middle axis of
the skateboard can succeed, https://www.youtube.com/watch?v=tT5dIPf4tVs ), others are inherently
unstable (e.g. the impossible flip, in which the rotation must be stabilized with the back of the foot to
prevent rotation around the longitudinal axis of the skateboard,
https://www.youtube.com/watch?v=wCucgxglRiA).

Which laws follow free rotation movements can be easily investigated with a smartphone in free fall.
The smartphone can be rotated in different directions by hand and then released. In free fall, it then
performs a certain rotational movement. With the help of the sensors built into the smartphone, this
movement process can be analyzed. The aim of this task is to examine the rotational properties and
stability of the individual main components of your smartphone in free fall and to describe the physical
properties. The aim is also to hypothesize and test how attaching additional objects to the smartphone
(i.e. modifying the shape and mass distribution of your rotating body) affects rotation.

Experimental materials

Smartphone with phyphox, scales, rigid objects to stick to the smartphone (get creative!), computer
for data analysis, folding ruler, a soft surface (e.g., blanket to protect the smartphone - it is thrown!)

Fostered experimental skills and content topics

Experimental skills: making & testing hypotheses, designing an experiment, collection of measure-
ment data, analysis of data

Topics Experimental physics: free rotation, moment of inertia, air resistance
Mathematical methods: multidimensional integrals, differential equations

+ for physics students: in-depth analysis of a problem

+ for student teachers: different forms of representation of movement

You will now receive the materials for the experiment Freely rotating Smartphone, in which you exam-
ine the rotation of your smartphone in free fall. Below, you will find materials to prepare for the ex-
periment, followed by the actual task document for the experiment and the auxiliary materials (l) to

().
Preparation

Use the following supportive materials to prepare your content before planning and conducting your
experiment. To do this, also edit the corresponding subtasks.


https://www.youtube.com/watch?v=tT5dlPf4tVs
https://www.youtube.com/watch?v=wCucgxqIRiA
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Technical preparations

1. Please install the free app phyphox on your smartphone. Please check whether data from phyphox
can be stored locally on your smartphone. For Android devices, this usually requires a free file
management app such as Total Commander.

2. Please organize access to a program for data analysis. You can either use Python via browser-based
jupyter notebooks (e.g., google colab or directly under jupyter.org) or SciDAVis or Origin.

Content preparation |

3. Read the following information text on the determination of moments of inertia of a
smartphone and on free rotational movements without a fixed axis of rotation and work on the
corresponding tasks. The focus should be on a conceptual understanding of the relevant quantities
(moment of inertia, rotational energy, etc.) and the comprehension of the formulas/derivations.
For more information, read the paper by Wheatland et al. (2021): https://aapt.scita-
tion.org/doi/full/10.1119/10.0003380

Free rotation of a smartphone
The smartphone

A gyroscope sensor is installed in a smartphone to determine its spatial orientation. Gyroscopes often
consist of three gimbal mounted spinning tops (see Figure 1) that can rotate depending on external
influence. Due to the moment of inertia of the gyroscope, its orientation of the axis of rotation does
not change when the smartphone is rotated. This allows the angular velocity to be specified for the
three main axes of the smartphone during a rotation.

Figure 1: Structure of a gyroscope. Figure 2: Smartphone with axes through the center of gravity. The ori-
entation of the axes is different for each model. The derivation of the
formulas in the text is based on the orientation shown here.

The moment of inertia

The rotational motion of a rigid body is largely determined by the moment of inertia, which results
from the arrangement of its mass m around the axis of rotation. A smartphone can be considered as a
cuboid with the edge lengths a, b and c. Assuming that the mass is homogeneously distributed in the

cuboid, the moment of inertia can be determined by Iy = prerV, where p = % is the density


https://aapt.scitation.org/doi/full/10.1119/10.0003380
https://aapt.scitation.org/doi/full/10.1119/10.0003380
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distribution and r indicates the distance from a rotational axis ¢. Thus, the angular momentum L and
the rotational energy E.,; around the center of gravity can now be described by:

_ > - - _1 2 1 2 l 2
L =lLiwye, + I wye, + [w,e, or Epo = > Lywg + > Lywy + > Lw;.

Figure 3: Sketch for the tilting process of the smartphone with edges a, b and c around its center of gravity C on a soft sur-
face. The length d indicates how far the center of gravity C is from the axis of rotation at the beginning. The coordinate sys-
tem corresponds to Figure 2; therefore, the origin is in the center of gravity C of the smartphone, unlike shown for clarity.

Alternatively, the moment of inertia can also be determined experimentally via a controlled tilting
movement (cf. Kaps & Stallmach, 2020, https://aapt.scitation.org/doi/full/10.1119/1.5145423). The
following example shows how the moment of inertia around the main y-axis of the smartphone run-
ning through the center of gravity can be determined. For this purpose, the smartphone is placed on a
soft surface in equilibrium position perpendicular to the base on the longest edge b. The smartphone
is then carefully rotated with respect to the desired axis of rotation (see edge at the bottom left of
Figure 3) until the center of gravity C of the smartphone is perpendicular to the axis of rotation. In this
position, the center of gravity reaches the greatest distance to the base, which corresponds to the
length of half a diagonal from one corner of the smartphone to the center of gravity C, i.e., d =

1 . o . .
E\/az + c2. If the smartphone now tilts to the wide side, almost all the potential energy is converted
into rotational energy. Only the potential energy remains, which results from the fact that the center
of gravity is still % above the base after hitting it. Accordingly, the potential energy E,,; = m-g-

(d — %) is converted into rotational energy during the tilting process. It follows that E,.,; = %” NOLI
because at the time of impact, the angular velocity w and thus the rotational energy are at a maximum.
Where I}, is the moment of inertia of the smartphone with respect to the axis of rotation along the
edge b. Due to the conservation of energy, the following applies:

Iy

?'wéaxzm'g'(d_%)

Since the axis of rotation is parallel to the axis y of the smartphone passing through the center of
gravity C, Steiner's theorem can ultimately be applied to determine the moment of inertia /,, so that
I, = I, — m- d* applies.


https://aapt.scitation.org/doi/full/10.1119/1.5145423
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Preparatory tasks for the moments of inertia of the smartphone:

3a) Find out (e.g. through appropriate test measurements with phyphox) how the axes of your
smartphone are named and aligned.

3b) Calculate the moments of inertia I, I, and I, for your smartphone by explicitly calculating the
integrals for rotations with respect to the respective axis. Research or measure the edge lengths and
mass m of your smartphone.

3c) Analogous to the example calculation I, set up a formula for the moments of inertia I, and I,
depending on w4, and the dimensions of the phone. Perform the tilt experiment with respect to the
three main axes of your smartphone (x-, y- and z-axis) and also empirically determine the three mo-
ments of inertia I, I, and I, of your smartphone based on the maximum angular velocity. Compare
your empirical results with the computational results from exercise 3b).

Free rotation

In the following, we now look at the central motion process that you are to investigate in this experi-
ment: A smartphone is manually rotated with respect to one of its three main coordinate axes (origin
of the coordinate system in the center of gravity of the smartphone) and then dropped freely. Under
the assumption that no external torque acts on the center of gravity during the fall, e.g., by air re-
sistance, Euler's equations apply:

Ly, ==y — [)w,w,
Lywy, = (I — I)wxw,
Lw, ==y — Iy)w,w,

which describe the relationship between angular velocities and moments of inertia as first-order dif-
ferential equations. (For a derivation of these equations refer to the literature or to the paper by
Wheatland et al.)

Of course, with regard to the problem formulated at the beginning, it is interesting to see which stable

states are theoretically possible for the rotational movements. Such a stable state exists when the
angular velocities along the three principal coordinate axes are constant in time, i.e., W, = @, = w, =
0. Since the moments of inertia I, , I, and I, are generally different, this can only mean that

Wy W, = WyW; = Wxwy =0

must be fulfilled. Beyond the trivial solution w, = wy, = w, = 0 this is only possible if exactly one of
the three cases occurs: w, # 0, wy # 0,0rw, # 0, where in each case the other two angular velocities
are equal to 0. This means that, according to these considerations, stable rotations are only possible if
the body (the smartphone) rotates exactly around the x-, y-, or z-axis because a rotation with propor-
tions with respect to more than one main rotation sequence would result in a temporal change in
angular velocity, which would lead to an instability of the overall rotation.

In fact, it can even be shown that not even the three candidates found (rotation around x-, y- or z -
axis) all allow stable rotation. You will show this yourself in the following.

Preparatory tasks for free rotation:

3d) Prove that for Euler's equations for the rotation of a rigid body with three different moments of
inertia (Iy, I, and I, pairwise different) without acting torque, there are only two stable rotational
motions. Without loss of generality, assume that I, < I,, < I,.



Freely rotating Smartphone Student version Page 6

e Consider separately the three cases where at time 0 a rotation is initiated around the x-, y- or z-
. . . . L .
axis and there are small time-dependent disturbances (sx,ey, ez) with |g;| < . fori =x,y,z.In

Euler's equations, substitute w; by w; + ¢;.

e Then, by appropriate combination of equations and substitutions, establish a new differential
equation for g; and look for solutions to this differential equation.

e Interpret these solutions in a physical context.

Control solution: You should be able to show that, under the assumptions made, a rotation around the
y- and z-axis is stable, while a rotation around the x-axis is unstable. Unstable with respect to rotation
around the x-axis means that even small perturbations €, and €, cause them to grow exponentially.
Stable, e.g., with respect to the z-axis, means that small &, and ¢, do not grow exponentially, but
rather lead to small oscillations.

3e) Based on the results from task 3d), make a prediction of how the angular velocities of the three
main axes of your smartphone will behave when you initiate rotation around the x-, y- or z-axis. Sketch
qualitatively the expected angular velocity-time-diagrams for all three coordinate axes per rotational
motion (rotation around the x-, y- or z-axis).

Content preparation Il

4. Read the instructions for the app phyphox (supportive material (1)). Try the workflow with the
data from any sensor (e.g., acceleration with/without g). Try out how you can read this data into
your data analysis program.

5. Read the instructions on using Jupyter. (supportive material (l1)). In the notebook, you will find
the basics for processing and presenting the data. With these basics, the analysis of the data of
your experiment should succeed well. Note which parameters are important for the analysis and
which sources of error could occur. Alternatively, if you use SciDAVis or OriginLab to evaluate the
data, see supportive material (ll1).
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The experiment

After preparation, you can plan and carry out your experiment. As described above, your task is to
examine and describe the rotational characteristics and stability of the individual rotational axes of
your smartphone in free fall. The aim is also to formulate and test hypotheses on how attaching
additional objects to the smartphone (i.e., a modification of the shape and mass distribution of your
rotating body) affects the rotation.

Specifically, this results in the following subtasks:

e Using the tilting movement, first experimentally determine the moment of inertia of your
smartphone with respect to rotation around the three main axes (see preparation task 3c).

e Put your smartphone into different rotations (around the three main rotation axes) and then drop
it freely. Use your smartphone's sensors to record this movement. Graphically represent the an-
gular velocity, rotational energy, and angular momentum of each rotation over time.

e Identify stable and unstable rotational axes on the basis of your data analysis and compare your
results with your assumptions from the preparation task 3e). Also check to what extent energy and
angular momentum are preserved during the movement process.

e Make specific hypotheses on how you can modify its rotation properties by attaching additional
objects to your smartphone. Calculate the new moments of inertia of the composite body. Then
re-perform measurements and data analysis to test your hypotheses. For example, you can try to
convert an unstable axis of rotation into a stable axis of rotation or convert a stable axis of rotation
into an unstable axis of rotation.

Attention! Safety Note:

e In this task, you will put your smartphone into a rotational motion in free fall. Therefore, make
sure to use a soft surface and be careful when carrying out your experiment to avoid damage to
your smartphone.

e When attaching different objects to your smartphone, it is advisable to wrap the smartphone in a
clear plastic bag and attach it to other objects, e.g., to avoid scratches on the smartphone.

Guiding questions for the experimental process
To structure your experimentation process, you can use the following questions for guidance:

1. Which measurement uncertainties occur when determining the moments of inertia of your
smartphone (for both the computational and the experimental method) and what influence does
this have on the data analysis?

2. What are the limitations (e.g., measurement uncertainties, measuring range) of the sensors you
use? What impact does this have on your approach?

3. What influence do the initial position of your smartphone before rotation and the way in which
the smartphone is rotated have on the actual rotational movement?

4. To what extent can you reproduce measurement processes and later take the measurement rep-
etitions into account in the data analysis?

5. What other measurement uncertainties occur during the experiment? How can these be quanti-
fied?
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Guiding questions during and after the data analysis

During the data analysis, you can also use the following questions for guidance:

1. Which part of the data set is (ir-)relevant for further data analysis?

2. How do you estimate the precision of the experimentally and mathematically determined mo-
ments of inertia of your smartphone? How does this affect your results?

3. How can you graphically represent the determined angular velocities?

4. To what extent are the angular velocities in a realistic order of magnitude?

5. How can you identify in the measured angular velocities whether the rotation was stable or unsta-
ble for a rotation around one of the three main rotation axes of the smartphone?

6. How can you draw conclusions about the rotational energies and angular momentum from your
measurement data, represent them graphically in a meaningful way and check the validity of the
conservation laws for the different rotation objects? Also consider the extent to which the stability
or instability of the axes of rotation should be reflected in the values for rotational energy and
angular momentum.

7. How can you take into account the identified and quantified measurement uncertainties in the
individual steps of the analysis ("error calculation")?

8. Which hypotheses regarding the influence of the properties of your rotational body on its rota-
tional motion can you derive from your data analysis? Which experimental modifications are suit-
able for testing these hypotheses?

Assessment

Create a scientific poster where you summarize your findings. This should include, but not be limited
to, the following aspects:

Information on the design, execution, and analysis of the experiment

Visualizations of angular velocities, angular momentum, and rotational energies for different rota-
tional axes

Reasoned decision as to which rotational axes of your smartphone are (in)stable and what influ-
ence the modifications you have made to your rotation body.
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(1) Instructions for phyphox

phyphox is a free app with which all data from the sensors built into the smartphone can be read out.
Below you will find a step-by-step guide on how to use this app to record measurement data.

Download: in all common app stores (A)
1. Step: Start your experiment =) [T ——— s.MpL
1.1 Launch the app on your smartphone. .
s Accelerometer x
1.2 On the start page, all sensors that you can read out are dis- .
played. Select the desired sensor. 2 VAN (A" h*' oo f,‘w‘.‘_wm..
2. Step: Record your data V

2.1 Click the play button (™) to start data collection (A).
2.2 In the tabs, the data is displayed graphically and numerically in  [REkiEEs

real time (B). % 2-)00'3
2.3 Click the Pause button (1) to pause/stop your data collection. ® 000
-5.00

3. Step: Save your data o e

3.1 Click the three dots ( : ) to open the menu (C). Select Export LI

data (D). g0 !
3.2 Select the desired data format (usually Excel) (E). Press OK (F). 199 U%MVMN'%‘M *MWMH”
3.3 Save the file to the desired program (local memory or a file man- o

agement app such as Total Commander that receives the file).
3.4 Transfer the file via cable, Bluetooth, Airdrop, or Internet to the data analysis computer.

] Experiment info Choose the data format.

: e m
GRAPH  ABSOLUT Export Data m

CSV (Comma, decimal point)

Acceleromet
Share screenshot CSV (Tabulator, decimal

point)

Timed run D '(;;Siﬁl()Semiculnn, decimal

CSV (Tabulator, decimal
Allow remote access [] comma)

CSV (Semicolon, decimal
. comma)
Save experiment state

CANCEL 0K
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(1) Instructions for Python

With Python, you are using a popular programming language in science, which can be used to analyse
experimental data. The following instructions are for the jupyter notebook. Whichever platform you
use, please upload the notebook and follow its instructions and later use python for your data analysis.

1. Jupyter and Python

1.1 After launching jupyter, you will see the home screen. On the right, you can choose between vari-
ous programs. We will work with Python notebooks.

1.2 You will find a list with all your files in the sidebar on the left. Here you can create a folder for your
project and take further actions by right-clicking. The program code can access files (e.g., raw data)
uploaded to this directory and also store analysis files there.

1.3 Upload and launch the rotation_and_rolling_notebook_english.ipynb file.

1.4 The file consists of different cells to which you can add more using (A). With (B), you can change
the type of cells. For programming, you need to use the type “code”.

1.5 You can now write your programming code into the code cell and compile it using the play button
(C). Once compiled, the variables are set for the entire notebook until you overwrite them or ter-
minate the notebook (shutdown).

File Edit View Run Kernel Git Tabs Settings Help

m + ¢] & & Launcher X [W DigitalSignalProcessing.ipynk X L
B ]

‘ Q‘ + X D 0O » m C » Code v & Python 3 (ipykernel) -+~

 / Aufzug / (D) (A)

We will (C) b simple exan (B) ng a sine function as our input. The -3

followirrgprecesof python cod: lained in text blocks like this one,

Name - Last Modified and with inline comments. These instructions will help you understand what

¢ O &

[ data0.dat 17 minutes ago each line of code does, even if you are not very familiar with programming. You
- can run and modify each block of code and see its output below the block
= Experiment bravely, it is always possible to revert back to the original code if
something in it gets broken beyond repair!

Simple sine example

So let's start by running the code below to import some modules that we need
for computing, data handling, plotting, and random noise generation. You can

run the code by clicking the play button.

[ 1:|from scipy.fft import fft, fftfreq
import numpy as np

# To do the fourier transforms
#

import pandas as pd # To han
#
#

import matplotlib.pyplot as plt
import random

generate random noise
If we were to obtain some digital time signal from a measuring device, we

would get a list of discrete data points of the form (time, amplitude). In the

Simple 0[5 @ 4 Python3ipykernel)|idle Mem:454.33 / 15360.00 MB Mode: Edit @ Ln2 Col 11 DigitalSignalProcessing.ipynb

2. Using the self-explanatory notebook

2.1 Work through the notebook to learn the basics on how data can be processed with Python.

3. Working with data in your code

3.1 Create a text file in the folder of your project. To label it, you can use the file extension “.dat”.

3.2 Open the Excel file with your data. Copy the relevant data columns into the text file.

3.3 Remove empty lines and strings of letters and replace the decimal commas with periods (ctrl + f
or edit (D)>> find...)
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(111) Instructions for SciDAVis

SciDAVis is a free data analysis tool similar to the licensed tools Origin Pro or gtiplot. Below you will
find a step-by-step guide on how to use this tool to fit different formulas in a dataset.

Download for Windows: https://sourceforge.net/projects/scidavis/
Download for Mac: https://sourceforge.net/projects/scidavis/files/SciDAVis-beta/

4. Step: Import your data

4.1 Extract the data from your data acquisition device. Copy the data to Excel.

4.2 Select the data you want to analyze. Copy them to the table in SciDAVis (A). (Attention: SciDAVis
can only distinguish columns and not rows or single cells like Excel.)

4.3 On the right, you can adjust the settings for each column. Make sure that numeric is always
selected as the type. Click Apply to save changes (B).

4.4 Right-click the header and select Set Column(s) as you can determine which columns should con-
tain x-, y-, x-error and y-error data (C).

B [ - ==
[ Timex] [ Position[Y] [H Position Error[yEr] " Desciption | Type | Formula |

10 0 Plot () El El poe. |

2L 1 | Set Column(s) As L4 X (B)

3 2 2 ¥ ame: |Pos|t|on Error

4 3 4 Fill Selection with L4 , comment

5 |4 8 m Insert Empty Columns :

6 |S 1 m Remove Columns | X Errer

I |8 = J Clear Columns

87 & @ Add Columns Mong

9 8 128

10 5 256 fli  Mermalize Columns

11 10 512 EZJ Sort Columns

a2 Edit Column Description 4

1 %% Change Type & Format Ctrl+Alt+0

i: @ Show Comments

16 28  Column Statistics

17

5. Step: Plot your data

5.1 Select the columns you want to plot. On the menu bar, click Plot 2 Scatter (D).

5.2 By right-clicking the axes or background and select Scale... or Properities.. you can custom-
ize the layout of your graph or delete unwanted fits (E).

File Edit View Scripting | Plot | Analysis Table ‘Windows Help
. [l Graph1 =] a =]
L") 13- i
DRs &% / e o || &
2 | seatter d A= Title
“ " Line +Symbol phcclil 500
Spedial Line/Symbal 4 j ®  Tablel_Position {
500
Vertical Bars Error{yEr] g
. L"_’; Rescale to show all Cirl+5hift+R
Horizontal Bars 400
Area ° Hide axis
E 300 Show grids I
w
Vectors XYXY ®
= a0 Scale...
Vectors XYAM > ) (E)
Properties... s
Statistical Graphs 100 -
-
Fanel 0 .« o o o o *
-10n | T T T | T T T | T T T I T T T | T T T | T T T | T T T |
-2 a 2 4 5 g 10 12
[ X Axis Title ]



https://sourceforge.net/projects/scidavis/
https://sourceforge.net/projects/scidavis/files/SciDAVis-beta/
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Tools | Analysis | Format Windows Help
=] Translate L4

6. Step: Fit your data
6.1 Click on your graph. From the menu bar, select Analysis 2> Fit

Differentiate
Wizard. .. (F). — Integrate ...
6.2 Select User defined in the left column of the newly opened win- ot .
dow (G) a FFT Filter 4
6.3 Choose a name for your fit function, list the parameters you want Interpolate
separated by a comma and add the formula of your fit function in the FFT... (F)
large field below (H). Quick Fit ¥
6.4 Click Save (l) for later use of the function. Click Fit >> (J) to apply At Wiard... _ Cll+¥

the function to your graph.

6.5 If necessary, adjust the settings for the fit (e.g. the range of data points considered, the iterations
and tolerance of the algorithm, or the source of the y-errors) (K).

6.6 Use initial guesses (L) to tell the algorithm which values you theoretically expect for each
parameter. Depending on your input, the fits will be different.

6.7 At the bottom, click Fit (M). Close the window.

Category Function Expression

Curve Table1_Position v
User defined (G) abs() A | |abs(x): =
Built-in acos() Absolute value of x. Function userl (x, a, b)
Basic acosh()
Plugins asin{) a"x+b
asinh{)
atan()
atan(h)[} (S) Parameter Value Constant
aval,
bessel {00 Initial guesses |8 1,000000000000000 D
haceal $10% &7 b 1,000000000000000 D
Name userl (|) Save Algorithm Scaled Levenberg-Marquardt w
Parameters a, b Remove Color - ¥
ay +b| (H) Add expression (K)
From x= |0 Iterations | 1000 S
Add name
To x= 10 Tolerance |1e-4
Reset
Close ¥ Error Source Errors Unknown (M) el Time
) Fit ==
( ) << Edit function| |Delete Fit Curves Fit Close Custom Output >>

7. Step: Evaluate your fit

7.1 The window Results Log appears automatically and receives various information about the
data used and fit functions (N), the algorithm (O) and whether it was successful (P).

7.2 You can also find the parameters of your fit with an error range (Q) calculated from the position of
the data points and the y-error.

7.3 You can also find the degree of certainty R*2 (R) which describes on a scale from 0 (worst case) to
1 (optimal case) how well the data fits the model (used fit formula).

@ Graphl EI@
Title Results Log
600 4
[Mittwoch, 8. Dezember 2021 14:08:52 Mitteleuropdische Zeit | ph1']
500 Montinearfitl ) Mondinear fit of dataset: Table1_Position, using function: a~x+b (N)

¥ standard errors: Unknown

Status = success (P)

400 / Scaled Levenberg-Marquardt algorithm with tolerance = 0,0001 (0)
] / Fromx =0tox =10
é 300 / 3 = 1,86537284793412 +/-0,002831314338309761
PR /&/ b =-6,85993997631511 +/- 2,66200349825768 (Q
% 200 /
" . / Chi~2 = 523,181571549415
100 /’( R~2 = 0,397343355435171
. . (R)
0] .- o s Tterations = 0

-100

L L LI B B e By U B B By By B s |
-2 a 2 4 g 8 10 12

[ X Axis Title |




