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Abstract

CO2 powered actuators are a viable alternative in prostheses and robotics. The gas-
supply is generally limited in such applications, and calls for an optimal system pressure
to minimize gas-consumption. Previous work which discusses the optimal pressure was not
verifiable, or strictly theoretical. The theoretical work was unintuitive, but did result in an
optimal pressure level of 1.2 MPa, irrespective of the required output force. This research
presents a simplified theoretical background, and verifies the optimum by measurements.
The simplified theory offers improved insight into the existence of an optimal supply pres-
sure and locates it at 1.42 MPa. Compensation for atmospheric pressure strongly affects
cylinder size at low system pressures and above the optimum, as CO2 approaches its critical
point, gas consumption increases with the density of the gas. The experiments show an
optimum at 1.12 MPa, with a bound of -0.10 MPa and +0.30 MPa. The uncertainty in the
location of the minimum gas-consumption reflects the challenges of accurately performing
the measurements, as well as the shallow curve where the minimum is found. The pre-
sented results support the optimal supply pressure found in literature, and when optimizing
a pneumatic system for CO2 use, 1.2 MPa is therefore a good choice.
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1 Introduction

When using compressed gas as a power source, minimizing gas-consumption is important, con-
sidering the limited amount of gas stored in a bottle. Applications for such a power source could
be in systems that are `stand alone', or mobile. These systems include portable systems, robots
and prostheses.

Starting in the late 1950's research on prosthetics intensified due to the thalidomide tragedy
[8]. Research was `split' between electronic and pneumatic fields [6]. In the pneumatic field, it
was already recognised that the system pressure should be optimised `for gas economy's sake' [5].
However, eventually electronic prosthesis gained the most popularity. Difficulty in control [2],
practical problems and poor quality valve technology at that time [3], all but stopped development
of pneumatic prostheses [10].

The advantages of the use of a pneumatic system still remain: it can be built light, it is fast,
it is reliable and it can be built small, according to Plettenburg [10]. For a powered prosthesis,
it was decided pneumatics needed to be re-assessed. And so, in his thesis, the question on how
to attain a minimal gas-consumption re-arose when developing a pneumatically powered hand
prosthesis for a toddler.

In short there is the following problem: A system could be made using either a small cylinder
with a high operating pressure, or a larger cylinder with a lower operating pressure. This leaves
the designer with a problem for which there might be an optimal solution.
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Figure 1: The system modelled by Plettenburg [10]. The pressure in the Gas-supply is assumed to
be constant. The piston is moved by the pressure and forces the spring to compress. Springs with
different degrees of stiffness represent different load cases, as they need different amounts of energy to be
compressed.

In 1967, Lambert [6] reported a level of pressure where the optimum can be found, within
a range of 150 to 200 psi, or 1.0 to 1.4MPa, unfortunately without explaining the measurement
method, nor the theoretical background. Plettenburg deduced the optimum at 1.2MPa, based
on a seemingly simple model, for which the mathematics soon became unintuitive and complex.

For this deduction, he modelled a pneumatic system, see Figure 1. This system has a defined
load, represented by a spring in the model. To compress the spring a pneumatic cylinder was
used, connected via a pipeline to the gas-supply bottle at a certain system pressure ps. The
pipeline, cylinder size and the system pressure were optimized for minimal gas-consumption mc.

Except for very low energy load-cases, the optimum was the same regardless of pipeline length
Ls or cycle time. In Figure 2 the relation between supply pressure and gas-consumption for a
particular load case is shown. The results further indicated that the shape of this graph would
stay the same, except for a different offset in gas-consumption, depending on specific parameters.

The objective of this paper is to explain why an optimal pressure should exist and show
what the optimal pressure level is for CO2 powered systems. To achieve this, a the model in
[10] was studied and simplified, and a set-up was built to find the optimal pressure level by
experimentation.
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Figure 2: The result of the model by Plettenburg, with the optimum at 1.2MPa. The shape of this graph
is typical for load-cases in his model, except that for different load-cases there could be a different offset
in gas-consumption.
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2 Method

To determine an optimal pressure for CO2 powered systems two approaches are taken. Therefore
this section is split into two parts. Part A explains the underlying theory, part B is focussed on
the measurements.

A Theory

In [10], Plettenburg mentions previous research and the fact that, regarding the optimal pressure,
they neither explain their theories, nor their measurement methods. In a recent literature review
[4], no new research was found which would confirm an optimal pressure level, either based on
the model posed in [10], or anything similar.

First a review of the model in [10] is presented here. The model defines a system consisting
of a gas supply bottle, a pipeline and an actuator (see Figure 1). For this system the model
calculates the amount of gas used, m\mathrm{h}\mathrm{c}, as a function of gas supply pressure [10, eq. 2.20],

m\mathrm{h}\mathrm{c} = \rho 
\Bigl[ \pi 
4
d2sLs + xAc

\Bigr] 
(1)

in which \rho , ds and Ac are dependent on the pressure. Respectively they represent density of
the gas, pipeline diameter and the cylinder's effective cross-sectional area. x is the stroke of the
piston. Ac depends on ps because the load is given by the spring and the piston needs to be
adapted to the pressure to be able to compress the spring properly. ds depends on ps due to the
use of fluid dynamics equations in the model, as will be discussed shortly.

To find the relation between pressure and gas-consumption, Equation 1 is differentiated with
respect to the system pressure ps. When the differential is equal to 0, the pressure is found where
there is a minimal gas-consumption, [10, eq. A2.10.3],

dm\mathrm{h}\mathrm{c}

dp\mathrm{s}
=

d\rho 

dps
\cdot \pi 
4
\cdot d2s \cdot Ls + \rho \cdot \pi 

4
\cdot Ls \cdot 2 \cdot ds \cdot 

dds
dps

+
d\rho 

dps
\cdot x \cdot Ac + \rho \cdot x \cdot dAc

dps
= 0 (2)

The differentials within this equation are solved by making use of the following equations:
First, a modification of the ideal gas law by Plank and Kuprianoff [9], converted to SI units,

V

m
=

RT

p
 - 82.5 \cdot 10 - 3 + 12.4915 \cdot 10 - 9p\bigl( 

T
100

\bigr) 10/3 (3)

Where V , p and T represent the volume, pressure and temperature of the gas and R represents
the gas constant for CO2. This equation accounts for the real behaviour of CO2, especially near
the critical point, a phenomenon not described by the ideal gas law (PV = mRT ).

And second, a relation from White [13, eq. 9.73],\biggl( 
\.m

1
4\pi d

2
s

\biggr) 2

=
p2s  - p2c

RT [ \=fLs/ds + 2ln(ps/pc)]
(4)

where \=f is the average Darcy friction factor over the pipe length, \.m is the mass flow through
the pipe. In this equation the pressure drops from the source pressure ps to the pressure in the
cylinder pc. And so the relation between the gas' mass flow to the pressure drop in the pipeline is
established. ds could be optimised when separating the time variable, present in the mass flow,
from the geometric variables, including the pipe line's diameter (starting from [10, e.q. A2.7.6]).
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This resulted in Equation [10, A2.10.8], written here in the following form,

dm(p\mathrm{s})

dp\mathrm{s}
=

A \cdot [B \cdot \{ [C] \cdot ln [D] + [E] \cdot ln [F ]\}  - P \cdot \{ G \cdot ln [D] +H \cdot ln [F ]\} \cdot [K]]

[K]2 \cdot 
\sqrt{} 
J \cdot \{ C \cdot ln [D] + E \cdot ln [F ]\} 

+N \cdot 
\biggl[ 

Q

[K]2

\biggr] 
= 0

(5)
Where the following substitutions still need to be made,

A =
32\eta L2

s

t
(0.01T )3.333 G =

Ftop(2Ftop  - F0)

c \cdot p3s
B = R \cdot T (0.01T )3.333 + 12.4915 \cdot P 2 H =

Ftop(2Ftop + F0)

c \cdot p3s
C =

Ftop(2Ftop  - F0)

c \cdot p2s
+

107.483

(0.01T )3.333
J =

128\eta Ls

\pi t

D =
F0  - Ftop

c \cdot x+ F0  - Ftop
K = R \cdot T (0.01T )3.333  - 82.5 \cdot P  - 12.4915 \cdot P 2

E =
Ftop(2Ftop + F0)

c \cdot p2s
 - 57.517

(0.01T )3.333
N =

xFtop

p2s

F =
F0 + Ftop

c \cdot x+ F0 + Ftop

Q = 12.4915 \cdot P 3(0.01T )3.333 + P 2(0.01T )3.333 \cdot (82.5 + 12.4915ps) - paRT
\bigl( 
(0.01T )3.333

\bigr) 2
And, also within the substitutions above,

P = (ps + pa)

Where, c denotes the spring stiffness, \eta the viscosity of CO2, Ftop the maximum force that the
actuator can generate at its design pressure, F0 the pre-load on the spring, ps and pa the supply
and atmospheric pressures respectively. The main point is, it has become a complex description.
One goal in this paper is to make a more intuitive approximation of the graph which results from
the model.

To describe the system in more simple terms, an analysis was done starting from Equation (1)
and (3). Looking only at the force balance on the piston, and the properties of CO2 a simplified
model was made to estimate the optimal gas pressure for minimal gas-consumption. Ignoring
Equation (4) means that the effects of ds and Ls in Equation (1) are greatly reduced. The supply
line volume, determined by those variables, will only behave as `dead space'. This is the space
that does change pressure during a cycle of use, but it does not aid in compressing the spring,
only in raising the gas-consumption. That is why these parameters will not be included in the
model presented in section 3-A.

B Measurement set-up

Regarding the results of the model in [10], they show that the optimal pressure does not depend
on either the supply line length or its diameter. Those parameters change the amount of gas
used, but do not affect at which pressure the optimum is found, except for cases where the load
would be so low, using it in a prosthesis would make it underpowered. What is more, the cycle
time appeared not to influence the optimal pressure level. The cycle time meaning: the time
it takes to move the piston to x\ttm \tta \ttx and back. Based on these results, the cycle time was not
considered an important parameter in the measurements. And the whole volume leading up to
the valve-block was considered as the gas-supply.
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Dc \pm 0.02mm Ac Vc Pd

[mm] [mm2] [mm3] [MPa]

6 28 565 3.64
8 50 1005 2.09
10 79 1571 1.37
12 113 2262 0.99
15 177 3534 0.67

Table 1: Design dimensions of the cylinders, with diameter
Dc, the length of the stroke Lc given as 20mm, which lead to
piston area Ac and volume Vc. For the same power output, the
cylinders should operate at design pressure Pd.

Measurements were done using a custom built set-up (Figure 3). The set-up was based on the
test-bench presented in [12], enabling a force-displacement curve to be measured. Additionally a
pressure sensor and a scale were included, to monitor pressure and the weight of the gas-supply.
A valve-block was made to separate the supply from the cylinder and be able to vent the cylinder
to the atmosphere. The measurements were done on a series of 5 cylinders (see table 1). These
were designed following the guidelines in [10, p.49]. For each cylinder, measurements were done
on a range of pressures, since it proved difficult to set the regulator at a specific pressure. The
range of pressures made it possible to estimate `sensitivity' of the cylinders' gas-consumption to
the pressure level. From this sensitivity the gas-consumption could be estimated at the design
pressure.

Hardware

The gas-supply in the model (Figure 1) is represented by a single CO2 bottle. However, in the
measurement set-up (Figure 3), it comprised a bottle with a regulator and the pipeline leading
up to the valve block. The weight of the bottle was monitored by placing it on a scale with µg
accuracy.

The bottle was screwed into the regulator, and both were weighed at the same time. Assuming
there were no leaks in the system, the reduction in weight should equal the amount of gas drawn
from the bottle. The pressure regulator was designed and built by Rob [11]. With practice, it
can be set to a pressure with varying accuracy; \pm 0.05MPa for pressures up to about 0.8MPa,
increasing to \pm 0.15MPa for pressures up to 4MPa.

The pressure regulator was connected to the rest of the pipelines via a thin hose, with dimen-
sions 0.75mm\times 1mm of about 300mm length1. The flexibility of the hose ensured the reading
of the scale was not affected by the stiffness of the hose. Since this part of the set-up is practically
static, there were no movements to change the configuration of the hose and thus its force on
the scale remained constant.

The pressure sensor was connected approximately midway along the supply line. The pressure
measurement was done with two pressure sensors, one for the range of 0MPa to 1.6MPa with
an accuracy of \pm 8 kPa and the other for 1.6MPa to 4.0MPa with an accuracy of \pm 20 kPa. The
supply line connecting the sensor with the valve-block was a 2mm\times 4mm copper tube of about
1m in length.

Reducing the amount of dead space was deemed important to reduce the gas-consumption.
In the model, this is the volume of the pipeline connecting the bottle to the actuator. The

1\mathrm{I}\mathrm{n}\mathrm{n}\mathrm{e}\mathrm{r} \mathrm{D}\mathrm{i}\mathrm{a}\mathrm{m}\mathrm{e}\mathrm{t}\mathrm{e}\mathrm{r} (\mathrm{I}\mathrm{D})\times \mathrm{O}\mathrm{u}\mathrm{t}\mathrm{e}\mathrm{r} \mathrm{D}\mathrm{i}\mathrm{a}\mathrm{m}\mathrm{e}\mathrm{t}\mathrm{e}\mathrm{r} (\mathrm{O}\mathrm{D})
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Figure 3: The measurement set-up. The gas-supply bottle contains 16 g of CO2, a generic model. Pressure
sensors: (for pressures up to 1.6MPa) DRTR-AL-20MA-R16B by B+B Thermo-Technik GmbH, and (for
pressures up to 4.0MPa) DMP 331; 0-40 bar; 0-10V/3-wire by BD Sensors GmbH. Weighing scale:
PE 360 DeltaRange by Mettler. Load cell (Force sensor for up to 500N): FLB3G-C3-50kg-6B by Zemic.
Displacement sensor (a linear variable differential transformer (LVDT)): LCIT 2000 by Schaevitz. Com-
puter interface (not shown): NI USB-6008 by National Instruments.

corresponding section in the set-up was therefore kept as small as possible, and was contained
inside the valve block. It comprised a T-shaped bore, of 1mm diameter and 10mm overall
length. The ends of the T-shape connect to the inflow line, the cylinder and the outflow line.
The cylinder was filled and evacuated through this T-shape, the gas flow was controlled by
opening and closing the valves.

Measurement routine

At the start of a measurement, the following need to be true:
\bullet The bottle is connected.
\bullet The Pressure reducer is set according to the currently installed cylinder.
\bullet The piston is moved to the initial position, i.e. no displacement.
\bullet The scale is set to 0µg.
\bullet The output valve is closed.

Then, the following actions are repeated until enough data is collected to estimate the gas-usage
or an error is encountered. (If the start-situation is numbered 0, the numbers of the actions
correspond to the numbers in Figure 4.)
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Figure 4: The numbers in the Figure correspond to the actions described in the measurement routine.
Two full cycles are displayed. On the horizontal axis are the number of samples, the sampling frequency
was 5Hz. The first one executed more slowly than the last. The dotted (magenta) line, represents
the estimated 'real-time' gas-consumption, based on the increase in pressure in the supply-line and it is
scaled to match the gas-consumption. The forcegraph is scaled to match the pressure level. Note that the
vertical axes do not necessarily start at 0, where it crosses the horizontal axis. Furthermore, the pressure
is presented in bar, 10 bar equals 1.0MPa

1. Open the input valve. This will let the supply pressure enter the cylinder, which is indicated
by the force exerted on the piston.

2. Displace the piston to the end point 20mm away. This will let the gas flow into the piston,
resulting in a drop in supply pressure. Then, depending on the response of the reduction
valve, the pressure in the system will remain lowered or rise back to the set point. As the
pressure in the cylinder changes, so will the force on the piston.

3. Record the value of the weight. As the reduction valve sometimes responds poorly, gas
might continue to be released from the bottle.

4. Close the input valve. System pressure should remain constant or increase, depending on
the response of the reduction valve.

5. Record the value of the weight. When the input valve is closed, the cylinder is effectively
cut-off from the supply. A measurement at this point should reflect all changes in the
supply after one cycle.

6. Open the output valve. The gas in the cylinder can now escape to the atmosphere. This
can also be seen in the measured force dropping to 0.

7. Displace the piston to the start point, i.e. 0mm. This pushes the last volume of gas out
of the cylinder (but not out of the dead space).

8. Close the output valve.
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Data processing

The raw data files contain time-series measurements of pressure, position and force as well as
the weight of the gas-bottle recorded at the corresponding times. The data files were examined
and sample ranges were chosen which contained useful measurements, i.e. they contain the least
amount accountable errors.

These ranges were then processed by a script which calculates the average pressure and force.
The pressure was only averaged when the system pressure was present in the cylinder. This was
determined by assuming that the cylinder was pressurised if the force was higher than a chosen
lower limit of the force level. To estimate the gas-consumption for a single measurement, the
average pressure was used.

The gas-consumption at various pressures was used to determine the sensitivity of the gas-
consumption to the varying pressure. Based on the sensitivity, it was estimated what the gas-
consumption would have been at the design pressure.

A non-linear model was then fitted to the estimations2,

mf =
b1
pf

+ b2pf + b3 (6)

The non-linear model should have similar properties to the theoretical model. It combines a
hyperbola, a gain and an offset part, corresponding to parameters b1, b2 and b3. This model was
then used to estimate the optimal pressure.

2\mathrm{u}\mathrm{s}\mathrm{i}\mathrm{n}\mathrm{g} \mathrm{M}\mathrm{A}\mathrm{T}\mathrm{L}\mathrm{A}\mathrm{B}'\mathrm{s} \mathrm{n}\mathrm{l}\mathrm{i}\mathrm{n}fi\mathrm{t} \mathrm{f}\mathrm{u}\mathrm{n}\mathrm{c}\mathrm{t}\mathrm{i}\mathrm{o}\mathrm{n} [1].
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3 Results

This section shows the theoretical analysis. Also it contains the summary of the measurements.
All the graphs of the data can be found in the appendix.

A Theoretical results

Based on the model in [10], a new model is made. This simplified model calculates how much
gas it would take to fill the volume of the cylinder given the required power output, for any given
pressure. The gas is modelled using Equation (3) which describes the behaviour of CO2 better
than the ideal gas law.

When a required power output is given, the size of the cylinder depends on the used system
pressure ps. For comparison purposes a power output of 2000Nmm was chosen, and the standard
stroke of the pistons is set at 20mm. This means, that the cylinders have a net output force,
F\ttn \tte \ttt , of 100N.

The system pressure ps pushes the piston out of the cylinder and on the other side of the
piston, atmospheric pressure pa pushes it into the cylinder. So the net force should be calculated
over the pressure difference between the system and the atmosphere. The area of the piston Ac,
can then be calculated using,

Ac =
F\ttn \tte \ttt 

ps  - pa
(7)

where an atmospheric pressure of pa = 101 325Pa is chosen3.
The second step is to calculate the amount of gas required to fill the cylinder at the correct

pressure. With a known Ac and stroke x, the volume Vc is easily calculated. This step includes
part of Equation (1), namely,

mc = \rho [xAc] (8)

where \rho is calculated with Equation (3), and the relation, \rho = m/V .
With these equations combined,

mc =
1

RT
ps

 - 82.5\cdot 10 - 3+12.4915\cdot 10 - 9ps

( T
100)

10/3

\biggl[ 
x

F\ttn \tte \ttt 

ps  - pa

\biggr] 
(9)

an optimum is found at 1.42MPa, see Figure 5.
With 5 evenly spaced points on the result of the model, the non-linear fit finds an optimum

at 1.38MPa.

3\mathrm{T}\mathrm{h}\mathrm{i}\mathrm{s} \mathrm{v}\mathrm{a}\mathrm{l}\mathrm{u}\mathrm{e} \mathrm{i}\mathrm{s} \mathrm{t}\mathrm{h}\mathrm{e} \mathrm{a}\mathrm{v}\mathrm{e}\mathrm{r}\mathrm{a}\mathrm{g}\mathrm{e} \mathrm{s}\mathrm{t}\mathrm{a}\mathrm{n}\mathrm{d}\mathrm{a}\mathrm{r}\mathrm{d} \mathrm{s}\mathrm{e}\mathrm{a}-\mathrm{l}\mathrm{e}\mathrm{v}\mathrm{e}\mathrm{l} \mathrm{a}\mathrm{t}\mathrm{m}\mathrm{o}\mathrm{s}\mathrm{p}\mathrm{h}\mathrm{e}\mathrm{r}\mathrm{i}\mathrm{c} \mathrm{p}\mathrm{r}\mathrm{e}\mathrm{s}\mathrm{s}\mathrm{u}\mathrm{r}\mathrm{e} \mathrm{a}\mathrm{c}\mathrm{c}\mathrm{o}\mathrm{r}\mathrm{d}\mathrm{i}\mathrm{n}\mathrm{g} \mathrm{t}\mathrm{o} \mathrm{I}\mathrm{S}\mathrm{O} 2533:1975
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Figure 5: Gas requirement to fill a cylinder with CO2 according to the Ideal Gas Law, and using Plank's
law. The graphs are calculated for cylinders with a stroke of 20mm and power output of 2000Nm, Where
the cylinder size depends on the pressure. To check how well the non-linear model from section A would
fit to 5 selected points, this is also shown here. The non-linear fit finds the optimum at 1.38MPa, whereas
the simplified model predicts the optimal pressure at 1.42MPa.
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B Measurement results

B.1 Measurements

The average gas-consumption per stroke by each cylinder and the average pressure at which
it was measured are shown in table 2. Figure 6, shows the same results, and additionally the
estimated gas-consumption at the pressure the cylinders are designed for, Pd.

Cylinder
6 8 10 12 15

Diameter
[mm] mc ps mc ps mc ps mc ps mc ps

[mg] [bar ] [mg ] [bar ] [mg ] [bar ] [mg ] [bar ] [mg ] [bar ]

Dataset a) 14.44 11.0 23.40 11.4 38.00 11.4 15.44 3.0 91.67 11.7
b) 13.50 9.8 19.09 9.9 33.25 9.7 25.73 5.4 66.33 9.3
c) 13.13 7.6 14.40 7.5 23.40 7.5 34.71 7.2 49.33 5.9
d) 66.67 27.0 25.00 11.7 44.00 11.6 52.75 9.7 62.00 7.9
e) 60.00 36.3 45.03 17.9 - - 59.36 11.2 83.67 9.9
f) - - - - - - 55.60 11.8 92.67 12.1
g) - - - - - - - - 40.33 4.9
h) - - - - - - - - 45.25 6.0

Table 2: Measured gas-consumption mc per stroke for each cylinder at different system pressures ps. The
datasets correspond to the measurements in the appendix.
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Figure 6: For each cylinder, a gas-consumption was measurement at several different system pressures.
Linear regression through the measurements allow for a `sensitivity' to system pressure to be estimated for
each of the five cylinders. The single dots on the regression lines denote the gas-consumption estimation
at the design pressures Pd.
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B.2 Finding the optimum

In Figure 7 three graphs are presented, two theoretical results and the fit of the measurement
results. The theoretical results used the model from subsection A, using both the ideal gas law
and the adapted version by Plank. The graph of the measurement results features the estimated
gas-consumptions, found in B.1 along with their 95\% confidence margin. The values at the
design pressures are presented in Table 3. The non-linear model, see Equation (6), was fitted
to estimated gas-consumptions and with that fit, an optimum is estimated at 1.12MPa. The fit
through the estimated points is quite sensitive to the actual variation of the estimations.

Dc [mm] m\ttI \ttd \tte \tta \ttl m\ttP \ttl \tta \ttn \ttk m\ttL \tto \ttw \tte \ttr \ttnine \ttfive \% \ttc \tto \ttn \ttf \tti \ttd \tte \ttn \ttc \tte m\ttE \tts \ttt \tti \ttm \tta \ttt \tte \tts m\ttU \ttp \ttp \tte \ttr \ttnine \ttfive \% \ttc \tto \ttn \ttf \tti \ttd \tte \ttn \ttc \tte 

6 36.52 46.61 40.31 70.00 99.69
8 37.31 41.71 47.68 53.33 58.97
10 38.32 40.93 37.54 51.08 64.61
12 39.57 41.37 45.57 49.84 54.11
15 41.86 43.07 48.66 52.90 57.14

Table 3: The second and third column show the gas-consumption according the simplified model, with
different gas laws. The last three columns show the 95\% confidence interval and the estimated values for
the gas-consumption based on the data. For pressures corresponding with a 2000Nmm Output.

Model using Plank's CO
2

Model using ideal CO
2

Estimates

simple NL-model fit

Pressure [Pa]

G
as
-c
on

su
m
p
ti
on

[m
g]

×106
0 0.5 1 1.5 2 2.5 3 3.5 4

0

10

20

30

40

50

60

70

80

90

100

Figure 7: The gas-consumption of 5 different sized cylinders compared in three ways: Two models for
different gas laws, and the estimated values and their 95\% confidence intervals based on measurements.
The estimations are found through regressions of the measurement data for each cylinder, and evaluated
at the design pressures. A non-linear model was fit through the estimations to find an optimum at
1.12MPa, indicated by the asterisk.
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4 Discussion

The discussion comprises several subsections: A, on the theory; B, on the measurement set-up;
C, on the data in general and D, on the results.

A The models

A.1 The model by Plettenburg [10]

Here are some remarkable aspects that were found when analysing this model.

On the `mass flow to pressure drop' relation When Equation (4) was introduced by
Plettenburg [10, eq. A2.5.4], it has changed somewhat. From\biggl( 

\.m
1
4\pi d

2
s

\biggr) 2

=
p2s  - p2c

RT [ \=fLs/ds + 2ln(ps/pc)]

by equating RT to ps

\rho s
and

\Bigl( 
\.m

1
4\pi d

2
s

\Bigr) 
to \varphi , to

p2c  - p2s  - 2 \cdot \varphi 2
m \cdot ps

\rho s
\cdot 
\biggl[ 
ln

pc
\rho c

 - 2f
L

d

\biggr] 
= 0 (10)

How this was done exactly is unclear. Especially how the logarithm of the ratio of the two
pressures changed into a ratio with density and pressure. The author went on assuming that the
logarithm of this ratio would be negligible, compared to the f(L/d) term, therefore Equation
(10) was simplified to

p2c  - p2s =  - 4f
ps
\rho s

\varphi 2
m

L

d
(11)

This lead to a more simple differential equation, which was still complicated to solve.
No indication is made here as to what the impact would be on the model and its results, if

the term in the square brackets was kept in tact.

On the Darcy friction factor f Taking for example a �10 mm cylinder, with piston area
Ap = 78.5mm2 and a stroke of 6mm, at the end of the stroke a space is filled of 471mm3.

If the filling is done in, say, 0.5 s then, the gas flow through the supply line, with an in-
ner diameter of 0.125mm, would have a velocity of 471/(\pi 4 \cdot 0.1252)/0.5 = 7.68 \cdot 104mm/s, or
76.8m/s. This would lead to a Reynolds number, Re = \rho vd/\eta = (23.2 kgm - 3 \cdot 76.8m s - 1 \cdot 
125\times 10 - 6 m)/15.1\times 10 - 6 Pa s = 1.47\times 104, which is the turbulent flow regime. This would
result in a friction factor according to the Moody chart [13, p.349] of f = 2.9 \cdot 10 - 2 and not
f = 64

Re = 4.3 \cdot 10 - 3 as predicted by the laminar flow theory.
On the other hand, the difference is not that big, and for a first approximation a laminar

flow assumption might give a reasonable value. Furthermore, the supply line length did not
seem to affect the optimal pressure much, according to [10], therefore the effect of flow friction
is probably not significant.

A.2 The simplified model

One of the objectives of this paper was to simplify the model mentioned above. The result is a
simple explanation of the cause of an optimal gas-consumption, as well as a model to calculate
the optimum.
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There are two main reasons for the existence of an optimal gas-consumption.
First, atmospheric back-pressure, pa, adds to the load, and so a system, running at ps,

requires a larger cylinder than without the extra load. When ps would be at or below pa, it is
even impossible to generate a net force pushing out the piston. Thus the cylinder size required
to generate F\ttn \tte \ttt tends to go to infinity when approaching pa from higher pressures. Obviously,
infinitely big cylinders have a large gas-consumption.

Second, density of the gas increases with pressure, more than proportionally. This means that
at higher pressures less work is performed by the gas as it expands, therefore more gas is consumed
by a cylinder. In other words, Boyle's law (PV = k) does not hold at elevated pressures, there
the volume is lower than expected. Plank formulated an empirical law to compensate for this, in
[9], in essence a modification of the ideal gas law. In Figure 5 the effect of different CO2 models
shows, as the two graphs diverge with increasing pressure.

Temperature effects Note that neither Plettenburg's model, nor the simplified model, in-
clude temperature effects, which generally are significant in expanding gasses. For the intended
application the absolute gas-consumption is estimated at 3.5 g of CO2 per day [10]. The amount
of gas used per cycle is in the order of 10 to 20 µg. It is reasoned that the amount of energy
required to heat this amount of gas to ambient temperature is not a lot, and should easily and
quickly be provided by the surroundings.

Flow losses The simplified model also does not include any other loss effect, such as flow
friction losses through any length of piping or bends. This is mainly because it does not include
cycle time. As long as no leaks are present it is reasoned that all of the gas will end up in the
cylinder (or dead space) and gas-consumption is not increased from this point of view. If time
is part of a model, flow losses would play a role.

B The set-up

The set-up consisted of the test-bench to control and measure displacement and pressure levels
as well as measure force levels and a scale, to measure gas-consumption. Five cylinders were
designed for specific working pressures. They were supplied by a small bottle of CO2 through
an adjustable reduction valve, connected by pipes and tubes.

A difference in pipes The model includes a pipeline, but in the theory [10, p. 59] its length
did not seem to affect the optimal pressure level. In the set-up the corresponding part is the
T-shaped space in the valve-block (Figure 3). It has been designed quite small to reduce the
amount of dead-space. Its volume in the valve-block is relatively small, 8mm3, compared to the
volume in any one of the used cylinders. Although the effect of this dead space is greater in the
smallest cylinder, it was neglected as the extra gas-consumption is only 1.5\%. The tubes and
pipes in the set-up correspond to the supply part in the model. It is in this part that the supply
pressure is regulated.

On the pressure regulator, or reduction valve The reduction valve relies on a force
balance between, the spring force on the valve, which can be modified by hand, and the pressure
difference over the valve. The pressure difference comes from the vapour pressure in the bottle,
and, on the other side of the valve, the system pressure. When the in-valve in the valve block,
opens to fill the cylinder, a pressure drop in the supply part of the system occurs. The regulator
responds by releasing CO2 through its valve.
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However, this response is not 100\% accurate, the valve doesn't always open at the same
pressure and the CO2 flow slows down the closer it gets to the set-point. At times, it would take
several strokes of the piston to even get the opening response from the reduction valve, see e.g.
Figure 11d). Due to the slow response, a new cycle was started before the pressure had come
back up to the set-point.

The valve's response is pressure dependent, more specific, pressure difference dependent. The
probable reason is the O-ring that seals this valve. It is not linearly elastic and doesn't close
sharply. The average pressure over the cycles was therefore chosen as the pressure level for the
measurement.

To increase the accuracy of setting the valve to the correct pressure, an extension has been
made. The extension used a longer spring, but retained the spring force. The screw that was
used to set the spring tension, could then move twice the distance for the same pressure range,
giving a finer control. This was especially important at pressures above 1MPa, because at higher
pressures, the set-point became very sensitive to the spring-force. Unfortunately, it did not solve
the slow response issue.

One option that was not explored, which could help to improve the response, is to reduce
the volume between the regulator and the valve-block. This would cause a faster response of
the valve, because the pressure in the supply-line would drop faster when the `buffer' is smaller.
Also it should cause a flow rate that changes faster and has a higher peak value, because of the
increased pressure difference. This greater pressure difference should help close the valve more
quickly near the set-point.

On the O-ring friction Ff In the Plettenburg's model, as well as the simplified model, the
friction of the O-ring in the piston against the cylinder's inner surface is regarded as part of
the piston load. In other words is not modelled and the friction does not deduct from the force
calculated at the cylinder output. This does not say there is no friction in the set-up. According
to the following analysis the effect of the friction is around 5\% of the net force. This, at least
partly, explains the discrepancy between model and the measured values. Across the entire
pressure range, the measured gas-consumption appears to be roughly 20\% above the modelled
values. This is an important reason the friction has not been measured independently.

In [10, p.45] Equation (12) was given, it is the SI-version of the same equation by Martini
[7, p.124]. Although this equation uses the exact area sealed by the O-ring, Ar, in stead of the
approximation by Martini, who used Ar = W\pi Dm where W is the O-ring thickness and Dm the
O-ring mean diameter. The friction is calculated in two parts, Fh the force due to the pressure
over the O-ring, and Fc the force due to O-ring compression. The compression, s, occurs because
the space between between the perimeter of the seal, Lr, and the piston groove, is smaller than
the O-ring thickness. With this formula the friction force Ff can be calculated,

Ff = Fh + Fc = Ar \cdot fh + Lr \cdot fc
=

\pi 

4
(D2

c  - D2
p) \cdot 0.078p0.61 + 0.175\pi Dc \cdot s

\bigl( 
 - 0.884 + 0.0206Hs  - 0.0001H2

s

\bigr) 
(12)

Here Dp is the piston groove diameter, fh and fc are the friction factors.
To calculate the friction, the guidelines [10, p.49] for O-ring seal were followed. The compres-

sion of the O-rings is 8\%, and the hardness of the O-rings is 70\circ Shore A. Applying the formula
to the sizes of the cylinders that were built, gives a friction of about 4 to 7N at the pressures
they were designed for. These values can be seen in Table 4 and Figure 8.

It should be noted that the formula was based on O-rings on pistons running at at least
5mms - 1, in Ra = 0.4 µm finished chrome plated pistons, lubricated with [MIL-H-5606] hydraulic
oil at room temperature. It means the calculated friction is only an approximation for the friction
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Pd [MPa] Ff Fh Fc

3.64 4.32 2.53 1.80
2.09 4.90 2.51 2.39
1.37 5.49 2.49 2.99
0.99 6.07 2.48 3.59
0.67 6.98 2.49 4.49

Table 4: The cylinder pressures and fric-
tion forces. The total friction Ff is the
sum of the friction due to the pressure
over the O-ring, Fh, and the friction due
to the compression of the O-ring, Fc.
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Figure 8: The graph shows the data from Table 4.
The pressure related friction Fh seems nearly con-
stant when the cylinder size is adapted according to
the pressure. The friction due to O-ring compression
decreases with the cylinder diameter.

in the pistons in this set-up. However, the calculations do make it plausible that increasing the
pressure, while decreasing the cylinder size accordingly, will decrease the friction of O-ring.

C The data in general

To demonstrate the existence and location of the optimal pressure, the initial assumption was
that measuring the gas-consumption at five chosen pressures would suffice. For each cylinder the
sensitivity to the pressure variation was determined first, because practically it proved difficult
to set the reduction valve to an accurate value. For the 6mm cylinder few measurements were
done successfully at high pressure. The measurement at 2.7MPa was especially abnormal, taking
12 full cycles and a pressure drop of nearly 1.5MPa for the pressure reducer to respond.

The internal cylinder of the test bench made sure the force level could not exceed a certain
limit. That is why for a pressure level of 2MPa and up, only the two smallest cylinders were
used and for pressures exceeding 3MPa, only the smallest cylinder was used.

On suspected leakages The gas-consumption in the measurements, seem to be about 20\%
above the model values over the entire pressure range, see Figure 7. One important cause of
increased gas-consumption in general, is leakage. Leakage would cause a bigger gas-consumption
than would be calculated by the effect of only the piston displacement. There are some points in
the data where leakage is suspected. Take for instance Figure 12d). After the first two cycles, the
pressure comes back up to the same level for another three cycles. The force level however, drops
from 110N down to 100N, and for cycles 6, 7 and 8 even to 95N. Even though no change had
been made to the reducer, and similar displacements have been applied. Although for cycles 6,
7 and 8, it might be that the reduction valve simply did not respond because the lower pressure
level was not reached by the supply volume.
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D The results

D.1 The theoretical results

The model by Plettenburg combined a lot of factors dealing with the gas-consumption. An
important part of that model, that of the supply-line geometry, was shown not to affect the
result in terms of optimal pressure. Those factors have been left out in this research. A simplified
model was made that produced a similarly shape graph, see Figure 2 and 5. Although, the exact
location of the optimum was found at a different pressure, 1.42MPa, with the simplified model,
instead of 1.2MPa by Plettenburg.

The optimum at 1.38MPa found by the non-linear fit shows that the non-linear approximation
fitted to 5 points can give a close approximation of the optimum with a given dataset.

Sensitivity According to the simplified model, the optimal pressure is insensitive to the net
force level the cylinder is supposed to deliver. It scales the gas-consumption linearly with the
force. Also changing the stroke length, does not change the optimal pressure level. It scales the
gas-consumption linearly with the volume.

A change in atmospheric pressure does affect the optimum. Values for atmospheric pressure
typically4 vary between between 94.0 and 106.0 kPa, a range of 12 kPa. Within this range, the
optimum varies between 1.385 and 1.445MPa a range of 60 kPa. The gas-consumption varies
from 39.9 to 40.2mg, a range of 0.3mg.

Explaining the optimum Even though the model by Plettenburg, Equation (5), shows the
optimum, it is not trivial to see why. The new model, Equation (9), more clearly shows why
there is an optimum,

At system pressures near atmospheric pressure, the piston has to be very large in order to
produce a net force F\ttn \tte \ttt (of e.g. 100N). With the piston becoming larger, also the volume of the
cylinder becomes large. This accounts for the rise in gas-consumption, when the system pressure
is reduced from the optimum.

If one was to calculate mc using the ideal gas law, the optimal pressure would always be
at the highest pressure of the chosen pressure range. If there is no atmospheric pressure, gas-
consumption would be the same for the whole pressure range.

When correcting for actual CO2 behaviour, as is done with Equation (3) the increased gas-
consumption at a higher pressure is explained. At pressures approaching that of saturated vapour
at room temperature (i.e. 6.0MPa), the density becomes higher than the Ideal Gas Law would
predict. This is why, the graph shows an increase in gas needed to fill the void, even though less
volume needs to be filled.

D.2 The measurement results

The results show an optimum at 1.12MPa. This is in line with previous research, there are
differences though.

First, the gas-consumption prediction was about 20\% lower over the whole pressure range
and second, the optimal pressure was slightly lower as well. The 20\% discrepancy can partly be
explained by O-ring friction, since this was not taken into account in the model, but it is present
in the set-up. No measurements were done to confirm the level of friction, but the consistently
higher gas-consumption does agree with the O-ring friction analysis in subsection B. Given the
uncertainty of the regression of the measurement data, the optimal pressure could still be in a
range 1.0 to 1.4MPa.

4\mathrm{h}\mathrm{t}\mathrm{t}\mathrm{p}://\mathrm{w}\mathrm{w}\mathrm{w}.\mathrm{k}\mathrm{n}\mathrm{m}\mathrm{i}.\mathrm{n}\mathrm{l}/\mathrm{c}\mathrm{m}\mathrm{s}/\mathrm{c}\mathrm{o}\mathrm{n}\mathrm{t}\mathrm{e}\mathrm{n}\mathrm{t}/36213/\mathrm{l}\mathrm{u}\mathrm{c}\mathrm{h}\mathrm{t}\mathrm{d}\mathrm{r}\mathrm{u}\mathrm{k}, \mathrm{r}\mathrm{e}\mathrm{t}\mathrm{r}\mathrm{i}\mathrm{e}\mathrm{v}\mathrm{e}\mathrm{d} 05-03-2015, \mathrm{i}\mathrm{n} \mathrm{D}\mathrm{u}\mathrm{t}\mathrm{c}\mathrm{h}

18



Fitting Equation (6) through the upper 95\% certainty level of the regression data, the optimal
pressure would be 1.00MPa and at the lower 95\% certainty level, the optimal pressure would
be 3.03MPa. At 80\% certainty, they would be 1.06 and 1.30MPa respectively. This shows that
the uncertainty of the regression of the smallest cylinder affects the estimation of the optimum
strongly.

Without the estimation for the largest cylinder, the optimum would be at 1.21MPa. Without
the estimation for the smallest cylinder (with the largest uncertainty), the optimum would be at
1.15MPa.

The non-linear fit probably does not the yield the exact value for the optimum pressure, even
if the estimations are spot on, as can be seen in the theoretical results. The uncertainty of using
the fit is likely to be around \pm 0.05MPa, still making it a good approximation.

Adding to the explanation for the 20\% discrepancy in gas-consumption between the simplified
model and the measurements, is the simplicity of the model. The most obvious omission are
temperature effects. Perhaps the purity of the gas has a large effect on the density of the gas.
These are only guesses, and no estimation can be given here.

19



5 Conclusion

This paper set out to answer the question of whether there is an optimal pressure one could use
for CO2 powered `stand alone' systems and also determine this pressure. The pressure should be
optimal for minimal gas-consumption, as these systems are assumed to have a limited gas-supply.

To do so, a previous model was analysed, and found to be too complex to give a clear
explanation. Thus a simplified model was made, which showed the same behaviour, yet is more
explicit in the origins of the behaviour. A set-up was made, based on the earlier model, to
measure the optimum.

The goals of the paper are met. A straight forward model to calculate the gas-consumption of
a CO2 powered cylinder has been presented. It explains in simple terms why there is an optimal
pressure, for cylinders with the same power output:

\bullet Due to atmospheric pressure on the back of the piston, the size of the piston must increase,
and with it, so will the volume. This larger volume causes a greater gas-consumption
especially at pressures below the optimum.

\bullet Due to the nature of CO2, with increasing pressure, the density of the substance increases
more than it would have according to the ideal gas law. Therefore more gas is consumed
at higher than optimal pressure.

\bullet The simplified model predicts an optimum at 1.42MPa.

The measurements that were done agree with earlier research:

\bullet The optimal pressure was found at 1.12MPa. A bound to this optimum is given between
1.0MPa and 1.4MPa.

The bound reflects the challenges of performing accurate measurements and the flatness of the
curve where the optimum is found. The earlier results, of Lambert [6] and Plettenburg [10],
combined with the results presented here, lead to the conclusion that the optimum found by
Plettenburg, at 1.2MPa, is an efficient choice in system pressure to minimize gas-consumption
in a CO2 powered pneumatic system.
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6 Recommendations

In this section some recommendations are presented which could improve the theory, or the way
the measurements were done.

To expand the theory

\bullet The model presented by Plettenburg, or the simplified model presented in this paper, could
be expanded with thermal effects of the gas.

\bullet Models could be made for other gasses

For performing measurements

\bullet It will be valuable to do more measurements for all cylinders, at various pressures, to
determine a more accurate sensitivity for the cylinders.

\bullet Reduce the amount of volume between the reduction valve and valve-block. This will
improve the response of the reduction valve.

\bullet Use a scale that can handle large weights, yet retain accuracy, so it would be possible to
use accurate but bulky standard reduction valves, and still measure the weight.

\bullet Use a digitally controlled reduction valve, e.g. a piezo actuated one, which uses feedback
to set the pressure.

On future applications
It is wonderful that electrically powered systems are so easy to control. With the right pro-

gramming the applications seem only limited by the imagination. However, things that can be
built are not limited by the imagination, only by physics. Herein lie the opportunities in en-
gineering. For mechatronic engineering it is the challenge build a controllable system using all
that physics has to offer.

New technologies allow for manufacturing of pneumatic systems with a better design. The
main recommendation is to further explore the possibilities (and limitations) of the use of CO2

in pneumatics, specifically:

\bullet Build and work with thin walled cylinders, to maximize the power to weight ratio of
cylinders. Current commercial cylinders are usually designed for industrial applications,
they are generally not optimized for lightweight construction, durability usually outweighs
mass, nor minimal gas-consumption, as an infinite amount of air is usually supplied by a
compressor nearby.

\bullet Recover energy when reducing the gas pressure. CO2 is stored in liquid form at the equilib-
rium pressure of 6.0MPa at room temperature. In the reduction valve used in this research,
energy is wasted when reducing the pressure to the system pressure of 1.2MPa. Use, e.g.
multiple stages of pressure for different parts of the pneumatic system or

\bullet Use lightweight storage of liquid CO2, using e.g. carbon fibre wound containers. Three
quarters of the energy density in the gas supply is lost in the weight of the steel bottle,
which is three times the weight of the gas itself, for the 16 g supply bottles used in these
measurements.

21



References

[1] MATLAB 2014b. The MathWorks, Inc., 3 Apple Hill Drive, Natick, MA, United States,
2014.

[2] A Jr. Bennet Wilson. Externally powered upper-limb prostheses. Prosthetics and Orthotics
Clinic, 2(1), 1978.

[3] Frank Daerden and Dirk Lefeber. The concept and design of
pleated pneumatic artificial muscles. International Journal of Fluid
Power, 2(3):41--50, 2001. doi: 10.1080/14399776.2001.10781119. URL
\tth \ttt \ttt \ttp ://\ttl \ttu \ttc \tty .\ttv \ttu \ttb .\tta \ttc .\ttb \tte /\ttp \ttu \ttb \ttl \tti \ttc \tta \ttt \tti \tto \ttn \tts /\ttD \tta \tte \ttr \ttd \tte \ttn \ttL \tte \ttf \tte \ttb \tte \ttr \ttI \ttJ \ttF \ttP .\ttp \ttd \ttf .

[4] D.C. Doedens. Optimal pressure, lean and powerful pneumatics. Literature study, Febuary
2014.

[5] A. B. Kinnier Wilson. Paper 2: The powered limb and component network: A general
theory concerning their design. In Proceedings of the Institution of Mechanical Engineers,
Conference Proceedings, 1968.

[6] T. H. Lambert. An engineering appraisal of powered prostheses. Bone And Joint Surgery,
49b 2:333--341, 1967.

[7] Leonard J. Martini. Practical seal design. Marcel Dekker, 270 Madison Avenue, 10016, New
York, 1984. ISBN 0-8247-7166-4.

[8] D. S. McKenzie. The clinical application of externally powered artificial
arms. Journal of Bone and Joint Surgery, 47-B(3):399--410, 1965. URL
\tth \ttt \ttt \ttp ://\ttw \ttw \ttw .\ttb \ttj \ttj .\ttb \tto \ttn \tte \tta \ttn \ttd \ttj \tto \tti \ttn \ttt .\tto \ttr \ttg .\ttu \ttk /\ttc \tto \ttn \ttt \tte \ttn \ttt /\ttfour \ttseven -\ttB /\ttthree /\ttthree \ttnine \ttnine .\tta \ttb \tts \ttt \ttr \tta \ttc \ttt .

[9] Rudolf Plank and J. Kuprianoff. Die thermischen Eigenschaften der Kohlens\"aure im
gasf\"ormigen, fl\"ussigen und festen Zustand, volume Heft 1 of Beihefte zur Zeitschrift fr die
gesamte Klte-Industrie. Gesellschaft f\"ur K\"altewesen, 1929.

[10] Dick H. Plettenburg. A sizzling hand prosthesis. On the design and development of a pneu-
maticaly powered hand prosthesis for children. PhD thesis, Technical University of Delft,
2002.

[11] Johan Rob. Ultralight pressure regulator for application in pneumatic prostheses. Master's
thesis, TU Delft, 2012.

[12] Gerwin Smit and Dick H. Plettenburg. Efficiency of voluntary clos-
ing hand and hook prostheses. Prosthetics and Orthotics Interna-
tional, 34(4):411--427, 2010. doi: 10.3109/03093646.2010.486390. URL
\tth \ttt \ttt \ttp ://\ttp \tto \tti .\tts \tta \ttg \tte \ttp \ttu \ttb .\ttc \tto \ttm /\ttc \tto \ttn \ttt \tte \ttn \ttt /\ttthree \ttfour /\ttfour /\ttfour \ttone \ttone .\tta \ttb \tts \ttt \ttr \tta \ttc \ttt .

[13] Frank M. White. Fluid Mechanics (McGraw-Hill International Editions). Mechanical Engi-
neering Series. McGraw-Hill Publishing Co., Boston, 4 edition, 1999. ISBN 0-07-116848-6.

22



7 Appendices

Measurements
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Figure 9: Figures for cylinders with Dc =6.0mm
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Figure 10: Figures for cylinders with Dc =8.0mm
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Figure 11: Figures for cylinders with Dc =10.0mm
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Figure 12: Figures for cylinders with Dc =12.0mm
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Figure 13: Figures for cylinders with Dc =15.0mm
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Material properties
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\ttc \ttl \tte \tta \ttr \ttM \ttc \tto \tttwo ;
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properties of the Plank gas law

\ttg \ttl \tto \ttb \tta \ttl \ttP \ttL \ttA \ttN \ttK 

\ttP \ttL \ttA \ttN \ttK .\tta =\ttzero .\ttzero \tteight \tttwo \ttfive ; \%[\ttK \^(\ttone \ttzero /\ttthree )*{\ttm \ttthree /\ttk \ttg }]

\ttP \ttL \ttA \ttN \ttK .\ttb =\ttone .\tttwo \tttwo \ttfive \tte -\ttseven ; \%[\ttK \^(\ttone \ttzero /\ttthree )*{\ttm \ttthree /\ttk \ttg } /{\ttk \ttp /\ttm \tttwo }]

\ttP \ttL \ttA \ttN \ttK .\ttp \ttA =\ttP \ttL \ttA \ttN \ttK .\tta *\ttone \tte \ttnine /\ttone \tte \ttsix ; \%[\ttK \^(\ttone \ttzero /\ttthree )*{\ttm \ttm \ttthree /\ttm \ttg }]

\ttP \ttL \ttA \ttN \ttK .\ttp \ttB =\ttP \ttL \ttA \ttN \ttK .\ttb *\ttone \tte \ttnine /\ttone \tte \ttsix *\ttone \tte \ttsix /\ttnine .\tteight \ttzero \ttsix \ttsix \ttfive ; \%[\ttK \^(\ttone \ttzero /\ttthree )*{\ttm \ttm \ttthree /\ttm \ttg }/{\ttN /\ttm \ttm \tttwo }]

\ttP \ttL \ttA \ttN \ttK .\ttA =\ttP \ttL \ttA \ttN \ttK .\tta ; \%[\ttK \^(\ttone \ttzero /\ttthree )*{\ttm \ttthree /\ttk \ttg }]

\ttP \ttL \ttA \ttN \ttK .\ttB =\ttP \ttL \ttA \ttN \ttK .\ttb /\ttnine .\tteight \ttzero \ttsix \ttsix \ttfive ; \%[\ttK \^(\ttone \ttzero /\ttthree )*{\ttm \ttthree /\ttk \ttg } / {\ttN /\ttm \tttwo }]

Define geometries

These are de basic geometries for the setup.

\ttg \ttl \tto \ttb \tta \ttl \ttD \.\ttc \ttL \.\ttc \ttA \.\ttc \ttV \.\ttc 

\ttd \ttc =[\ttsix \tteight \ttone \ttzero \ttone \tttwo \ttone \ttfive ]'; \%[\ttm \ttm ] \ttc \tty \ttl \tti \ttn \ttd \tte \ttr \ttd \tti \tta \ttm \tte \ttt \tte \ttr \tts 

\ttl \ttc =\tttwo \ttzero ; \%[\ttm \ttm ] \tts \ttt \ttr \tto \ttk \tte \tto \ttf \ttt \tth \tte \ttp \tti \tts \ttt \tto \ttn 

\ttD \.\ttc =\ttd \ttc *\ttone \tte -\ttthree ; \%[\ttm ]

\ttL \.\ttc =\ttl \ttc *\ttone \tte -\ttthree ; \%[\ttm ]

\ttA \.\ttc =.\tttwo \ttfive *\ttp \tti ()*\ttD \.\ttc .\^\tttwo ; \%[\ttm \tttwo ]

\ttV \.\ttc =\ttA \.\ttc *\ttL \.\ttc ; \%[\ttm \ttthree ]

\ttc \ttl \tte \tta \ttr \ttd \ttc \ttl \ttc 
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B model.m

Contents
\bullet calculate densities
\bullet Calculate required volumes for the pressure range
\bullet Gas mass in the cylinder
\bullet fit a non-linear model to selected points
\bullet Plotting

\% \ttM \ttO \ttD \ttE \ttL \ttB \ttu \tti \ttl \ttd \tts \tta \tts \tti \ttm \ttp \ttl \tti \ttf \tti \tte \ttd \ttv \tte \ttr \tts \tti \tto \ttn \tto \ttf \ttt \tth \tte \ttm \tto \ttd \tte \ttl \ttb \ttu \tti \ttl \ttt \ttb \tty \ttP \ttl \tte \ttt \ttt \tte \ttn \ttb \ttu \ttr \ttg 

\%

\% \ttR \ttE \ttM \ttA \ttR \ttK \ttS : \ttC \tta \ttl \ttc \ttu \ttl \tta \ttt \tte \ttg \tta \tts \ttc \tto \ttn \tts \ttu \ttm \ttp \ttt \tti \tto \ttn \ttv \tti \tta 

\% \ttM = \ttr \tth \tto * \ttV 

\% \ttr \tth \tto \tti \tts \ttc \tta \ttl \ttc \ttu \ttl \tta \ttt \tte \ttd \tto \ttn \ttc \tte \ttw \tti \ttt \tth \ttt \tth \tte \tti \ttd \tte \tta \ttl \ttg \tta \tts \ttl \tta \ttw ,

\% \tta \ttn \ttd \tto \ttn \ttc \tte \ttw \tti \ttt \tth \ttt \tth \tte \ttl \tta \ttw \tta \ttd \tta \ttp \ttt \tte \ttd \ttt \tto \ttt \tth \tte \ttb \tte \tth \tta \ttv \tti \tto \ttu \ttr \tto \ttf \ttC \ttO \tttwo ,

\% \ttu \tts \tti \ttn \ttg \ttt \tth \tte \tta \ttd \tta \ttp \ttt \tti \tto \ttn \tts \ttb \tty \ttP \ttl \tta \ttn \ttk \tta \ttn \ttd \ttK \ttu \ttp \ttr \tti \tta \ttn \tto \ttf \ttf . \ttF \ttu \ttr \ttt \tth \tte \ttr \ttm \tto \ttr \tte , \tta 

\% \ttc \tto \ttr \ttr \tte \ttc \ttt \tti \tto \ttn \tti \tts \ttm \tta \ttd \tte \ttf \tto \ttr \ttt \tth \tte \tta \ttt \ttm \tto \tts \ttp \tth \tte \ttr \tti \ttc \ttp \ttr \tte \tts \tts \ttu \ttr \tte .

\% \ttT \tth \tte \ttn , \tts \tto \ttm \tte \ttp \tto \tti \ttn \ttt \tts \tta \ttr \tte \ttc \tth \tto \tts \tte \ttn , \tta \ttn \ttd \ttp \tta \ttr \tta \ttm \tte \ttt \tte \ttr \tts \ttf \tto \ttu \ttn \ttd \ttt \tto \ttf \tti \ttt \tta 

\% \ttn \tto \ttn -\ttl \tti \ttn \tte \tta \ttr \ttm \tto \ttd \tte \ttl \ttt \tth \ttr \tto \ttu \ttg \tth \ttt \tth \tto \tts \tte \ttp \tto \tti \ttn \ttt \tts .

\%

\% \ttC \ttR \ttE \ttA \ttT \ttE \ttD \ttB \ttY : \ttD .\ttC .\ttD \tto \tte \ttd \tte \ttn \tts 

\% \ttD \ttA \ttT \ttE : \ttzero \ttone -\ttone \tttwo -\tttwo \ttzero \ttone \ttfour 

\% \ttI \ttn \tti \ttt \tti \tta \ttl \tti \tts \tte , \ttt \tto \ttm \tta \ttk \tte \tts \ttu \ttr \tte \ttt \tth \tte \ttw \tto \ttr \ttk \tts \ttp \tta \ttc \tte \tti \tts \ttc \ttl \tte \tta \ttn . \ttA \ttn \ttd \ttt \tth \tte \ttr \tte \tta \ttr \tte \ttn \tto 

\% \ttu \ttn \tte \ttx \ttp \tte \ttc \ttt \tte \ttd \ttf \tti \ttg \ttu \ttr \tte \ttw \tti \ttn \ttd \tto \ttw \tts \tto \ttp \tte \ttn \tta \ttn \ttd \ttg \tte \ttt \ttg \ttl \tto \ttb \tta \ttl \ttv \tta \ttr \tti \tta \ttb \ttl \tte \tts .

\ttc \ttl \tte \tta \ttr \ttv \tta \ttr \tts ;\ttc \ttl \tto \tts \tte \tta \ttl \ttl ;\ttc \ttl \ttc ;

\ttr \ttu \ttn ('\ttv \tta \ttr \tti \tta \ttb \ttl \tte \tts .\ttm ');

calculate densities

[\tts \ttV ,\tts \ttV \.\tti ]=\ttg \tta \tts \ttl \tta \ttw (\ttP \.\tts );

\ttR \tth \tto \.\tti = \ttone ./\tts \ttV \.\tti ; \%[\ttk \ttg /\ttm \ttthree ] \ttu \tts \tti \ttn \ttg \ttt \tth \tte \ttI \ttd \tte \tta \ttl \ttg \tta \tts \ttl \tta \ttw 

\ttR \tth \tto = \ttone ./\tts \ttV ; \% \ttu \tts \tti \ttn \ttg \ttP \ttl \tta \ttn \ttk '\tts \ttl \tta \ttw .

Calculate required volumes for the pressure range

V = Ac * X c; Ac is found via F = P * A Atmospheric pressure can be corrected for here.

\ttA = \ttF \.\ttc ./ (\ttP \.\tts ); \% \ttu \ttn \ttc \tto \ttr \ttr \tte \ttc \ttt \tte \ttd 

\ttV = \ttA .* \ttL \.\ttc ;

\ttA \ttc = \ttF \.\ttc ./ (\ttP \.\tts -\ttP \.\tta ); \% \ttc \tto \ttr \ttr \tte \ttc \ttt \tte \ttd , \ttg \tti \ttv \tti \ttn \ttg \tta \ttl \tta \ttr \ttg \tte \ttr \ttA 

\ttV \ttc = \ttA \ttc .* \ttL \.\ttc ;

Gas mass in the cylinder

\ttM \ttc = \ttR \tth \tto .* \ttV ; \% \ttu \tts \tti \ttn \ttg \ttP \ttl \tta \ttn \ttk 

\ttM \ttc \tti = \ttR \tth \tto \.\tti .* \ttV ; \% \ttu \tts \tti \ttn \ttg \ttI \ttd \tte \tta \ttl \ttg \tta \tts \ttl \tta \ttw 

\ttM \ttc \ttc = \ttR \tth \tto .* \ttV \ttc ; \% \ttc \tto \ttr \ttr \tte \ttc \ttt \tte \ttd \ttf \tto \ttr \tta \ttt \ttm \tto \tts \ttp \tth \tte \ttr \tti \ttc \ttp \ttr \tte \tts \tts \ttu \ttr \tte 

\ttM \ttc \tti \ttc = \ttR \tth \tto \.\tti .* \ttV \ttc ;
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fit a non-linear model to selected points

\ttn \ttl \ttm \tto \ttd \tte \ttl has the form mc = b1x
 - 1 + b2 + b3 \ast x \ttb has the parameters b1, b2 and b3 \ttn \ttl \tti \ttn \ttf \tti \ttt 

starts with \ttb \tti \ttn \tti \ttt and returns \ttb \ttf \tti \ttt \ttd , \ttb \ttf \tti \ttt \ttd are the fitted parameters, these are then used by
\ttn \ttl \ttm \tto \ttd \tte \ttl return a gas-usage for the entire range of \ttP \tts .

\ttn \ttl \ttm \tto \ttd \tte \ttl =@(\ttb ,\ttx ) \ttb (\ttone )*\ttx .\^(-\ttone )+\ttb (\tttwo )+\ttb (\ttthree )*\ttx ;

\ttb \.\tti \ttn \tti \ttt =[\ttone ;\ttone ;\ttone ];\%\tts \tto \ttm \tte \ttr \tta \ttn \ttd \tto \ttm \ttv \tta \ttr \tti \tta \ttb \ttl \tte \tts \ttt \tto \tts \ttt \tta \ttr \ttt \ttw \tti \ttt \tth 

\tts \tte \ttl \tte \ttc \ttt \tti \tto \ttn =\ttfive \ttzero :\ttone \ttzero \ttzero :\tts \tti \ttz \tte (\ttM \ttc \ttc ,\tttwo );

\ttm \ttc \ttc =\ttone \tte \ttsix *\ttM \ttc \ttc (\tts \tte \ttl \tte \ttc \ttt \tti \tto \ttn ); \%[\ttm \ttg ]

\ttp \tts =\ttP \.\tts (\tts \tte \ttl \tte \ttc \ttt \tti \tto \ttn )./\ttone \tte \ttsix ; \%[\ttM \ttP \tta ]

\ttb \.\ttf \tti \ttt \ttd =\ttn \ttl \tti \ttn \ttf \tti \ttt (\ttp \tts ,\ttm \ttc \ttc ,\ttn \ttl \ttm \tto \ttd \tte \ttl ,\ttb \.\tti \ttn \tti \ttt );\%[\ttm \ttg ] \tta \ttn \ttd [\ttM \ttP \tta ]

\ttm \ttf \tti \ttt \ttd =\ttn \ttl \ttm \tto \ttd \tte \ttl (\ttb \.\ttf \tti \ttt \ttd ,\ttP \.\tts /\ttone \tte \ttsix );

\tth .\ttr \tta \ttn \ttg \tte =\ttf \tti \ttn \ttd (\ttP \.\tts );

\tth .\ttm \tti \ttn =\ttf \tti \ttn \ttd (\ttM \ttc \ttc ==\ttm \tti \ttn (\ttM \ttc \ttc (\tth .\ttr \tta \ttn \ttg \tte )));

\%\ttf \ttp \ttr \tti \ttn \ttt \ttf ('``\ttn \ttB \tta \ttc \ttk \ttp \ttr \tte \tts \tts \ttu \ttr \tte : \%\ttfour .\ttzero \ttf \tth \ttP \tta ``\ttn ',\ttP \.\tta /\ttone \ttzero \ttzero );

\%\ttf \ttp \ttr \tti \ttn \ttt \ttf ('\ttM \tta \tts \tts \ttc \tto \ttn \tts \ttu \ttm \tte \ttd : \%\ttthree .\ttzero \ttf \ttm \ttg ``\ttn ',\ttM \ttc \ttc (\tth .\ttm \tti \ttn )*\ttone \tte \ttsix );

\%\ttf \ttp \ttr \tti \ttn \ttt \ttf ('\ttO \ttp \ttt \tti \ttm \tta \ttl \tte \ttd \ttr \ttu \ttk : \%\ttsix .\tttwo \ttf \ttM \ttP \tta ``\ttn ``\ttn ',\ttP \.\tts (\tth .\ttm \tti \ttn )*\ttone \tte -\ttsix );

Plotting

\tth .\ttf \tti \ttg \ttu \ttr \tte =\ttf \tti \ttg \ttu \ttr \tte (\ttone );

\tts \tte \ttt (\ttg \ttc \ttf ,'\ttW \tti \ttn \ttd \tto \ttw \ttS \ttt \tty \ttl \tte ','\ttd \tto \ttc \ttk \tte \ttd ');\tth \tto \ttl \ttd \tto \ttn ;\ttg \ttr \tti \ttd \tto \ttn ;

\tth .\tta \ttx =\ttg \ttc \tta ;\tth .\tta \ttx .\ttX \ttL \tti \ttm =[\ttzero \ttfour \tte \ttsix ];\tth .\tta \ttx .\ttY \ttL \tti \ttm =[\ttthree \ttfive \ttfour \ttfive ];

\tth .\ttp \ttc =\ttp \ttl \tto \ttt (\ttP \.\tts (\tth .\ttr \tta \ttn \ttg \tte ),\ttone \tte \ttsix *\ttM \ttc \ttc (\tth .\ttr \tta \ttn \ttg \tte ),'\ttL \tti \ttn \tte \ttS \ttt \tty \ttl \tte ','-','\ttc \tto \ttl \tto \ttr ',[\ttone \ttzero \ttzero ]*\ttone );

\ttp \ttl \tto \ttt (\ttp \tts *\ttone \tte \ttsix ,\ttm \ttc \ttc ,'\tto '); \ttp \ttl \tto \ttt (\ttP \.\tts ,\ttm \ttf \tti \ttt \ttd ,'--\ttk ');

\tth .\tti \ttc =\ttp \ttl \tto \ttt (\ttP \.\tts (\tth .\ttr \tta \ttn \ttg \tte ),\ttone \tte \ttsix *\ttM \ttc \tti \ttc (\tth .\ttr \tta \ttn \ttg \tte ),'\ttL \tti \ttn \tte \ttS \ttt \tty \ttl \tte ','-.','\ttc \tto \ttl \tto \ttr ',[\ttzero \ttzero \ttone ]*\ttone );

\tth .\ttm \ttone =\ttp \ttl \tto \ttt (\ttP \.\tts (\tth .\ttm \tti \ttn ),\ttone \tte \ttsix *\ttM \ttc \ttc (\tth .\ttm \tti \ttn ),'*');

\ttx \ttl \tta \ttb \tte \ttl ('\ttP \ttr \tte \tts \tts \ttu \ttr \tte [\ttP \tta ]');

\tty \ttl \tta \ttb \tte \ttl ('\ttG \tta \tts \ttr \tte \ttq \ttu \tti \ttr \tte \ttm \tte \ttn \ttt [\ttm \ttg ]');

\ttl \tte \ttg \tte \ttn \ttd ('\ttP \ttl \tta \ttn \ttk ''\tts \ttC \ttO \.\tttwo ','\ttF \tti \ttt \ttp \tto \tti \ttn \ttt \tts ','\ttN \ttL -\ttf \tti \ttt ',...

'\ttI \ttd \tte \tta \ttl \ttC \ttO \.\tttwo ','\ttO \ttp \ttt \tti \ttm \ttu \ttm ',...

'\ttL \tto \ttc \tta \ttt \tti \tto \ttn ','\ttS \tto \ttu \ttt \tth \ttW \tte \tts \ttt ');

\%\ttm \ttl \ttf \tttwo \ttp \ttd \ttf (\tth .\ttf \tti \ttg \ttu \ttr \tte ,'\ttm \tto \ttd \tte \ttl \tts \.\tttwo \ttc ');
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C bekijkdata.m

Contents
\bullet Determine relevant files
\bullet Aquire data from those files
\bullet Set the limits for the observation window
\bullet Retreive data
\bullet Metadata
\bullet Creating plots in several steps
\bullet Build the observation windows
\bullet output images and print the values for \ttv \tte \ttr \ttb \ttr \ttu \tti \ttk .\ttm 

\%\ttB \ttE \ttK \ttI \ttJ \ttK \ttD \ttA \ttT \ttA \ttd \tti \tts \ttp \ttl \tta \tty \tts \ttm \tte \tta \tts \ttu \ttr \tte \ttd \ttd \tta \ttt \tta \ttg \ttr \tta \ttp \tth \tti \ttc \tta \ttl \ttl \tty 

\%

\% \ttR \ttE \ttM \ttA \ttR \ttK \ttS : \ttT \tth \tti \tts \tts \ttc \ttr \tti \ttp \ttt \tti \tts \ttu \tts \tte \ttd \tti \ttn \tto \ttr \ttd \tte \ttr \ttt \tto \ttb \tte \tta \ttb \ttl \tte \ttt \tto \tte \tts \ttt \tti \ttm \tta \ttt \tte \ttg \tta \tts -\ttu \tts \tta \ttg \tte 

\% \ttf \ttr \tto \ttm \ttt \tth \tte \ttc \tth \tto \tts \tte \ttn `\tto \ttb \tts \tte \ttr \ttv \tta \ttt \tti \tto \ttn \ttw \tti \ttn \ttd \tto \ttw '

\%

\% \ttC \ttR \ttE \ttA \ttT \ttE \ttD \ttB \ttY : \ttD .\ttC .\ttD \tto \tte \ttd \tte \ttn \tts 

\% \ttD \ttA \ttT \ttE : \ttone \ttfive -\ttzero \tteight -\tttwo \ttzero \ttone \ttfour 

\ttc \ttl \ttc ;\ttc \ttl \tto \tts \tte \tta \ttl \ttl ;\ttc \ttl \tte \tta \ttr \tta \ttl \ttl ;

\ttc \tti \ttl \tti \ttn \ttd \tte \ttr =\ttone ;

\ttm \tte \ttt \tti \ttn \ttg =\ttzero ;\%\ttzero \ttr \tte \ttt \ttu \ttr \ttn \tts \tta \ttl \ttl \ttm \tte \tta \tts \ttu \ttr \tte \ttm \tte \ttn \ttt \tts 

\ttm \tta \tta \ttt ={'\ttzero \ttsix ','\ttzero \tteight ','\ttone \ttzero ','\ttone \tttwo ','\ttone \ttfive '};

Determine relevant files

\%\ttm \tte \tte \ttt \ttp \tta \ttd ='\ttC :``\ttU \tts \tte \ttr \tts ``\ttD \tti \ttr \ttk ``\ttD \tto \ttc \ttu \ttm \tte \ttn \ttt \tts ``\ttzero \ttone \.\ttS \ttt \ttu \ttd \tti \tte ``\ttzero \ttone \.\tta \ttf \tts \ttt \ttu \ttd \tte \ttr \tte \ttn ``\ttzero \ttone \.\ttp \ttr \tto \tts \ttt \tth \tte \tts \tti \tts ``\ttzero \tttwo \.\ttB \.\ttm \tte \tta \tts \ttu \ttr \tte \tti \ttn \ttg ``';

\%\ttm \tte \tte \ttt \ttp \tta \ttd ='/\ttm \tte \ttd \tti \tta /\ttM \ttI \ttC \ttR \ttO \ttF \ttL \ttO \ttW \ttN /\ttD \tti \ttr \ttk /\ttzero \ttone \.\ttp \ttr \tto \tts \ttt \tth \tte \tts \tti \tts /\ttzero \tttwo \.\ttB \.\ttm \tte \tta \tts \ttu \ttr \tte \tti \ttn \ttg /\ttD \tta \ttt \tta ';

\ttm \tte \tte \ttt \ttp \tta \ttd ='\ttzero \tttwo \.\ttD \tta \ttt \tta /';

\%\ttd \tta \ttt \tta \ttp \tta \ttd ='\ttD \tta \ttt \tta /\ttR \ttu \ttb \ttb \tti \tts \tth ';

\ttd \tta \ttt \tta \ttp \tta \ttd =[\ttm \tta \tta \ttt {\ttc \tti \ttl \tti \ttn \ttd \tte \ttr }];

\ttp \tta \ttd =[\ttm \tte \tte \ttt \ttp \tta \ttd ,\ttd \tta \ttt \tta \ttp \tta \ttd ];

\tti \ttf \ttp \tta \ttd (\tte \ttn \ttd )\~='/'

\ttp \tta \ttd =[\ttp \tta \ttd '/']; \%\ttp \tta \ttd \tts \tth \tto \ttu \ttl \ttd \tta \ttl \ttw \tta \tty \tts \tte \ttn \ttd \tti \ttn ``

\tte \ttn \ttd 

\tti \ttn \tth \tto \ttu \ttd =\ttd \tti \ttr (\ttp \tta \ttd );

\ttn \tto \ttd \tte \tts =\tts \tti \ttz \tte (\tti \ttn \tth \tto \ttu \ttd ,\ttone );\ttf \tti \ttl \tte \ttc \tto \ttu \ttn \ttt =\ttzero ;

\ttf \tto \ttr \tti = \ttone :\ttn \tto \ttd \tte \tts 

\tti \ttf \tti \ttn \tth \tto \ttu \ttd (\tti ).\tti \tts \ttd \tti \ttr == \ttzero \%\ttt \tth \tta \ttn \tti \ttt '\tts \tta \ttf \tti \ttl \tte 

\ttf \tti \ttl \tte \ttc \tto \ttu \ttn \ttt =\ttf \tti \ttl \tte \ttc \tto \ttu \ttn \ttt +\ttone ;

\ttn \tta \tta \ttm {\ttf \tti \ttl \tte \ttc \tto \ttu \ttn \ttt ,\ttone }= \tti \ttn \tth \tto \ttu \ttd (\tti ).\ttn \tta \ttm \tte ;\%\#\tto \ttk 

\tte \ttn \ttd 

\tte \ttn \ttd 

\ttd \tti \tts \ttp (\ttp \tta \ttd );

\ttf \ttp \ttr \tti \ttn \ttt \ttf ('\tta \tta \ttn \ttt \tta \ttl \ttb \tte \tts \ttt \tta \ttn \ttd \tte \ttn \tti \ttn \ttd \tte \ttz \tte \ttm \tta \ttp : \%\tti ``\ttn ',\ttf \tti \ttl \tte \ttc \tto \ttu \ttn \ttt );

\%\tta \ttl \ttl \tte \ttr \tte \ttl \tte \ttv \tta \ttn \ttt \tte \ttd \tta \ttt \tta \tti \tts \tti \ttn '\ttp \tta \ttd ', '\ttn \tta \tta \ttm ' \tta \ttn \ttd '\ttf \tti \ttl \tte \ttc \tto \ttu \ttn \ttt '
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\ttc \ttl \tte \tta \ttr \ttm \tte \tte \ttt \ttp \tta \ttd \ttd \tta \ttt \tta \ttp \tta \ttd \tti \ttn \tth \tto \ttu \ttd \ttn \tto \ttd \tte \tts \tti 

\ttc \ttl \tte \tta \ttr \ttf \tti \ttl \tte \ttT \tto \ttR \tte \tta \ttd 

\tti \ttf \ttm \tte \ttt \tti \ttn \ttg ;

\ttl \tto \tto \ttp \ttr \tta \ttn \ttg \tte =\ttm \tte \ttt \tti \ttn \ttg ;

\tte \ttl \tts \tte 

\ttl \tto \tto \ttp \ttr \tta \ttn \ttg \tte =\ttone :\ttf \tti \ttl \tte \ttc \tto \ttu \ttn \ttt ;

\tte \ttn \ttd 

Aquire data from those files

\ttf \tto \ttr \ttl \tto \tto \ttp \ttn \ttr =\ttl \tto \tto \ttp \ttr \tta \ttn \ttg \tte 

Set the limits for the observation window

These are set to determine the `observaion window' from which the measurements are taken.
They are manually determined for each file. The limits of the ranges are paired in columns of
two. The limits are set for mass \ttm \tta \tts \tts , force \ttF , pressure \ttP , displacement \ttx and time \ttt .

\% \ttm \tta \tts \tts | \ttF | \ttP | \ttx | \ttt ;

\ttl \tti \ttm \tti \ttt \tts \ttzero \ttsix =[...

\ttzero , \ttone \ttsix \ttzero , \ttone \ttseven ,\ttthree \ttfive , \ttnine ,\ttone \tttwo , -\ttone \ttzero , \ttfive \ttzero , \ttone ,\ttone \ttnine \ttzero \ttzero ;...\ttone 

\ttzero , \ttone \ttthree \ttzero , \tttwo \ttzero ,\ttthree \ttzero , \tteight ,\ttone \ttone , -\ttone \ttzero , \ttfive \ttzero , \ttone ,\ttzero ;...\tttwo 

\ttone \ttseven \ttnine , \ttthree \ttzero \ttzero , \ttone \ttzero ,\tttwo \ttfour , \ttfour .\ttfive ,\tteight .\ttfive , -\ttone \ttzero , \ttfive \ttzero , \ttone ,\ttzero ;...\ttthree 

\ttzero , \ttsix \ttzero \ttzero , \tttwo \ttzero ,\ttone \ttone \ttzero , \tteight ,\ttthree \ttnine , -\ttone \ttzero , \ttfive \ttzero , \ttone ,\ttzero ;...\ttfour 

\tttwo \ttzero \ttzero , \ttsix \ttzero \ttzero , \tteight \ttthree ,\ttone \ttone \tttwo , \ttthree \ttzero ,\ttfour \ttzero , -\ttone \ttzero , \ttfive \ttzero , \ttthree \ttzero \ttzero ,\ttzero ;...\ttfive 

];\% \ttM \tta \ttn \ttu \tta \ttl \ttl \tty \tte \ttd \tti \ttt \tte \ttd \ttf \tto \ttr \tte \tta \ttc \tth \ttp \ttl \tto \ttt 

\% \ttm \tta \tts \tts | \ttF | \ttP | \ttx | \ttt ;

\ttl \tti \ttm \tti \ttt \tts \ttzero \tteight =[...

\ttzero , \tttwo \ttfive \ttzero , \ttthree \ttzero ,\ttsix \ttfive , \ttseven ,\ttone \ttthree , -\ttone \ttzero ,\ttfive \ttzero , \ttfive \ttzero ,\ttzero ;...\ttone 

\ttone \ttthree \tttwo , \ttthree \ttfour \ttfive , \tttwo \ttfive ,\ttfive \ttfive , \ttsix ,\ttone \ttzero .\tteight , -\ttone \ttzero ,\ttfive \ttzero , \ttone ,\ttzero ;...\tttwo 

\ttzero , \ttone \ttthree \ttzero , \tttwo \ttzero ,\ttfour \ttone , \ttfour .\ttfive ,\tteight .\ttfive , -\ttone \ttzero ,\ttfive \ttzero , \ttsix \ttzero ,\ttfour \ttseven \ttone *(\ttone \tte \ttthree /\tttwo \ttfive \ttzero );...\ttthree 

\ttzero , \ttone \ttone \ttzero , \tttwo \ttzero ,\ttseven \ttzero , \ttfive ,\ttone \ttfour , -\ttone \ttzero ,\ttfive \ttzero , \ttone ,\ttzero ;...\ttfour 

\ttzero , \ttseven \tttwo \ttzero , \ttsix \ttzero ,\ttone \ttzero \ttzero , \ttone \tttwo ,\tttwo \ttzero .\ttfive , -\ttone \ttzero ,\ttfive \ttzero , \ttone ,\ttzero ;...\ttfive 

];\% \ttM \tta \ttn \ttu \tta \ttl \ttl \tty \tte \ttd \tti \ttt \tte \ttd \ttf \tto \ttr \tte \tta \ttc \tth \ttp \ttl \tto \ttt 

\% \ttm \tta \tts \tts | \ttF | \ttP | \ttx | \ttt ;

\ttl \tti \ttm \tti \ttt \tts \ttone \ttzero =[...

\ttzero , \ttsix \ttzero \ttzero , \tttwo \ttzero ,\ttone \ttone \ttzero , \ttfour ,\ttone \ttfour , -\ttone \ttzero ,\ttfive \ttzero , \ttone ,\ttzero ;...\ttone 

\ttthree \ttfive \ttfour ,\ttsix \tttwo \ttfive , \tttwo \ttthree ,\ttone \ttzero \ttfive , \ttthree .\ttnine ,\ttone \ttthree .\ttfour , -\ttone \ttzero ,\ttfive \ttzero , \ttthree \ttzero ,\ttzero ;...\tttwo 

\ttfour \tteight , \ttthree \ttzero \ttzero , \ttthree \ttzero ,\ttsix \ttsix , \ttfour .\ttfive ,\tteight .\ttsix , -\ttone \ttzero ,\ttfive \ttzero ,\ttfour \ttfive \ttfive ,\ttthree \ttfour \ttzero \ttzero ;...\ttthree 

\ttzero , \ttone \ttzero \ttzero , \ttfour \ttzero ,\ttone \ttzero \ttzero , \ttfive ,\ttone \ttfour , -\ttone \ttzero ,\ttfive \ttzero , \ttone ,\ttzero ;...\ttfour 

];\% \ttM \tta \ttn \ttu \tta \ttl \ttl \tty \tte \ttd \tti \ttt \tte \ttd \ttf \tto \ttr \tte \tta \ttc \tth \ttp \ttl \tto \ttt 

\% \ttm \tta \tts \tts | \ttF | \ttP | \ttx | \ttt ;

\ttl \tti \ttm \tti \ttt \tts \ttone \tttwo =[...

\% \ttthree \ttone \ttseven , \ttfive \ttfive \ttzero , \ttone \ttzero ,\ttfive \ttzero , \ttone ,\ttfour .\ttfive , -\ttone \ttzero , \ttfive \ttzero ,(\tttwo +\ttfour \ttthree \ttfive .\tteight *\ttfive ),\ttzero ;...\ttone 

\tttwo \ttseven \ttsix , \ttfive \ttfive \ttzero , \ttone \ttzero ,\ttfive \ttzero , \ttone ,\ttfour .\ttfive , -\ttone \ttzero , \ttfive \ttzero ,(\tttwo +\ttone \ttnine \ttnine .\ttsix *\ttfive ),\ttzero ;...\ttone 

\ttsix \ttseven , \ttfour \ttzero \ttzero , \tttwo \ttfive ,\ttseven \ttfive , \tttwo ,\ttsix .\tteight , -\ttone \ttzero , \ttfive \ttzero ,\ttone \ttzero \ttthree \ttone ,\ttzero ;...\tttwo 

\ttzero , \ttsix \ttzero \ttzero , \tttwo \ttzero ,\ttone \ttone \ttzero , \ttone .\ttthree ,\ttone \ttzero .\tttwo , -\ttone \ttzero , \ttfive \ttzero , \ttone ,\ttzero ;...\ttthree 

\ttzero , \ttseven \ttzero \ttzero , \ttfour \ttzero ,\ttone \ttthree \ttzero , \ttthree .\ttfive ,\ttone \ttone .\ttseven , -\ttone \ttzero , \ttfive \ttzero , \ttone ,\ttzero ;...\ttfour \ttf \tto \ttr \tta \ttl \ttl \tto \ttf \ttt \tth \tte \ttf \tti \ttl \tte 

\%\ttfour \ttone \ttone , \ttseven \ttzero \ttzero , \ttfour \ttzero ,\ttone \ttthree \ttzero , \ttthree .\ttfive ,\ttone \ttone .\ttseven , -\ttone \ttzero , \ttfive \ttzero ,\ttone \tteight \ttfour \ttseven ,\ttzero ;... \ttf \tto \ttr \ttt \tth \tte \ttl \tta \tts \ttt \tth \tta \ttl \ttf \tto \ttf \ttt \tth \tte \ttf \tti \ttl \tte 
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\% \ttone , \ttfive \ttzero \ttzero , \ttfour \ttzero ,\ttone \ttthree \ttzero , \ttthree .\ttfive ,\ttone \ttone .\ttseven , -\ttone \ttzero , \ttfive \ttzero , \ttone ,\ttone \ttzero \ttzero \ttzero ;... \ttf \tto \ttr \ttt \tth \tte \tts \tte \ttc \tto \ttn \ttd \tth \tta \ttl \ttf 

\% \ttzero , \tttwo \ttfive \ttzero , \ttfive \tteight ,\ttone \ttfive \tteight , \ttfive .\ttfive ,\ttone \ttfour , -\ttone \ttzero , \ttfive \ttzero ,\ttone \ttnine \tteight ,\ttone \tttwo \ttzero \ttzero ;... \ttd \tto \ttn '\ttt \ttt \ttr \ttu \tts \ttt \ttt \tth \tte \ttf \tti \ttr \tts \ttt \ttb \tti \ttt ...

\ttseven \tttwo , \ttseven \ttfive \ttzero , \ttfive \tteight ,\ttone \ttfive \tteight , \ttfive .\ttfive ,\ttone \ttfour , -\ttone \ttzero , \ttfive \ttzero ,\ttone \tteight \ttone \ttzero ,\ttzero ;...\ttfive \ttD \ttu \ttn \ttn \tto \tti \ttf \ttI \tts \tth \tto \ttu \ttl \ttd \ttu \tts \tte \ttt \tth \tti \tts .

\ttone \tttwo \ttfour , \ttfour \ttone \ttzero , \ttnine \ttzero ,\ttone \ttfour \ttfive , \ttseven .\ttfive ,\ttone \ttthree .\tttwo , -\ttone \ttzero , \ttfive \ttzero ,\ttthree \ttfive \ttone ,\ttzero ;...\ttsix 

];\% \ttM \tta \ttn \ttu \tta \ttl \ttl \tty \tte \ttd \tti \ttt \tte \ttd \ttf \tto \ttr \tte \tta \ttc \tth \ttp \ttl \tto \ttt 

\% \ttm \tta \tts \tts | \ttF | \ttP | \ttx | \ttt ;

\ttl \tti \ttm \tti \ttt \tts \ttone \ttfive =[...

\ttzero , \tteight \tttwo \ttfive ,\ttone \ttone \ttzero ,\tttwo \ttthree \ttzero , \ttseven ,\ttone \ttthree .\ttfive , -\ttone \ttzero , \ttfive \ttzero , \ttone ,\ttzero ;...\ttone 

\ttzero , \tttwo \ttzero \ttzero , \tteight \ttfive ,\ttone \tteight \ttfive , \ttfive ,\ttone \ttone .\ttone , -\ttone \ttzero , \ttfive \ttzero , \ttone ,\ttzero ;...\tttwo 

\ttzero , \ttsix \ttzero \ttzero , \ttfour \ttzero ,\ttone \tttwo \ttfive ,\ttthree .\tttwo ,\ttseven , -\ttone \ttzero , \ttfive \ttzero , \ttone ,\ttzero ;...\ttthree 

\% \ttzero , \ttthree \ttthree \ttzero , \ttsix \ttfive ,\ttone \ttsix \tteight ,\ttfour .\ttfive ,\ttnine .\ttsix , -\ttone \ttzero , \ttfive \ttzero , \ttone ,\ttzero ;...\ttfour 

\ttzero , \ttthree \ttthree \ttzero , \ttsix \ttfive ,\ttone \ttsix \tteight ,\ttfour .\ttfive ,\ttnine .\ttsix , -\ttone \ttzero , \ttfive \ttzero , \ttone ,\tteight \tteight \tteight ;...\ttfour 

\ttsix \tttwo , \ttsix \ttzero \ttzero , \tteight \ttzero ,\tttwo \ttzero \ttzero ,\ttfive .\ttfour ,\ttone \ttone .\ttfive , -\ttone \ttzero , \ttfive \ttzero ,\ttone \ttseven \ttfour ,\ttzero ;...\ttfive 

\ttone \ttseven \ttsix , \ttsix \ttfour \ttzero ,\ttone \ttthree \ttzero ,\tttwo \tttwo \ttzero , \ttseven ,\ttone \ttthree , -\ttone \ttzero , \ttfive \ttzero ,\ttfour \ttthree \ttnine ,\ttone \ttthree \ttzero \ttzero ;...\ttsix 

\ttfour \ttseven , \ttone \ttseven \ttzero , \tttwo \ttzero ,\ttone \ttone \ttzero ,\ttone .\ttfive ,\ttsix .\ttfour , -\ttone \ttzero , \ttfive \ttzero , \ttone ,\ttzero ;...\ttseven 

\ttone \ttfour \ttnine , \ttthree \ttfour \ttzero , \ttthree \ttzero ,\ttone \tttwo \ttzero ,\tttwo .\ttfour ,\ttseven , -\ttone \ttzero , \ttfive \ttzero ,\tteight \tteight \ttfive ,\ttzero ;...\tteight 

];\% \ttM \tta \ttn \ttu \tta \ttl \ttl \tty \tte \ttd \tti \ttt \tte \ttd \ttf \tto \ttr \tte \tta \ttc \tth \ttp \ttl \tto \ttt 

\% \ttm \tta \tts \tts | \ttF | \ttP | \ttx | \ttt ;

\ttl \tti \ttm \tti \ttt \tts =\tte \ttv \tta \ttl (['\ttl \tti \ttm \tti \ttt \tts ' \ttm \tta \tta \ttt {\ttc \tti \ttl \tti \ttn \ttd \tte \ttr }]);

\ttt \tto \ttf \tts \tte \ttt =\ttl \tti \ttm \tti \ttt \tts (\ttl \tto \tto \ttp \ttn \ttr ,\ttnine );\ttt \tte \ttn \ttd =\ttl \tti \ttm \tti \ttt \tts (\ttl \tto \tto \ttp \ttn \ttr ,\ttone \ttzero );

Clean up before a new plotset, to prevent data from mixing

\ttc \ttl \tte \tta \ttr \ttl \tti \ttm \tti \ttt \tts \ttzero \ttsix \ttl \tti \ttm \tti \ttt \tts \ttzero \tteight \ttl \tti \ttm \tti \ttt \tts \ttone \ttzero \ttl \tti \ttm \tti \ttt \tts \ttone \tttwo \ttl \tti \ttm \tti \ttt \tts \ttone \ttfive ;

\ttc \ttl \tte \tta \ttr \ttn \tte \ttw \ttD \tta \ttt \tta \ttv \tta \ttr \tts ; \%\ttt \tti \ttj \ttd \tte \ttl \tti \ttj \ttk \tte \ttd \tta \ttt \tta 

\ttc \ttl \tte \tta \ttr \ttc \tto \ttl \tth \tte \tta \ttd \tte \ttr \tts \ttd \tta \ttt \tta \ttt \tte \ttx \ttt \ttd \tta \ttt \tta ; \%\ttt \tti \ttj \ttd \tte \ttl \tti \ttj \ttk \tte \ttd \tta \ttt \tta 

\ttc \ttl \tte \tta \ttr \ttt \tti \ttm \tte \ttm \tta \tts \tts \tta \ttD \ttr \ttu \ttk \ttD \ttr \ttu \ttk \ttfour \ttzero \ttk \ttr \tta \ttc \tth \ttt \ttv \tte \ttr \ttp \ttl \tta \tta \ttt \tts \tti \ttn \ttg ; \%\ttt \tte \ttv \tte \ttr \ttw \tta \ttc \tth \ttt \tte \ttn \ttd \tta \ttt \tta 

\ttc \ttl \tte \tta \ttr \ttd \ttr \ttu \ttk \ttr \tti \tts \tte ;

Retreive data

This part should return the measured data: \ttt \tti \ttm \tte , \ttk \ttr \tta \ttc \tth \ttt , \ttv \tte \ttr \ttp \ttl \tta \tta \ttt \tts \tti \ttn \ttg , \ttD \ttr \ttu \ttk (\ttD \ttr \ttu \ttk \ttfour \ttzero ), \ttm \tta \tts \tts 
and \tti \ttm \tta \tts \tts most of these variablesnames are defined by the headers in the measurement file.

\ttf \tti \ttl \tte \ttT \tto \ttR \tte \tta \ttd =[\ttp \tta \ttd \ttn \tta \tta \ttm {\ttl \tto \tto \ttp \ttn \ttr }];

\ttf \ttp \ttr \tti \ttn \ttt \ttf ('``\ttn *********** ``\ttn \ttd \tta \ttt \tta \ttu \tti \ttt \%\tti : \%\tts ``\ttn ',[\ttl \tto \tto \ttp \ttn \ttr ,\ttn \tta \tta \ttm {\ttl \tto \tto \ttp \ttn \ttr }]);

[\ttn \tte \ttw \ttD \tta \ttt \tta ,\~,\~] = \tti \ttm \ttp \tto \ttr \ttt \ttd \tta \ttt \tta (\ttf \tti \ttl \tte \ttT \tto \ttR \tte \tta \ttd ,'``\ttt '); \% \ttg \tte \ttt \ttc \tto \ttl \tth \tte \tta \ttd \tte \ttr \tts , \ttd \tta \ttt \tta , \ttt \tte \ttx \ttt \ttd \tta \ttt \tta 

\%\ttd \tti \tts \ttp (\tts \ttp \ttr \tti \ttn \ttt \ttf ('\ttn \ttu \ttm \ttb \tte \ttr \tto \ttf \tth \tte \tta \ttd \tte \ttr \ttl \tti \ttn \tte \tts : \%\tti ', \ttn \tth \tte \tta \ttd ))

\ttv \tta \ttr \tts = \ttf \tti \tte \ttl \ttd \ttn \tta \ttm \tte \tts (\ttn \tte \ttw \ttD \tta \ttt \tta ); \% \ttC \ttr \tte \tta \ttt \tte \ttn \tte \ttw \ttv \tta \ttr \tti \tta \ttb \ttl \tte \tts \tti \ttn \ttw \tto \ttr \ttk \tts \ttp \tta \ttc \tte .

\ttf \tto \ttr \tti = \ttone :\ttl \tte \ttn \ttg \ttt \tth (\ttv \tta \ttr \tts ) \%\ttm \tta \ttk \tte \ttv \tta \ttr \tti \tta \ttb \ttl \tte \tts \tto \ttu \ttt \tto \ttf \tth \tte \tta \ttd \tte \ttr 

\tta \tts \tts \tti \ttg \ttn \tti \ttn ('\ttb \tta \tts \tte ', \ttv \tta \ttr \tts {\tti }, \ttn \tte \ttw \ttD \tta \ttt \tta .(\ttv \tta \ttr \tts {\tti }));

\tte \ttn \ttd 

\tti \ttf \ttt \tte \ttn \ttd ==\ttzero 

\ttt \tte \ttn \ttd =\ttl \tte \ttn \ttg \ttt \tth (\ttd \tta \ttt \tta );

\tte \ttn \ttd 

\tta \tts \tts \tti \ttg \ttn \tti \ttn ('\ttb \tta \tts \tte ', \tts \tts \ttc \tta \ttn \ttf (\tte \ttv \tta \ttl ([\ttv \tta \ttr \tts {\tte \ttn \ttd } '{\ttone }']),'\%\ttc \%\tts *'),\ttd \tta \ttt \tta (\ttt \tto \ttf \tts \tte \ttt :\ttt \tte \ttn \ttd ,\ttone ));\%\ttt \tti \ttm \tte \ttd \tta \ttt \tta 

\%\tta \tts \tts \tti \ttg \ttn \tti \ttn ('\ttb \tta \tts \tte ',\tts \tts \ttc \tta \ttn \ttf (\ttc \tto \ttl \tth \tte \tta \ttd \tte \ttr \tts {\tttwo },'\%\ttc \%\tts *'),\ttd \tta \ttt \tta (:,\tttwo ));\% \ttr \tta \ttw \ttd \tta \ttt \tta \tti \ttn \ttv \tto \ttl \ttt 

\%\tta \tts \tts \tti \ttg \ttn \tti \ttn ('\ttb \tta \tts \tte ',\tts \tts \ttc \tta \ttn \ttf (\ttc \tto \ttl \tth \tte \tta \ttd \tte \ttr \tts {\ttthree },'\%\ttc \%\tts *'),\ttd \tta \ttt \tta (:,\ttthree ));\%

\%\tta \tts \tts \tti \ttg \ttn \tti \ttn ('\ttb \tta \tts \tte ',\tts \tts \ttc \tta \ttn \ttf (\ttc \tto \ttl \tth \tte \tta \ttd \tte \ttr \tts {\ttfour },'\%\ttc \%\tts *'),\ttd \tta \ttt \tta (:,\ttfour ));\%

\tta \tts \tts \tti \ttg \ttn \tti \ttn ('\ttb \tta \tts \tte ', \tts \tts \ttc \tta \ttn \ttf (\tte \ttv \tta \ttl ([\ttv \tta \ttr \tts {\tte \ttn \ttd } '{\ttfive }']),'\%\ttc \%\tts *'),\ttd \tta \ttt \tta (\ttt \tto \ttf \tts \tte \ttt :\ttt \tte \ttn \ttd ,\ttfive ));\% \ttD \ttr \ttu \ttk 

\tta \tts \tts \tti \ttg \ttn \tti \ttn ('\ttb \tta \tts \tte ', \tts \tts \ttc \tta \ttn \ttf (\tte \ttv \tta \ttl ([\ttv \tta \ttr \tts {\tte \ttn \ttd } '{\ttsix }']),'\%\ttc \%\tts *'),\ttd \tta \ttt \tta (\ttt \tto \ttf \tts \tte \ttt :\ttt \tte \ttn \ttd ,\ttsix ));\% \ttK \ttr \tta \ttc \tth \ttt 
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\tta \tts \tts \tti \ttg \ttn \tti \ttn ('\ttb \tta \tts \tte ', \tts \tts \ttc \tta \ttn \ttf (\tte \ttv \tta \ttl ([\ttv \tta \ttr \tts {\tte \ttn \ttd } '{\ttseven }']),'\%\ttc \%\tts *'),\ttd \tta \ttt \tta (\ttt \tto \ttf \tts \tte \ttt :\ttt \tte \ttn \ttd ,\ttseven ));\% \ttV \tte \ttr \ttp \ttl \tta \tta \ttt \tts \tti \ttn \ttg 

\tta \tts \tts \tti \ttg \ttn \tti \ttn ('\ttb \tta \tts \tte ', \tts \tts \ttc \tta \ttn \ttf (\tte \ttv \tta \ttl ([\ttv \tta \ttr \tts {\tte \ttn \ttd } '{\tteight }']),'\%\ttc \%\tts *'),\ttd \tta \ttt \tta (\ttt \tto \ttf \tts \tte \ttt :\ttt \tte \ttn \ttd ,\tteight ));\% \ttm \tta \tts \tts \tta 

\tth \tti \ttg \tth \ttp \ttr \tte \tts \tts \ttu \ttr \tte =\ttzero ;

\tti \ttf \tts \tti \ttz \tte (\ttc \tto \ttl \tth \tte \tta \ttd \tte \ttr \tts ,\tttwo )>\tteight 

\tta \tts \tts \tti \ttg \ttn \tti \ttn ('\ttb \tta \tts \tte ', \tts \tts \ttc \tta \ttn \ttf (\tte \ttv \tta \ttl ([\ttv \tta \ttr \tts {\tte \ttn \ttd } '{\ttnine }']),'\%\ttc \%\tts *'),\ttd \tta \ttt \tta (\ttt \tto \ttf \tts \tte \ttt :\ttt \tte \ttn \ttd ,\ttnine ));\% \ttD \ttr \ttu \ttk \ttfour \ttzero 

\tth \tti \ttg \tth \ttp \ttr \tte \tts \tts \ttu \ttr \tte =\ttone ;

\tte \ttn \ttd \%\ttc \tth \tte \ttc \ttk \ttv \tto \tto \ttr \ttn \ttu \ttm \ttb \tte \ttr \tto \ttf \ttp \ttr \tte \tts \tts \ttu \ttr \tte \tts \tte \ttn \tts \tto \ttr \tts 

\tti \ttf (\tth \tti \ttg \tth \ttp \ttr \tte \tts \tts \ttu \ttr \tte \&\& \ttm \tta \ttx (\ttD \ttr \ttu \ttk \ttfour \ttzero )<\ttzero .\ttthree )

\tth \tti \ttg \tth \ttp \ttr \tte \tts \tts \ttu \ttr \tte =\ttzero ;

\tte \ttn \ttd \% \ttA \tth \tta \ttc \ttk \ttf \tto \ttr \tta \ttp \tta \ttr \ttt \tti \ttc \ttu \ttl \tta \ttr \ttf \tti \ttl \tte \ttw \tti \ttt \tth \ttb \tto \ttt \tth \ttp \ttr \tte \tts \tts \ttu \ttr \tte \tts \tte \ttn \tts \tto \ttr \ttd \tta \ttt \tta \ttc \tto \ttl \ttu \ttm \ttn \tts 

\% \ttb \ttu \ttt \tto \ttn \ttl \tty \tto \ttn \tte \tts \tte \ttn \tts \tto \ttr \tta \ttc \ttt \ttu \tta \ttl \ttl \tty \tta \ttt \ttt \tta \ttc \tth \tte \ttd .

Metadata

Here the data is being processed for metadata, which can be used in e.g., minimum and maximum
values, or avarage values in the `observation window'

\ttt \tti \ttm \tte =(\ttt \tti \ttm \tte -\ttm \tti \ttn (\ttt \tti \ttm \tte ))/\ttone \ttzero \ttzero \ttzero ;

\ttn \ttd \tta \ttt \tta =\ttl \tte \ttn \ttg \ttt \tth (\ttt \tti \ttm \tte ); \%\ttn \ttu \ttm \ttb \tte \ttr \tto \ttf \ttd \tta \ttt \tta \ttp \tto \tti \ttn \ttt \tts 

\ttf \ttp \ttr \tti \ttn \ttt \ttf ('\ttA \tta \ttn \ttt \tta \ttl \ttk \tto \ttl \tto \ttm \ttm \tte \ttn \ttd \tta \ttt \tta : \%\tti ``\ttn ',\tts \tti \ttz \tte (\ttc \tto \ttl \tth \tte \tta \ttd \tte \ttr \tts ,\tttwo ));

\tti \ttv \tta \ttl =\ttf \tti \ttn \ttd (\ttk \ttr \tta \ttc \tth \ttt <-\ttl \tti \ttm \tti \ttt \tts (\ttl \tto \tto \ttp \ttn \ttr ,\ttthree )\&\ttk \ttr \tta \ttc \tth \ttt >-\ttl \tti \ttm \tti \ttt \tts (\ttl \tto \tto \ttp \ttn \ttr ,\ttfour ));

\ttn \ttm \tte \ttt \tti \ttn \ttg =\tts \tti \ttz \tte (\tti \ttv \tta \ttl ,\ttone );

\ttf \ttg \tte \ttm =-\tts \ttu \ttm (\ttk \ttr \tta \ttc \tth \ttt (\tti \ttv \tta \ttl ))/\ttn \ttm \tte \ttt \tti \ttn \ttg ;

\tti \ttf \tth \tti \ttg \tth \ttp \ttr \tte \tts \tts \ttu \ttr \tte 

\ttf \ttp \ttr \tti \ttn \ttt \ttf ('\ttE \ttr \tti \tts \ttd \ttu \tts \ttm \tte \ttt \ttd \tte \ttfour \ttzero \ttb \tta \ttr \tts \tte \ttn \tts \tto \ttr \ttg \tte \ttm \tte \ttt \tte \ttn ``\ttn ');

\ttd \ttg \tte \ttm =\tts \ttu \ttm (\ttD \ttr \ttu \ttk \ttfour \ttzero (\tti \ttv \tta \ttl ))/\ttn \ttm \tte \ttt \tti \ttn \ttg ;

\tte \ttl \tts \tte \% \ttl \tto \ttw \ttp \ttr \tte \tts \tts \ttu \ttr \tte 

\ttd \ttg \tte \ttm =\tts \ttu \ttm (\ttD \ttr \ttu \ttk (\tti \ttv \tta \ttl ))/\ttn \ttm \tte \ttt \tti \ttn \ttg ;

\tte \ttn \ttd \% \ttg \tte \ttt \ttd \ttg \tte \ttm 

\ttd \tti \tta =\tts \ttq \ttr \ttt (\ttfour *\ttf \ttg \tte \ttm /(\ttp \tti ()*(\ttd \ttg \tte \ttm /\ttone \ttzero )));

\ttf \ttp \ttr \tti \ttn \ttt \ttf ([

'\ttE \ttr \ttz \tti \ttt \ttt \tte \ttn \%\tti \ttn \ttu \ttt \ttt \tti \ttg \tte \ttm \tte \tte \ttt \ttm \tto \ttm \tte \ttn \ttt \tte \ttn \tti \ttn \tth \tte \ttt \ttb \tte \tts \ttt \tta \ttn \ttd .``\ttn ' ...

'\ttU \tti \ttt \%\tti \ttm \tte \ttt \tti \ttn \ttg \tte \ttn , \ttb \tti \ttj \ttg \tte \ttm \tti \ttd \ttd \tte \ttl \ttd ``\ttn \%\tttwo .\tttwo \ttf \ttb \tta \ttr \tte \ttn \%\tttwo .\tttwo \ttf \ttN ``\ttn ' ...

'\ttW \tto \ttr \ttd \ttt \tte \tte \ttn \ttg \tte \ttm \tti \ttd \ttd \tte \ttl \ttd \tte \ttd \tti \tta \ttm \tte \ttt \tte \ttr \ttt \tte \ttr \ttu \ttg \ttg \tte \ttr \tte \ttk \tte \ttn \ttd : ``\ttn '...

'\%\tttwo .\ttone \ttf ``\ttn '],[\ttn \ttd \tta \ttt \tta \ttn \ttm \tte \ttt \tti \ttn \ttg \ttd \ttg \tte \ttm \ttf \ttg \tte \ttm \ttd \tti \tta ]);

\tti \ttm \tta \tts \tts =\tti \ttn \ttt \ttthree \tttwo (\ttf \tti \ttn \ttd (\ttd \tti \ttf \ttf (\ttm \tta \tts \tts \tta ))); \%\tti \ttn \ttd \tti \ttc \tte \tts \tto \ttf \ttm \tta \tts \tts \ttc \tth \tta \ttn \ttg \tte \ttp \tto \tti \ttn \ttt \tts 

\ttm \tta \tts \tts =\ttm \tta \tts \tts \tta ([\tti \ttm \tta \tts \tts ;\tte \ttn \ttd ]); \%\tti \ttn \ttc \ttl \ttu \ttd \tte \tte \ttn \ttd -\ttv \tta \ttl \ttu \tte 

\tti \ttf \ttm \tta \tts \tts (\tte \ttn \ttd -\ttone )==\tteight \ttnine \tttwo \ttfive \%

\ttm \tta \tts \tts (\tte \ttn \ttd -\ttone )=\tteight \tttwo \ttfive ;

\tte \ttn \ttd \% \ttV \tte \ttr \tty \ttq \ttu \tti \ttc \ttk \tta \ttn \ttd \ttd \tti \ttr \ttt \tty \tth \tta \ttc \ttk \ttf \tto \ttr \tta \tts \tti \ttn \ttg \ttl \tte \ttf \tta \ttl \tts \tte \tte \ttn \ttt \ttr \tty 

Clean up after extraction

\ttc \ttl \tte \tta \ttr \tti \tti \ttv \tta \ttl \%\ttc \tto \ttu \ttn \ttt \tte \ttr \tts 

\ttc \ttl \tte \tta \ttr \ttf \tti \ttl \tte \ttT \tto \ttR \tte \tta \ttd \ttn \ttm \tte \ttt \tti \ttn \ttg ;

\%\ttc \ttl \tte \tta \ttr \ttn \ttm \tte \ttt \tti \ttn \ttg \ttd \ttg \tte \ttm \ttf \ttg \tte \ttm \ttd \tti \tta ;

\ttc \ttl \tte \tta \ttr \ttn \tte \ttw \ttD \tta \ttt \tta \ttn \tth \tte \tta \ttd \ttd \tte \ttl \tti \ttm \ttv \tta \ttr \tts ; \%\ttt \tti \ttj \ttd \tte \ttl \tti \ttj \ttk \tte \ttd \tta \ttt \tta 

\ttc \ttl \tte \tta \ttr \ttd \tta \ttt \tta \ttt \tte \ttx \ttt \ttd \tta \ttt \tta \ttc \tto \ttl \tth \tte \tta \ttd \tte \ttr \tts \ttr \tto \ttw \tth \tte \tta \ttd \tte \ttr \tts ; \%\ttt \tti \ttj \ttd \tte \ttl \tti \ttj \ttk \tte \ttd \tta \ttt \tta 

\ttc \ttl \tte \tta \ttr \ttm \tta \tts \tts \tta \ttt \tto \ttf \tts \tte \ttt \ttt \tte \ttn \ttd ; \%\ttn \tto \ttl \tto \ttn \ttg \tte \ttr \ttn \tte \tte \ttd \tte \ttd 
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Creating plots in several steps
\bullet Create axes
\bullet Plot data one by one

1. mass
2. pressurerise
3. pressure
4. force
5. displacement

\bullet Build the `observation window'

1. Change limits
2. Re-place the axes, so the graphs overlap
3. Add some final touches before finishing the plot

Create axes

\tth .\ttf \tti \ttg \ttu \ttr \tte =\ttf \tti \ttg \ttu \ttr \tte (\ttl \tto \tto \ttp \ttn \ttr ); \%\ttc \ttr \tte \tta \ttt \tte \tta \ttn \tte \ttw \ttf \tti \ttg \ttu \ttr \tte 

\tts \tte \ttt (\ttg \ttc \ttf ,'\ttW \tti \ttn \ttd \tto \ttw \ttS \ttt \tty \ttl \tte ','\ttd \tto \ttc \ttk \tte \ttd ');

\tth .\tta \ttx \.\ttm \tta \tts \tts =\ttg \ttc \tta ;

\tth .\tta \ttx \.\ttf \tto \ttr \ttc \tte =\ttc \tto \ttp \tty \tto \ttb \ttj (\tth .\tta \ttx \.\ttm \tta \tts \tts ,\tth .\ttf \tti \ttg \ttu \ttr \tte );

\tth .\tta \ttx \.\ttp \ttr \tte \tts \tts \ttu \ttr \tte =\ttc \tto \ttp \tty \tto \ttb \ttj (\tth .\tta \ttx \.\ttm \tta \tts \tts ,\tth .\ttf \tti \ttg \ttu \ttr \tte );

\tth .\tta \ttx \.\ttd \tti \tts \ttp \ttl \tta \ttc \tte =\ttc \tto \ttp \tty \tto \ttb \ttj (\tth .\tta \ttx \.\ttm \tta \tts \tts ,\tth .\ttf \tti \ttg \ttu \ttr \tte );

\ttl \tti \ttn \ttk \tta \ttx \tte \tts ([\tth .\tta \ttx \.\ttm \tta \tts \tts ,\tth .\tta \ttx \.\ttf \tto \ttr \ttc \tte ,\tth .\tta \ttx \.\ttp \ttr \tte \tts \tts \ttu \ttr \tte ,\tth .\tta \ttx \.\ttd \tti \tts \ttp \ttl \tta \ttc \tte ],'\tto \ttf \ttf ');

\tts \tte \ttt (\tth .\tta \ttx \.\ttp \ttr \tte \tts \tts \ttu \ttr \tte ,'\ttC \tto \ttl \tto \ttr ','\ttn \tto \ttn \tte ');

\tts \tte \ttt (\tth .\tta \ttx \.\ttf \tto \ttr \ttc \tte ,'\ttC \tto \ttl \tto \ttr ','\ttn \tto \ttn \tte ');

\tts \tte \ttt (\tth .\tta \ttx \.\ttd \tti \tts \ttp \ttl \tta \ttc \tte ,'\ttC \tto \ttl \tto \ttr ','\ttn \tto \ttn \tte ');

\tts \tte \ttt (\tth .\tta \ttx \.\ttm \tta \tts \tts ,'\ttC \tto \ttl \tto \ttr ','\ttw \tth \tti \ttt \tte ');

\tta \ttx \ttf \tto \ttn \ttt =\ttone \ttfive ;\%\ttf \tto \ttn \ttt \tts \tti \ttz \tte \ttf \tto \ttr \tta \ttx \tte \tts 

plot mass data

\tta \ttx \tte \tts (\tth .\tta \ttx \.\ttm \tta \tts \tts );

\tty \ttl \tta \ttb \tte \ttl ('\ttm \tta \tts \tts [\ttm \ttg ]','\ttc \tto \ttl \tto \ttr ',[\ttzero .\ttfive .\ttfive ],'\ttF \tto \ttn \ttt \tts \tti \ttz \tte ',\tta \ttx \ttf \tto \ttn \ttt );

\tth .\ttm \tta \tts \tts =\ttl \tti \ttn \tte ([\ttzero ;\ttt \tti \ttm \tte (\tti \ttm \tta \tts \tts )],\ttm \tta \tts \tts ,'\ttM \tta \ttr \ttk \tte \ttr ','*','\ttC \tto \ttl \tto \ttr ',[ \ttzero .\ttfive .\ttfive ]); \%\ttp \ttl \tto \ttt \tta \ttt \ttc \tth \tta \ttn \ttg \tte \ttp \tto \tti \ttn \ttt \tts 

\%\tth .\ttm \tta \tts \tts \ttl \tte \ttg \tte \ttn \ttd =\ttl \tte \ttg \tte \ttn \ttd (\tth .\ttm \tta \tts \tts ,'\ttm \tta \tts \tts \tta ');

\%\ttc \ttl \tte \tta \ttr \tti \ttm \tta \tts \tts 

plot pressurerise/massaverbruik
\bullet \ttm \tta \tts \tts \tta contains mass data,
\bullet \tti \ttm \tta \tts \tts are the indices where mass has increased
\bullet \ttD \ttr \ttu \ttk /| Druk40| contain pressure data
\bullet \ttn \ttd \tta \ttt \tta are the number of datapoints in this window. The data for pressure is filtered to

extract the data which show when pressure rises. The argument being that only when
pressure rises, gas is drawn from the supply. Thus the pressure rise should coincide with
the weight drop on the scale.

\tti \ttf \tth \tti \ttg \tth \ttp \ttr \tte \tts \tts \ttu \ttr \tte 

\%\tts \ttm \tto \tto \ttt \tth \tto \ttu \ttt \ttd \tta \ttt \tta 

\ttw \ttt \tts = [\ttone /\tttwo \ttzero ;\ttr \tte \ttp \ttm \tta \ttt (\ttone /\ttone \ttzero ,\ttnine ,\ttone );\ttone /\tttwo \ttzero ];

\ttD \tts = \ttc \tto \ttn \ttv (\ttD \ttr \ttu \ttk \ttfour \ttzero ,\ttw \ttt \tts ,'\ttv \tta \ttl \tti \ttd ');
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\%\ttp \ttl \tto \ttt (\ttt \tti \ttm \tte (\ttfive :\tte \ttn \ttd -\ttsix ),\ttD \tts *\ttc \tto \tte \ttf .\ttd \ttr \ttk (\ttl \tto \tto \ttp \ttn \ttr ))

\%\ttf \tti \ttn \ttd \ttr \tti \tts \tte \tts 

\tti \ttd \ttr \ttu \ttk \ttr \tti \tts \tte =(\ttf \tti \ttn \ttd (\ttd \tti \ttf \ttf (\ttD \tts )>\ttzero .\ttzero \ttzero \ttone ));\%\ttd \ttr \ttu \ttk \ttr \tti \tts \tte 

\% \tti \ttd \ttr \ttu \ttk \ttr \tti \tts \tte =(\ttf \tti \ttn \ttd (\ttd \tti \ttf \ttf (\ttD \tts )\~=\ttzero ));\%\ttd \ttr \ttu \ttk \ttr \tti \tts \tte 

\ttd \ttr \ttu \ttk \ttr \tti \tts \tte (\ttn \ttd \tta \ttt \tta )=\ttzero ;\%\ttp \ttr \tte \tta \ttl \ttl \tto \ttc \tta \ttt \tte 

\ttf \tto \ttr \tti =\ttfive :\ttn \ttd \tta \ttt \tta 

\tti \ttf \ttf \tti \ttn \ttd (\tti \ttd \ttr \ttu \ttk \ttr \tti \tts \tte ==\tti )

\ttd \ttr \ttu \ttk \ttr \tti \tts \tte (\tti )=\ttd \ttr \ttu \ttk \ttr \tti \tts \tte (\tti -\ttone )+\ttD \tts (\tti )-\ttD \tts (\tti -\ttone );

\tte \ttl \tts \tte 

\ttd \ttr \ttu \ttk \ttr \tti \tts \tte (\tti )=\ttd \ttr \ttu \ttk \ttr \tti \tts \tte (\tti -\ttone );

\tte \ttn \ttd 

\tte \ttn \ttd 

\tte \ttl \tts \tte \%\ttl \tto \ttw \ttp \ttr \tte \tts \tts \ttu \ttr \tte 

\% \tts \ttm \tto \tto \ttt \tth \tto \ttu \ttt \ttd \tta \ttt \tta 

\ttw \ttt \tts = [\ttone /\tttwo \ttzero ;\ttr \tte \ttp \ttm \tta \ttt (\ttone /\ttone \ttzero ,\ttnine ,\ttone );\ttone /\tttwo \ttzero ];

\ttD \tts = \ttc \tto \ttn \ttv (\ttD \ttr \ttu \ttk ,\ttw \ttt \tts ,'\ttv \tta \ttl \tti \ttd ');

\%\ttp \ttl \tto \ttt (\ttt \tti \ttm \tte (\ttfive :\tte \ttn \ttd -\ttsix ),\ttD \tts *\ttc \tto \tte \ttf .\ttd \ttr \ttk (\ttl \tto \tto \ttp \ttn \ttr ))

\tti \ttd \ttr \ttu \ttk \ttr \tti \tts \tte =(\ttf \tti \ttn \ttd (\ttd \tti \ttf \ttf (\ttD \tts )>\ttzero .\ttzero \ttzero \ttone ));\%\ttd \ttr \ttu \ttk \ttr \tti \tts \tte 

\ttd \ttr \ttu \ttk \ttr \tti \tts \tte (\ttn \ttd \tta \ttt \tta )=\ttzero ;\%\#\tto \ttk <*\ttS \ttA \ttG \ttR \ttO \ttW > \%\ttp \ttr \tte \tta \ttl \ttl \tto \ttc \tta \ttt \tte 

\ttf \tto \ttr \tti =\ttfive :\ttn \ttd \tta \ttt \tta 

\tti \ttf \ttf \tti \ttn \ttd (\tti \ttd \ttr \ttu \ttk \ttr \tti \tts \tte ==\tti )

\ttd \ttr \ttu \ttk \ttr \tti \tts \tte (\tti )=\ttd \ttr \ttu \ttk \ttr \tti \tts \tte (\tti -\ttone )+\ttD \tts (\tti )-\ttD \tts (\tti -\ttone );

\tte \ttl \tts \tte 

\ttd \ttr \ttu \ttk \ttr \tti \tts \tte (\tti )=\ttd \ttr \ttu \ttk \ttr \tti \tts \tte (\tti -\ttone );

\tte \ttn \ttd 

\tte \ttn \ttd 

\tte \ttn \ttd 

\tts \tte \ttt (\tth .\ttf \tti \ttg \ttu \ttr \tte ,'\ttC \ttu \ttr \ttr \tte \ttn \ttt \ttA \ttx \tte \tts ',\tth .\tta \ttx \.\ttm \tta \tts \tts );

\tts \ttc \tta \ttl \tte \ttd \ttr \ttu \ttk =(\ttm \tta \ttx (\ttm \tta \tts \tts )-\ttm \tti \ttn (\ttm \tta \tts \tts ))/\ttm \tta \ttx (\ttd \ttr \ttu \ttk \ttr \tti \tts \tte );

\tth .\ttr \tti \tts \tte =\ttl \tti \ttn \tte (\ttt \tti \ttm \tte ,\ttd \ttr \ttu \ttk \ttr \tti \tts \tte *\tts \ttc \tta \ttl \tte \ttd \ttr \ttu \ttk +\ttm \tti \ttn (\ttm \tta \tts \tts ),'\ttc \tto \ttl \tto \ttr ','\ttm ');

\ttc \ttl \tte \tta \ttr \tti \tti \ttd \ttr \ttu \ttk \ttr \tti \tts \tte \ttD \tts \ttw \ttt \tts \tts \ttc \tta \ttl \tte \ttd \ttr \ttu \ttk ;

\ttc \ttl \tte \tta \ttr \ttn \ttd \tta \ttt \tta 

plot pressure data

\%\tta \ttx \tte \tts (\tth .\tta \ttx \.\ttp \ttr \tte \tts \tts \ttu \ttr \tte );

\tts \tte \ttt (\tth .\ttf \tti \ttg \ttu \ttr \tte ,'\ttC \ttu \ttr \ttr \tte \ttn \ttt \ttA \ttx \tte \tts ',\tth .\tta \ttx \.\ttp \ttr \tte \tts \tts \ttu \ttr \tte );

\tty \ttl \tta \ttb \tte \ttl ('\ttp \ttr \tte \tts \tts \ttu \ttr \tte [\ttb \tta \ttr ]','\ttc \tto \ttl \tto \ttr ','\ttr ','\ttF \tto \ttn \ttt \tts \tti \ttz \tte ',\tta \ttx \ttf \tto \ttn \ttt );

\tti \ttf \tth \tti \ttg \tth \ttp \ttr \tte \tts \tts \ttu \ttr \tte 

\tth .\ttp \ttr \tte \tts =\ttl \tti \ttn \tte (\ttt \tti \ttm \tte , \ttD \ttr \ttu \ttk \ttfour \ttzero ,'\ttc \tto \ttl \tto \ttr ','\ttr ');

\%\tth .\ttp \ttr \tte \tts \tts \ttu \ttr \tte \ttl \tte \ttg \tte \ttn \ttd =\ttl \tte \ttg \tte \ttn \ttd ('\ttD \ttr \ttu \ttk \ttfour \ttzero ');

\%\tts \tte \ttt (\tth .\ttp \ttr \tte \tts \tts \ttu \ttr \tte \ttl \tte \ttg \tte \ttn \ttd ,'\ttL \tto \ttc \tta \ttt \tti \tto \ttn ','\ttN \tto \ttr \ttt \tth \ttE \tta \tts \ttt ','\ttC \tto \ttl \tto \ttr ','\ttw \tth \tti \ttt \tte ');

\tte \ttl \tts \tte \% \tte \ttr \tti \tts \ttg \tte \tte \ttn \ttD \ttr \ttu \ttk \ttfour \ttzero , \ttl \tto \ttw \ttp \ttr \tte \tts \tts \ttu \ttr \tte 

\tth .\ttp \ttr \tte \tts =\ttl \tti \ttn \tte (\ttt \tti \ttm \tte ,\ttD \ttr \ttu \ttk ,'\ttc \tto \ttl \tto \ttr ','\ttr ');

\%\tth .\ttp \ttr \tte \tts \tts \ttu \ttr \tte \ttl \tte \ttg \tte \ttn \ttd =\ttl \tte \ttg \tte \ttn \ttd ('\ttD \ttr \ttu \ttk ');

\%\tts \tte \ttt (\tth .\ttp \ttr \tte \tts \tts \ttu \ttr \tte \ttl \tte \ttg \tte \ttn \ttd ,'\ttL \tto \ttc \tta \ttt \tti \tto \ttn ','\ttS \tto \ttu \ttt \tth \tte \tta \tts \ttt ','\ttC \tto \ttl \tto \ttr ','\ttw \tth \tti \ttt \tte ');

\tte \ttn \ttd \%\ttc \tth \tte \ttc \ttk \ttv \tto \tto \ttr \tta \tta \ttn \ttt \tta \ttl \ttd \ttr \ttu \ttk \tts \tte \ttn \tts \tto \ttr \tte \ttn 

37



\ttc \ttl \tte \tta \ttr \tth \tti \ttg \tth \ttp \ttr \tte \tts \tts \ttu \ttr \tte ;

plot force data

\tta \ttx \tte \tts (\tth .\tta \ttx \.\ttf \tto \ttr \ttc \tte );

\tts \tte \ttt (\tth .\ttf \tti \ttg \ttu \ttr \tte ,'\ttC \ttu \ttr \ttr \tte \ttn \ttt \ttA \ttx \tte \tts ',\tth .\tta \ttx \.\ttf \tto \ttr \ttc \tte );

\tty \ttl \tta \ttb \tte \ttl ('\ttf \tto \ttr \ttc \tte [\ttN ]','\ttc \tto \ttl \tto \ttr ','\ttb ','\ttF \tto \ttn \ttt \tts \tti \ttz \tte ',\tta \ttx \ttf \tto \ttn \ttt );

\tth .\ttf \tto \ttr \ttc =\ttl \tti \ttn \tte (\ttt \tti \ttm \tte ,-\ttk \ttr \tta \ttc \tth \ttt ,'\ttc \tto \ttl \tto \ttr ','\ttb ');

\%\tth .\ttf \tto \ttr \ttc \tte \ttl \tte \ttg \tte \ttn \ttd =\ttl \tte \ttg \tte \ttn \ttd ('\ttf \tto \ttr \ttc \tte ');

plot displacement data

\%\tta \ttx \tte \tts (\tth .\tta \ttx \.\ttd \tti \tts \ttp \ttl \tta \ttc \tte );

\tts \tte \ttt (\tth .\ttf \tti \ttg \ttu \ttr \tte ,'\ttC \ttu \ttr \ttr \tte \ttn \ttt \ttA \ttx \tte \tts ',\tth .\tta \ttx \.\ttd \tti \tts \ttp \ttl \tta \ttc \tte );

\tty \ttl \tta \ttb \tte \ttl ('\ttd \tti \tts \ttp \ttl \tta \ttc \tte \ttm \tte \ttn \ttt [\ttm \ttm ]','\ttc \tto \ttl \tto \ttr ',[\ttzero .\ttfive \ttzero ],'\ttF \tto \ttn \ttt \tts \tti \ttz \tte ',\tta \ttx \ttf \tto \ttn \ttt );

\tth .\ttd \tti \tts \ttp =\ttl \tti \ttn \tte (\ttt \tti \ttm \tte ,\ttv \tte \ttr \ttp \ttl \tta \tta \ttt \tts \tti \ttn \ttg ,'\ttc \tto \ttl \tto \ttr ',[\ttzero .\ttfive \ttzero ]);

\ttl \tti \ttn \tte ([\tth .\tta \ttx \.\ttd \tti \tts \ttp \ttl \tta \ttc \tte .\ttX \ttL \tti \ttm ],[\tttwo \ttzero \tttwo \ttzero ],'\ttL \tti \ttn \tte \ttS \ttt \tty \ttl \tte ',':','\ttc \tto \ttl \tto \ttr ',[.\tteight .\tteight .\tteight ]);

\ttl \tti \ttn \tte ([\tth .\tta \ttx \.\ttd \tti \tts \ttp \ttl \tta \ttc \tte .\ttX \ttL \tti \ttm ],[\ttone \ttnine \ttone \ttnine ],'\ttL \tti \ttn \tte \ttS \ttt \tty \ttl \tte ','--','\ttc \tto \ttl \tto \ttr ',[.\tteight .\tteight .\tteight ]);

\ttf \ttp \ttr \tti \ttn \ttt \ttf ('\ttm \tte \tta \ttn \ttd \tti \tts \ttp \ttl \tta \ttc \tte \ttm \tte \ttn \ttt : \%\ttfour .\ttone \ttf ``\ttn ',...

\ttm \tte \tta \ttn (\ttv \tte \ttr \ttp \ttl \tta \tta \ttt \tts \tti \ttn \ttg (\ttv \tte \ttr \ttp \ttl \tta \tta \ttt \tts \tti \ttn \ttg >\ttone \tteight )));

\ttv \tte \ttr \ttp \ttl (\ttl \tto \tto \ttp \ttn \ttr )=\ttm \tte \tta \ttn (\ttv \tte \ttr \ttp \ttl \tta \tta \ttt \tts \tti \ttn \ttg (\ttv \tte \ttr \ttp \ttl \tta \tta \ttt \tts \tti \ttn \ttg >\ttone \tteight ));\%\#\tto \ttk 

\%\tth .\ttp \ttl \tta \ttc \tte \ttl \tte \ttg \tte \ttn \ttd =\ttl \tte \ttg \tte \ttn \ttd ('\ttd \tti \tts \ttp \ttl \tta \ttc \tte \ttm \tte \ttn \ttt ');

Build the observation windows

change y-limits

\tts \tte \ttt (\tth .\tta \ttx \.\ttm \tta \tts \tts ,'\ttY \ttl \tti \ttm ' ,[\ttl \tti \ttm \tti \ttt \tts (\ttl \tto \tto \ttp \ttn \ttr ,\ttone ) \ttl \tti \ttm \tti \ttt \tts (\ttl \tto \tto \ttp \ttn \ttr ,\tttwo )]);

\tts \tte \ttt (\tth .\tta \ttx \.\ttf \tto \ttr \ttc \tte ,'\ttY \ttl \tti \ttm ' ,[\ttl \tti \ttm \tti \ttt \tts (\ttl \tto \tto \ttp \ttn \ttr ,\ttthree ) \ttl \tti \ttm \tti \ttt \tts (\ttl \tto \tto \ttp \ttn \ttr ,\ttfour )]);

\tts \tte \ttt (\tth .\tta \ttx \.\ttp \ttr \tte \tts \tts \ttu \ttr \tte ,'\ttY \ttl \tti \ttm ',[\ttl \tti \ttm \tti \ttt \tts (\ttl \tto \tto \ttp \ttn \ttr ,\ttfive ) \ttl \tti \ttm \tti \ttt \tts (\ttl \tto \tto \ttp \ttn \ttr ,\ttsix )]);

\tts \tte \ttt (\tth .\tta \ttx \.\ttd \tti \tts \ttp \ttl \tta \ttc \tte ,'\ttY \ttl \tti \ttm ',[\ttl \tti \ttm \tti \ttt \tts (\ttl \tto \tto \ttp \ttn \ttr ,\ttseven ) \ttl \tti \ttm \tti \ttt \tts (\ttl \tto \tto \ttp \ttn \ttr ,\tteight )]);

\ttc \ttl \tte \tta \ttr \ttl \tti \ttm \tti \ttt \tts ;

separate axes for final plot

\%\tts \tte \ttt (\tth .\tta \ttx \.\ttf \tto \ttr \ttc \tte ,'\ttc \tto \ttl \tto \ttr ','\ttn \tto \ttn \tte ');

\tts \tte \ttt (\tth .\tta \ttx \.\ttm \tta \tts \tts ,'\ttP \tto \tts \tti \ttt \tti \tto \ttn ', [.\ttthree \ttzero .\ttone .\ttsix .\tteight ]);

\tts \tte \ttt (\tth .\tta \ttx \.\ttf \tto \ttr \ttc \tte ,'\ttP \tto \tts \tti \ttt \tti \tto \ttn ', [.\tttwo \ttzero .\ttone .\ttseven .\tteight ]);

\tts \tte \ttt (\tth .\tta \ttx \.\ttp \ttr \tte \tts \tts \ttu \ttr \tte ,'\ttP \tto \tts \tti \ttt \tti \tto \ttn ', [.\ttone \ttzero .\ttone .\tteight .\tteight ]);

\tts \tte \ttt (\tth .\tta \ttx \.\ttd \tti \tts \ttp \ttl \tta \ttc \tte ,'\ttP \tto \tts \tti \ttt \tti \tto \ttn ', [.\ttthree \ttzero .\ttone .\ttsix .\tteight ]);

\tts \tte \ttt (\tth .\tta \ttx \.\ttd \tti \tts \ttp \ttl \tta \ttc \tte ,'\ttY \ttA \ttx \tti \tts \ttL \tto \ttc \tta \ttt \tti \tto \ttn ','\ttr \tti \ttg \tth \ttt ');

\% \ttR \ttu \ttn \ttt \tth \tte \ttp \tta \ttr \ttt \ttb \tte \ttl \tto \ttw , \tta \ttf \ttt \tte \ttr \ttt \tth \tte \ttf \tti \ttr \tts \ttt \ttp \ttl \tto \ttt 

\tta \ttx \ttl \tti \ttm \ttx =\ttg \tte \ttt (\tth .\tta \ttx \.\ttd \tti \tts \ttp \ttl \tta \ttc \tte ,'\ttX \ttL \tti \ttm ');

\ttr \tta \ttn \ttg \tte =\ttd \tti \ttf \ttf (\tta \ttx \ttl \tti \ttm \ttx );

\ttr \tta \ttn \ttg \tts \ttt \tte \ttp =\ttr \tta \ttn \ttg \tte /.\ttsix ;

\ttb \ttx \ttl \tti \ttm \ttx =[\tta \ttx \ttl \tti \ttm \ttx (\ttone )-.\ttone *\ttr \tta \ttn \ttg \tts \ttt \tte \ttp \tta \ttx \ttl \tti \ttm \ttx (\tttwo )];

\ttc \ttx \ttl \tti \ttm \ttx =[\tta \ttx \ttl \tti \ttm \ttx (\ttone )-.\tttwo *\ttr \tta \ttn \ttg \tts \ttt \tte \ttp \tta \ttx \ttl \tti \ttm \ttx (\tttwo )];

\tts \tte \ttt (\tth .\tta \ttx \.\ttf \tto \ttr \ttc \tte ,'\ttX \ttl \tti \ttm ',\ttb \ttx \ttl \tti \ttm \ttx );

\tts \tte \ttt (\tth .\tta \ttx \.\ttp \ttr \tte \tts \tts \ttu \ttr \tte ,'\ttX \ttl \tti \ttm ',\ttc \ttx \ttl \tti \ttm \ttx ,'\ttc \tto \ttl \tto \ttr ','\ttw \tth \tti \ttt \tte ');

\tts \tte \ttt (\tth .\tta \ttx \.\ttm \tta \tts \tts ,'\ttX \ttl \tti \ttm ',\tta \ttx \ttl \tti \ttm \ttx ,'\ttc \tto \ttl \tto \ttr ','\ttn \tto \ttn \tte ');

\tts \tte \ttt (\tth .\tta \ttx \.\ttf \tto \ttr \ttc \tte ,'\ttX \ttt \tti \ttc \ttk ',[]);
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\tts \tte \ttt (\tth .\tta \ttx \.\ttp \ttr \tte \tts \tts \ttu \ttr \tte ,'\ttX \ttt \tti \ttc \ttk ',[]);

\tts \tte \ttt (\tth .\tta \ttx \.\ttm \tta \tts \tts ,'\ttX \ttt \tti \ttc \ttk ',[]);

\tth \tto \ttl \ttd \tto \ttn ;

\ttu \tti \tts \ttt \tta \ttc \ttk (\tth .\tta \ttx \.\ttm \tta \tts \tts ,'\ttt \tto \ttp ');

\ttc \ttl \tte \tta \ttr \ttr \tta \ttn \ttg \tte \ttr \tta \ttn \ttg \tts \ttt \tte \ttp ;

\ttc \ttl \tte \tta \ttr \tta \ttx \ttl \tti \ttm \ttx \ttb \ttx \ttl \tti \ttm \ttx \ttc \ttx \ttl \tti \ttm \ttx ;

details of plot

\ttd \tte \ttt \tta \tti \ttl =\tts \ttp \ttr \tti \ttn \ttt \ttf ('\ttP \.{\tta \ttv \ttg }=\%\ttfour .\ttone \ttf [\ttb \tta \ttr ]``\ttn \ttF \.{\tta \ttv \ttg }=\%\ttfour .\ttone \ttf [\ttN ]',...

[\ttd \ttg \tte \ttm ; \ttf \ttg \tte \ttm ]);

\tth .\tta \ttn \ttn \tto \ttt \tta \ttt \tti \tto \ttn =\tta \ttn \ttn \tto \ttt \tta \ttt \tti \tto \ttn (\tth .\ttf \tti \ttg \ttu \ttr \tte ,...

'\ttt \tte \ttx \ttt \ttb \tto \ttx ',[.\ttseven .\ttone .\tttwo .\ttone \ttthree ],...

...\%'\ttS \ttt \ttr \tti \ttn \ttg ',\ttd \tte \ttt \tta \tti \ttl ,...

'\ttE \ttd \ttg \tte \ttC \tto \ttl \tto \ttr ','\ttb \ttl \tta \ttc \ttk ',...

'\ttB \tta \ttc \ttk \ttg \ttr \tto \ttu \ttn \ttd \ttC \tto \ttl \tto \ttr ','\ttw \tth \tti \ttt \tte ',...

'\ttF \tto \ttn \ttt \ttS \tti \ttz \tte ',\ttone \ttfour );

\tth .\tta \ttn \ttn \tto \ttt \tta \ttt \tti \tto \ttn =\tta \ttn \ttn \tto \ttt \tta \ttt \tti \tto \ttn (\tth .\ttf \tti \ttg \ttu \ttr \tte ,...

'\ttt \tte \ttx \ttt \ttb \tto \ttx ',[.\ttseven .\ttone .\tttwo .\ttone \ttthree ],...

'\ttS \ttt \ttr \tti \ttn \ttg ',\ttd \tte \ttt \tta \tti \ttl ,...

'\ttF \tto \ttn \ttt \ttS \tti \ttz \tte ',\ttone \ttfour );

\ttf \ttt \tti \ttt \ttl \tte =\tts \ttp \ttr \tti \ttn \ttt \ttf ('\ttr \%\ttzero \tttwo \tti - \ttP \%\ttfour .\tttwo \ttf \ttM \ttP \tta - \%\ttfour .\ttone \ttf \ttN ',[\ttc \tte \tti \ttl (\ttd \tti \tta ) \ttd \ttg \tte \ttm /\ttone \ttzero \ttf \ttg \tte \ttm ]);

\%\ttt \tti \ttt \ttl \tte (\ttf \ttt \tti \ttt \ttl \tte ,'\ttF \tto \ttn \ttt \tts \tti \ttz \tte ',\ttone \ttzero );\%, '\ttF \tto \ttn \ttt \ttW \tte \tti \ttg \tth \ttt ', '\ttb \tto \ttl \ttd ');

\tts \tte \ttt (\tth .\ttf \tti \ttg \ttu \ttr \tte ,'\ttu \ttn \tti \ttt \tts ','\ttc \tte \ttn \ttt \tti \ttm \tte \ttt \tte \ttr \tts ');

\tts \tte \ttt (\tth .\ttf \tti \ttg \ttu \ttr \tte ,'\ttW \tti \ttn \ttd \tto \ttw \ttS \ttt \tty \ttl \tte ','\ttn \tto \ttr \ttm \tta \ttl ');

\tts \tte \ttt (\tth .\ttf \tti \ttg \ttu \ttr \tte ,'\ttW \tti \ttn \ttd \tto \ttw \ttS \ttt \tty \ttl \tte ','\ttd \tto \ttc \ttk \tte \ttd ');

\%\ttp \tto \tts = \ttg \tte \ttt (\tth .\ttf \tti \ttg \ttu \ttr \tte ,'\ttp \tto \tts \tti \ttt \tti \tto \ttn ');

\%\tts \tte \ttt (\tth .\ttf \tti \ttg \ttu \ttr \tte ,'\ttp \tto \tts \tti \ttt \tti \tto \ttn ',[\ttzero ,\ttzero ,\tteight .\ttfive ,\ttsix ]);

\%\ttp \ttr \tti \ttn \ttt ('-\ttd \tte \ttp \tts \ttc ','-\ttt \tti \ttf \ttf ','-\ttr \ttthree \ttzero \ttzero ',[\ttp \tta \ttd '../../\ttzero \ttfour \.\ttO \ttu \ttt \ttp \ttu \ttt /' \ttf \ttt \tti \ttt \ttl \tte (\ttf \ttt \tti \ttt \ttl \tte \~=' ') '.\tte \ttp \tts ']);

\%\ttm \tta \ttt \ttl \tta \ttb \ttf \ttr \tta \ttg ([\ttp \tta \ttd '../../\ttzero \ttfour \.\ttO \ttu \ttt \ttp \ttu \ttt /'...

\% \ttn \ttu \ttm \tttwo \tts \ttt \ttr (\ttc \tti \ttl \tti \ttn \ttd \tte \ttr ) '-' \ttn \ttu \ttm \tttwo \tts \ttt \ttr (\ttl \tto \tto \ttp \ttn \ttr ) '.\tte \ttp \tts '],...

\% '\tth \tta \ttn \ttd \ttl \tte ',\tth .\ttf \tti \ttg \ttu \ttr \tte );

\ttd \ttl \tti \tts \ttt (\ttl \tto \tto \ttp \ttn \ttr )=\ttd \ttg \tte \ttm ;

\ttc \ttl \tte \tta \ttr \ttd \ttg \tte \ttm \ttf \ttg \tte \ttm \ttd \tti \tta ;

\ttc \ttl \tte \tta \ttr \ttd \tte \ttt \tta \tti \ttl ;

\tte \ttn \ttd 

output images and print the values for verbruik.m

\ttf \tto \ttr \tti \ttm \ttg \ttl \tto \tto \ttp \ttn \ttr =\ttl \tto \tto \ttp \ttr \tta \ttn \ttg \tte 

\tth .\ttf \tti \ttg \ttu \ttr \tte =\ttf \tti \ttg \ttu \ttr \tte (\tti \ttm \ttg \ttl \tto \tto \ttp \ttn \ttr );

\ttm \tta \ttt \ttl \tta \ttb \ttf \ttr \tta \ttg ([\ttp \tta \ttd '../../\ttzero \ttfour \.\ttO \ttu \ttt \ttp \ttu \ttt /'...

\ttn \ttu \ttm \tttwo \tts \ttt \ttr (\ttc \tti \ttl \tti \ttn \ttd \tte \ttr ) '-' \ttn \ttu \ttm \tttwo \tts \ttt \ttr (\tti \ttm \ttg \ttl \tto \tto \ttp \ttn \ttr ) '.\tte \ttp \tts '],...

'\tth \tta \ttn \ttd \ttl \tte ',\tth .\ttf \tti \ttg \ttu \ttr \tte );

\tte \ttn \ttd 

\ttf \ttp \ttr \tti \ttn \ttt \ttf ('\%\ttfour .\ttone \ttf ',\ttv \tte \ttr \ttp \ttl );\ttf \ttp \ttr \tti \ttn \ttt \ttf ('``\ttn ');

\ttf \ttp \ttr \tti \ttn \ttt \ttf ('\%\ttfour .\ttone \ttf ',\ttd \ttl \tti \tts \ttt );\ttf \ttp \ttr \tti \ttn \ttt \ttf ('``\ttn ');
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D verbruik.m

Contents
\bullet Check how the script is called
\bullet Results of processed data
\bullet calculate linear regression through the datasets.
\bullet Plot figures
\bullet Plot the same with the mean force level aswell.

\% \ttV \ttE \ttR \ttB \ttR \ttU \ttI \ttK \ttP \ttl \tto \ttt \tts \tta \ttl \ttl \ttd \tta \ttt \tta \tti \ttn \tta \ttg \ttr \tta \ttp \tth 

\%

\% \ttR \ttE \ttM \ttA \ttR \ttK \ttS : \ttT \tth \tti \tts \tts \ttc \ttr \tti \ttp \ttt \tti \tts \ttc \tta \ttn \ttb \tte \ttr \ttu \ttn \tta \ttl \tto \ttn \tte , \tto \ttr \tti \tts \ttc \tta \ttl \ttl \tte \ttd \ttu \ttp \tto \ttn \ttb \tty 

\% \ttt \tto \tte \ttg \tte \ttp \tta \tts \ttt .\ttm 

\%

\% \ttC \ttR \ttE \ttA \ttT \ttE \ttD \ttB \ttY : \ttD .\ttC .\ttD \tto \tte \ttd \tte \ttn \tts 

\% \ttD \ttA \ttT \ttE : \ttone \ttfive -\ttzero \tteight -\tttwo \ttzero \ttone \ttfour 

Check how the script is called

When called by another script, we don't want to clear the workspace

[\tts \ttt \tta \ttc \ttk \tta ,\tts \ttt \tta \ttc \ttk \ttb ]=\ttd \ttb \tts \ttt \tta \ttc \ttk ;

\tti \ttf \tts \tti \ttz \tte (\tts \ttt \tta \ttc \ttk \tta ,\ttone )==\ttone 

\ttc \ttl \tte \tta \ttr \ttv \tta \ttr \tts ; \ttc \ttl \tto \tts \tte \tta \ttl \ttl ; \ttc \ttl \ttc ;

\ttr \ttu \ttn ('\ttv \tta \ttr \tti \tta \ttb \ttl \tte \tts .\ttm ');

\tte \ttl \tts \tte 

\ttc \ttl \tte \tta \ttr \tts \ttt \tta \ttc \ttk \tta \tts \ttt \tta \ttc \ttk \ttb 

\tte \ttn \ttd 

Results of processed data

\bullet \ttd \ttr \ttu \ttk average pressure measured over a number of displacement cycles This is generated by
\ttb \tte \ttk \tti \ttj \ttk \ttd \tta \ttt \tta .\ttm . The given values are in [bar]. Calculations are in [MPa].

\bullet \ttn \tts \ttt \ttr the number of strokes used in averaging. These are counted by hand
\bullet \ttt \ttg \ttu total gas-usage in [mg], for the counted strokes.
\bullet \tta \ttg \ttu average gas-usage.
\bullet \tta \ttv \ttd average displacement. (Generated by \ttb \tte \ttk \tti \ttj \ttk \ttd \tta \ttt \tta .\ttm )
\bullet \ttm \ttf \ttl measured average forcelevel.
\bullet \tta \ttf \ttl average forcelevel.

\ttd \ttr \ttu \ttk =[\ttone \ttone .\ttzero \ttnine .\tteight \ttseven .\ttsix \tttwo \ttseven .\ttzero \ttthree \ttsix .\ttthree \ttzero .\ttzero \ttzero .\ttzero \ttzero .\ttzero ;...

\ttone \ttone .\ttfour \ttnine .\ttnine \ttseven .\ttfive \ttone \ttone .\ttseven \ttone \ttseven .\ttnine \ttzero .\ttzero \ttzero .\ttzero \ttzero .\ttzero ;...

\ttone \ttone .\ttfour \ttnine .\ttseven \ttseven .\ttfive \ttone \ttone .\ttsix \ttzero \ttzero .\ttzero \ttzero .\ttzero \ttzero .\ttzero ;...

\ttthree .\ttzero \ttfive .\ttfour \ttseven .\tttwo \ttnine .\ttseven \ttone \ttone .\tttwo \ttone \ttone .\tteight \ttzero .\ttzero \ttzero .\ttzero ;...

\ttone \ttone .\ttseven \ttnine .\ttthree \ttfive .\ttnine \ttseven .\ttnine \ttnine .\ttnine \ttone \tttwo .\ttone \ttfour .\ttnine \ttsix .\ttzero ;]; \ttd \ttr \ttu \ttk =\ttd \ttr \ttu \ttk /\ttone \ttzero ;\% \tti \ttn \ttM \ttP \tta 

\ttn \tts \ttt \ttr =[ \ttnine \tteight \tteight \ttnine \ttfour \ttone \ttone \ttone ;... \ttone \% \ttu \tts \tti \ttn \ttg \ttone \ttt \tto \ttp \ttr \tte \ttv \tte \ttn \ttt 

\ttone \ttzero \ttnine \ttone \ttzero \ttfour \ttone \ttfive \ttone \ttone \ttone ;... \tttwo \% \ttd \tte \ttv \tti \tts \tti \tto \ttn \ttb \tty \ttzero 

\ttsix \tteight \ttone \ttzero \tttwo \ttone \ttone \ttone \ttone ;... \ttthree \% \tti \ttn \ttc \tta \ttl \ttc \ttu \ttl \tta \ttt \tti \ttn \ttg \tta \ttg \ttu 

\ttone \ttsix \ttone \ttone \ttone \ttseven \ttfour \ttone \ttone \ttfive \ttone \ttone ;... \ttfour 

\ttnine \ttthree \ttnine \ttfour \ttsix \ttthree \ttthree \ttfour ;];\% \ttfive 

\ttt \ttg \ttu =[(\ttone \ttthree \ttzero ) (\ttone \ttzero \tteight ) (\tttwo \tteight \ttfour -\ttone \ttseven \ttnine ) (\ttsix \ttzero \ttzero ) (\ttfour \ttseven \ttzero -\tttwo \ttthree \ttzero ) (\ttzero ) (\ttzero ) (\ttzero ) ;... \ttone 
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(\tttwo \ttthree \ttfour ) (\ttthree \ttthree \ttnine -\ttone \ttsix \ttseven .\tttwo ) (\ttone \ttzero \ttseven +\ttthree \ttseven ) (\ttone \ttzero \ttzero ) (\ttsix \ttnine \ttthree .\ttfive -\ttone \tteight ) (\ttzero ) (\ttzero ) (\ttzero );... \tttwo 

(\ttthree \ttzero \ttseven -\ttseven \ttnine ) (\ttsix \tttwo \ttzero -\ttthree \ttfive \ttfour ) (\tttwo \tteight \tttwo -\ttfour \tteight ) (\tteight \tteight ) (\ttzero ) (\ttzero ) (\ttzero ) (\ttzero );... \ttthree 

(\ttfive \tttwo \ttthree -\tttwo \ttseven \ttsix ) (\ttthree \ttfive \ttzero -\ttsix \ttseven ) (\ttfive \ttnine \ttzero ) (\ttone \ttzero \ttnine +\ttsix \ttnine \ttfour -\ttfive \ttnine \tttwo ) (\ttseven \tttwo \ttfive -\ttseven \tttwo ) (\ttfour \ttzero \tttwo -\ttone \tttwo \ttfour ) (\ttzero ) (\ttzero );... \ttfour 

(\tteight \tttwo \ttfive ) (\ttone \ttnine \ttnine ) (\ttfour \ttfour \ttfour ) (\tttwo \ttfour \tteight ) (\ttfive \ttzero \tttwo ) (\ttfour \ttfive \ttfour -\ttone \ttseven \ttsix ) (\ttone \ttsix \tteight -\ttfour \ttseven ) (\ttthree \ttthree \ttzero -\ttone \ttfour \ttnine );];\% \ttfive 

\tta \ttg \ttu =\ttt \ttg \ttu ./\ttn \tts \ttt \ttr ;

\% \ttT \tth \tte \ttf \tto \ttl \ttl \tto \ttw \tti \ttn \ttg \ttd \tta \ttt \tta \tta \ttr \tte \ttn \tto \ttt \ttu \tts \tte \ttd ?

\tta \ttv \ttd =[...\ttA \ttv \tte \ttr \tta \ttg \tte \ttd \tti \tts \ttp \ttl \tta \ttc \tte \ttm \tte \ttn \ttt . \ttT \tth \tte \tts \tte \ttd \tta \ttt \tta \tta \ttr \tte \tte \ttx \ttt \ttr \tta \ttc \ttt \tte \ttd \tti \ttn \ttb \tte \ttk \tti \ttj \ttk \ttd \tta \ttt \tta .\ttm 

\ttone \ttnine .\ttfour \ttone \ttnine .\ttone \ttone \ttnine .\ttone \ttone \ttnine .\ttthree \ttone \ttnine .\ttthree \ttzero \ttzero .\ttzero \ttzero \ttzero .\ttzero \ttzero \ttzero .\ttzero ;... \ttc \tti \ttl \tti \ttn \ttd \tte \ttr \ttone \ttr = \ttsix \ttm \ttm 

\ttone \ttnine .\ttone \ttone \ttnine .\ttfour \ttone \ttnine .\ttzero \ttone \ttnine .\tttwo \ttone \ttnine .\ttthree \ttzero \ttzero .\ttzero \ttzero \ttzero .\ttzero \ttzero \ttzero .\ttzero ;... \ttc \tti \ttl \tti \ttn \ttd \tte \ttr \tttwo \ttr = \tteight \ttm \ttm 

\ttone \ttnine .\ttthree \ttone \ttnine .\ttone \ttone \ttnine .\ttone \ttone \ttnine .\tttwo \ttzero \ttzero .\ttzero \ttzero \ttzero .\ttzero \ttzero \ttzero .\ttzero \ttzero \ttzero .\ttzero ;... \ttc \tti \ttl \tti \ttn \ttd \tte \ttr \ttthree \ttr =\ttone \ttzero \ttm \ttm 

\tttwo \ttzero .\ttfour \tttwo \ttzero .\ttthree \tttwo \ttzero .\ttfour \tttwo \ttzero .\ttfive \tttwo \ttzero .\ttthree \ttone \ttnine .\tttwo \ttzero \ttzero .\ttzero \ttzero \ttzero .\ttzero ;... \ttc \tti \ttl \tti \ttn \ttd \tte \ttr \ttfour \ttr =\ttone \tttwo \ttm \ttm 

\ttone \ttnine .\tteight \ttone \ttnine .\ttfour \tttwo \ttzero .\ttthree \tttwo \ttzero .\ttfour \ttone \ttnine .\ttone \ttone \ttnine .\tttwo \ttone \ttnine .\tttwo \ttone \ttnine .\ttthree ]; \% \ttc \tti \ttl \tti \ttn \ttd \tte \ttr \ttfive \ttr =\ttone \ttfive \ttm \ttm 

\ttm \ttf \ttl =[... \ttA \ttv \tte \ttr \tta \ttg \tte \ttm \tte \tta \tts \ttu \ttr \tte \ttd \ttf \tto \ttr \ttc \tte \ttl \tte \ttv \tte \ttl 

\tttwo \ttnine .\ttfive \tttwo \ttsix .\ttone \tttwo \ttzero .\ttseven \ttseven \ttfour .\ttseven \ttone \ttzero \ttone .\ttone \ttzero .\ttzero \ttzero .\ttzero \ttzero .\ttzero ;...

\ttfive \ttfive .\ttthree \ttfour \ttseven .\ttsix \ttthree \ttsix .\ttzero \ttfive \ttsix .\ttthree \tteight \ttseven .\ttsix \ttzero .\ttzero \ttzero .\ttzero \ttzero .\ttzero ;...

\tteight \ttfive .\ttone \ttseven \tttwo .\ttzero \ttfive \ttfive .\ttnine \tteight \ttthree .\tteight \ttzero .\ttzero \ttzero .\ttzero \ttzero .\ttzero \ttzero .\ttzero ;...

\ttthree \tttwo .\ttfive \ttfive \ttnine .\ttseven \ttseven \ttnine .\ttfour \ttone \ttzero \tttwo .\ttsix \ttone \ttone \ttone .\ttseven \ttone \ttthree \ttzero .\ttfive \ttzero .\ttzero \ttzero .\ttzero ;...

\ttone \ttnine \tttwo .\tttwo \ttone \ttfive \ttfour .\tttwo \ttnine \tteight .\ttseven \ttone \ttthree \ttone .\ttfive \ttone \ttsix \ttthree .\ttsix \tttwo \ttzero \ttone .\ttnine \tteight \tttwo .\ttone \ttnine \ttnine .\ttzero ]; \%

\tta \ttf \ttl =[... \ttA \ttv \tte \ttr \tta \ttg \tte \ttb \tta \ttc \ttk \ttc \tta \ttl \ttc \ttu \ttl \tta \ttt \tte \ttd \ttf \tto \ttr \ttc \tte \ttl \tte \ttv \tte \ttl ,

\%\ttg \tti \ttv \tte \ttn \ttt \tth \tte \ttk \ttn \tto \ttw \ttn \tts \tti \ttz \tte \tto \ttf \ttt \tth \tte \ttc \tty \ttl \tti \ttn \ttd \tte \ttr \tts 

\ttthree \ttone .\ttone \tttwo \ttseven .\ttseven \tttwo \ttone .\ttfive \ttseven \ttsix .\ttthree \ttone \ttzero \tttwo .\ttsix \ttzero .\ttzero \ttzero .\ttzero \ttzero .\ttzero ;...

\ttfive \ttseven .\ttthree \ttfour \ttnine .\tteight \ttthree \ttseven .\ttseven \ttfive \tteight .\tteight \ttnine \ttzero .\ttzero \ttzero .\ttzero \ttzero .\ttzero \ttzero .\ttzero ;...

\tteight \ttnine .\ttfive \ttseven \ttsix .\tttwo \ttfive \tteight .\ttnine \ttnine \ttone .\ttone \ttzero .\ttzero \ttzero .\ttzero \ttzero .\ttzero \ttzero .\ttzero ;...

\ttthree \ttthree .\ttnine \ttsix \ttone .\ttone \tteight \ttone .\ttfour \ttone \ttzero \ttnine .\ttseven \ttone \tttwo \ttsix .\ttseven \ttone \ttthree \ttthree .\ttfive \ttzero .\ttzero \ttzero .\ttzero ;...

\tttwo \ttzero \ttsix .\tteight \ttone \ttsix \ttfour .\ttthree \ttone \ttzero \ttfour .\ttthree \ttone \ttthree \ttnine .\ttsix \ttone \ttseven \ttfour .\ttnine \tttwo \ttone \ttthree .\tteight \tteight \ttsix .\ttsix \ttone \ttzero \ttsix .\ttzero ]; \%

\%\ttc \ttl \tte \tta \ttn \ttu \ttp \ttt \tth \tti \tts \tts \tte \ttc \ttt \tti \tto \ttn 

\ttc \ttl \tte \tta \ttr \ttn \tts \ttt \ttr \ttt \ttg \ttu \tta \ttv \ttd \ttm \ttf \ttl \tta \ttf \ttl ;

calculate linear regression through the datasets.

\tts \tte \ttt \tts or \ttn are the number of measurements for each cylinder \ttb \tte \ttt \tta holds the intercept and slope
\ttd \ttf the number of statistical degrees of freedom in the calculation \ttr \ttm \tts \ttE the root of the mean
squared error with respect to the regression \ttX \ttb \tta \ttr = mean of the input parameters \tts \tts \ttX sum of
squared differences to the mean of X

\tts \tte \ttt \tts =[\ttfive ,\ttfive ,\ttfour ,\ttsix ,\tteight ];\%\ttn \ttu \ttm \ttb \tte \ttr \tto \ttf \ttd \tta \ttt \tta \ttp \tto \tti \ttn \ttt \tts \ttf \tto \ttr \tte \tta \ttc \tth \ttc \tty \ttl \tti \ttn \ttd \tte \ttr 

\%\ttc \tto \ttu \ttn \ttt \tti \ttn \ttg \ttf \ttr \tto \ttm \tts \ttm \tta \ttl \ttl \ttt \tto \ttl \tta \ttr \ttg \tte \ttd \tti \tta \ttm \tte \ttt \tte \ttr 

\ttn (\ttn \ttu \ttm \tte \ttl (\tts \tte \ttt \tts ),\ttone )=\ttzero ;\ttb \tte \ttt \tta (\ttfive ,\tttwo )=\ttzero ;\% \tts \ttp \tta \ttc \tte \tta \ttl \ttl \tto \ttc \tta \ttt \tti \tto \ttn \ttt \tto 

\ttd \ttf =\ttn ;\ttr \ttm \tts \ttE =\ttn ;\ttX \ttb \tta \ttr =\ttn ;\tts \tts \ttX =\ttn ; \% \ttc \tto \ttl \ttu \ttm \ttn \ttv \tte \ttc \ttt \tto \ttr \tts 

\ttf \tto \ttr \tti =\ttone :\ttfive \%\ttc \tty \ttl \tti \ttn \ttd \tte \ttr \tts \ttf \ttr \tto \ttm \tts \ttm \tta \ttl \ttl \ttt \tto \ttl \tta \ttr \ttg \tte 

\ttX =\ttd \ttr \ttu \ttk (\tti ,\ttone :\tts \tte \ttt \tts (\tti ))*\ttone \tte \ttsix ; \%[\ttP \tta ]

\ttY =\tta \ttg \ttu (\tti ,\ttone :\tts \tte \ttt \tts (\tti ))*\ttone \tte -\ttsix ; \%[\ttk \ttg ]

\ttl \tti \ttn \ttr \tte \ttg =\ttf \tti \ttt \ttl \ttm (\ttX ,\ttY );\%\ttu \tts \tte \ttt \tth \tte \tts \ttt \tta \ttt \tti \tts \ttt \tti \ttc \tts \ttt \tto \tto \ttl \ttb \tto \ttx \ttt \tto \ttg \tte \ttt \ttt \tth \tte \ttm \tto \ttd \tte \ttl 

\ttb \tte \ttt \tta (\tti ,:)=\ttl \tti \ttn \ttr \tte \ttg .\ttC \tto \tte \ttf \ttf \tti \ttc \tti \tte \ttn \ttt \tts .\ttE \tts \ttt \tti \ttm \tta \ttt \tte (:)';

\ttn (\tti )=\ttl \tti \ttn \ttr \tte \ttg .\ttN \ttu \ttm \ttO \ttb \tts \tte \ttr \ttv \tta \ttt \tti \tto \ttn \tts ;

\ttd \ttf (\tti )=\ttl \tti \ttn \ttr \tte \ttg .\ttD \ttF \ttE ;

\ttr \ttm \tts \ttE (\tti )=\ttl \tti \ttn \ttr \tte \ttg .\ttR \ttM \ttS \ttE ;

\ttX \ttb \tta \ttr (\tti )=\ttm \tte \tta \ttn (\ttl \tti \ttn \ttr \tte \ttg .\ttV \tta \ttr \tti \tta \ttb \ttl \tte \tts .\ttx \ttone );

\tts \tts \ttX (\tti )=\tts \ttu \ttm (\ttl \tti \ttn \ttr \tte \ttg .\ttV \tta \ttr \tti \tta \ttb \ttl \tte \tts .\ttx \ttone .\^\tttwo )-\ttn (\tti )*\ttX \ttb \tta \ttr (\tti ).\^\tttwo ;\%\ttf \tti \ttt \ttl \ttm \tta \ttu \ttt \tto \ttm \tta \ttt \tti \ttc \tta \ttl \ttl \tty \ttc \tta \ttl \ttl \tte \ttd 

\tte \ttn \ttd \%\ttt \tth \tte \ttf \tti \ttr \tts \ttt \tti \ttn \ttp \ttu \ttt \ttp \tta \ttr \tta \ttm \ttt \tte \ttr \ttx \ttone 
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\%\ttA \ttl \ttl \ttt \tth \tta \ttt \tti \tts \ttl \tte \ttf \ttt \ttt \tto \ttd \tto \tti \tts , \ttf \tti \ttn \tti \tts \tth \ttt \tth \tte \tts \ttt \tta \ttt \tti \tts \ttt \tti \ttc \tts \ttc \tta \ttl \ttc \ttu \ttl \tta \ttt \tti \tto \ttn \tts \ttf \tto \ttr \ttt \tth \tte 

\%\ttc \tto \ttn \ttf \tti \ttd \tte \ttn \ttc \tte \ttb \tto \ttu \ttn \ttd \tts \tta \ttt \ttg \tti \ttv \tte \ttn \ttp \ttr \tte \tts \tts \ttu \ttr \tte \tts |\ttP \ttD \ttb | \ttt \tth \tte \ttd \tte \tts \tti \ttg \ttn \ttp \ttr \tte \tts \tts \ttu \ttr \tte \tts 

\%\ttp \ttr \tte \tts \tts \ttu \ttr \tte \tts . \ttT \tth \tti \tts \tti \tts \ttd \tto \ttn \tte \tti \ttn |\ttt \tto \tte \ttg \tte \ttp \tta \tts \ttt .\ttm |.

\ttc \ttl \tte \tta \ttr \ttl \tti \ttn \ttr \tte \ttg \ttX \ttY \tts \tte \ttt \tts 

Plot figures

Here the measurement data is simply plotted into one graph.

\tth .\ttf \tti \ttg \ttu \ttr \tte =\ttf \tti \ttg \ttu \ttr \tte (\ttone ); \%\ttc \ttr \tte \tta \ttt \tte \tta \ttn \tte \ttw \ttf \tti \ttg \ttu \ttr \tte 

\tts \tte \ttt (\ttg \ttc \ttf ,'\ttW \tti \ttn \ttd \tto \ttw \ttS \ttt \tty \ttl \tte ','\ttd \tto \ttc \ttk \tte \ttd ');

\tth .\tta \ttx =\ttg \ttc \tta ;\tth \tto \ttl \ttd \tto \ttn ;

\tth .\ttl \tti \ttn \tte \ttsix =\ttp \ttl \tto \ttt (\ttd \ttr \ttu \ttk (\ttone ,\ttone :\ttfive ),\tta \ttg \ttu (\ttone ,\ttone :\ttfive ),'*','\ttc \tto \ttl \tto \ttr ',[\ttone \ttzero \ttzero ]);

\tth .\ttl \tti \ttn \tte \tteight =\ttp \ttl \tto \ttt (\ttd \ttr \ttu \ttk (\tttwo ,\ttone :\ttfive ),\tta \ttg \ttu (\tttwo ,\ttone :\ttfive ),'+','\ttc \tto \ttl \tto \ttr ',[.\ttfive .\ttfive \ttzero ]);

\tth .\ttl \tti \ttn \tte \ttone \ttzero =\ttp \ttl \tto \ttt (\ttd \ttr \ttu \ttk (\ttthree ,\ttone :\ttfour ),\tta \ttg \ttu (\ttthree ,\ttone :\ttfour ),'\tto ','\ttc \tto \ttl \tto \ttr ',[\ttzero \ttone \ttzero ]);

\tth .\ttl \tti \ttn \tte \ttone \tttwo =\ttp \ttl \tto \ttt (\ttd \ttr \ttu \ttk (\ttfour ,\ttone :\ttsix ),\tta \ttg \ttu (\ttfour ,\ttone :\ttsix ),'\ttx ','\ttc \tto \ttl \tto \ttr ',[\ttzero \ttone \ttone ]);

\tth .\ttl \tti \ttn \tte \ttone \ttfive =\ttp \ttl \tto \ttt (\ttd \ttr \ttu \ttk (\ttfive ,\ttone :\tteight ),\tta \ttg \ttu (\ttfive ,\ttone :\tteight ),'\^','\ttc \tto \ttl \tto \ttr ',[\ttzero \ttzero \ttone ]);

\tth .\ttl \tti \ttn \tte =\ttl \tts \ttl \tti \ttn \tte ; \%\tth .\ttl \tti \ttn \tte \ttp \tto \tti \ttn \ttt \tts \ttt \tto \ttt \tth \tte \ttfive \ttl \tts \ttl \tti \ttn \tte \tts 

\tty \ttl \tti \ttm ([\ttzero \ttone \ttzero \ttzero ]);\% \tto \ttn \tte \ttl \tti \ttn \tte \ttf \tto \ttr \tte \tta \ttc \tth \ttc \tti \ttl \tti \ttn \ttd \tte \ttr 

\ttx \ttl \tta \ttb \tte \ttl ('\ttP \ttr \tte \tts \tts \ttu \ttr \tte [\ttM \ttP \tta ]');\tty \ttl \tta \ttb \tte \ttl ('\ttG \tta \tts \ttc \tto \ttn \tts \ttu \ttm \ttp \ttt \tti \tto \ttn [\ttm \ttg /\tts \ttt \ttr \tto \ttk \tte ]');

\ttl \tte \ttg \tte \ttn \ttd ('\ttsix [\ttm \ttm ]','\tteight [\ttm \ttm ]','\ttone \ttzero [\ttm \ttm ]','\ttone \tttwo [\ttm \ttm ]','\ttone \ttfive [\ttm \ttm ]',...

'\ttL \tto \ttc \tta \ttt \tti \tto \ttn ','\ttS \tto \ttu \ttt \tth \ttE \tta \tts \ttt ');

\ttf \tto \ttr \tti =[\ttsix ,\tteight ,\ttone \ttzero ,\ttone \tttwo ,\ttone \ttfive ]

\%\ttm \tta \ttk \tte \ttt \tth \tti \ttc \ttk \ttm \tta \ttr \ttk \tte \ttr \tts 

\tts \tte \ttt (\tte \ttv \tta \ttl (\tts \ttp \ttr \tti \ttn \ttt \ttf ('\tth .\ttl \tti \ttn \tte \%\tti ',\tti )),'\ttm \tta \ttr \ttk \tte \ttr \tts \tti \ttz \tte ',\ttsix );

\tts \tte \ttt (\tte \ttv \tta \ttl (\tts \ttp \ttr \tti \ttn \ttt \ttf ('\tth .\ttl \tti \ttn \tte \%\tti ',\tti )),'\ttl \tti \ttn \tte \ttw \tti \ttd \ttt \tth ',\ttone );

\% \ttC \ttl \tte \tta \ttr \tte \ttm \ttp \ttt \tty \ttd \tta \ttt \tta \ttp \tto \tti \ttn \ttt \tts 

\tte \ttv \tta \ttl (\tts \ttp \ttr \tti \ttn \ttt \ttf ('\tth .\ttl \tti \ttn \tte \%\tti .\ttX \ttD \tta \ttt \tta (\~\tth .\ttl \tti \ttn \tte \%\tti .\ttX \ttD \tta \ttt \tta )=[];',[\tti \tti ]));

\tte \ttv \tta \ttl (\tts \ttp \ttr \tti \ttn \ttt \ttf ('\tth .\ttl \tti \ttn \tte \%\tti .\ttY \ttD \tta \ttt \tta (\~\tth .\ttl \tti \ttn \tte \%\tti .\ttY \ttD \tta \ttt \tta )=[];',[\tti \tti ]));

\%\ttm \ttl \ttf \tttwo \ttp \ttd \ttf (\tth .\ttf \tti \ttg \ttu \ttr \tte \tttwo ,'\ttg \tta \tts \ttm \tte \tta \tts \ttu \ttr \tte \ttm \tte \ttn \ttt \tts ');

\tte \ttn \ttd 

\ttc \ttl \tte \tta \ttr \tti ;

Plot the same with the mean force level aswell.

\tti \ttf \ttzero \%\ttk \tte \ttp \ttt \ttf \tto \ttr \ttp \tto \tts \tts \tti \ttb \ttl \tte \ttu \tts \tte .

\tth .\ttf \tti \ttg \ttu \ttr \tte \tttwo =\ttf \tti \ttg \ttu \ttr \tte (\tttwo ); \%\ttc \ttr \tte \tta \ttt \tte \tta \ttn \tte \ttw \ttf \tti \ttg \ttu \ttr \tte 

\tts \tte \ttt (\ttg \ttc \ttf ,'\ttW \tti \ttn \ttd \tto \ttw \ttS \ttt \tty \ttl \tte ','\ttd \tto \ttc \ttk \tte \ttd ');

\tth .\tta \ttx \tttwo =\ttg \ttc \tta ;\tth \tto \ttl \ttd \tto \ttn ;

\tth .\ttl \tti \ttn \tte \ttd \ttsix =\ttp \ttl \tto \ttt \ttthree (\ttd \ttr \ttu \ttk (\ttone ,\ttone :\ttfive ),\tta \ttg \ttu (\ttone ,\ttone :\ttfive ),\ttm \ttf \ttl (\ttone ,\ttone :\ttfive ),'*','\ttc \tto \ttl \tto \ttr ',[\ttone \ttzero \ttzero ]);

\tth .\ttl \tti \ttn \tte \ttd \tteight =\ttp \ttl \tto \ttt \ttthree (\ttd \ttr \ttu \ttk (\tttwo ,\ttone :\ttfive ),\tta \ttg \ttu (\tttwo ,\ttone :\ttfive ),\ttm \ttf \ttl (\tttwo ,\ttone :\ttfive ),'+','\ttc \tto \ttl \tto \ttr ',[.\ttfive .\ttfive \ttzero ]);

\tth .\ttl \tti \ttn \tte \ttd \ttone \ttzero =\ttp \ttl \tto \ttt \ttthree (\ttd \ttr \ttu \ttk (\ttthree ,\ttone :\ttfour ),\tta \ttg \ttu (\ttthree ,\ttone :\ttfour ),\ttm \ttf \ttl (\ttthree ,\ttone :\ttfour ),'\tto ','\ttc \tto \ttl \tto \ttr ',[\ttzero \ttone \ttzero ]);

\tth .\ttl \tti \ttn \tte \ttd \ttone \tttwo =\ttp \ttl \tto \ttt \ttthree (\ttd \ttr \ttu \ttk (\ttfour ,\ttone :\ttsix ),\tta \ttg \ttu (\ttfour ,\ttone :\ttsix ),\ttm \ttf \ttl (\ttfour ,\ttone :\ttsix ),'\ttx ','\ttc \tto \ttl \tto \ttr ',[\ttzero \ttone \ttone ]);

\tth .\ttl \tti \ttn \tte \ttd \ttone \ttfive =\ttp \ttl \tto \ttt \ttthree (\ttd \ttr \ttu \ttk (\ttfive ,\ttone :\tteight ),\tta \ttg \ttu (\ttfive ,\ttone :\tteight ),\ttm \ttf \ttl (\ttfive ,\ttone :\tteight ),'\^','\ttc \tto \ttl \tto \ttr ',[\ttzero \ttzero \ttone ]);

\tth .\ttl \tti \ttn \tte \ttd =\ttl \tts \ttl \tti \ttn \tte ;

\tty \ttl \tti \ttm ([\ttzero \ttone \ttzero \ttzero ]);\% \tto \ttn \tte \ttl \tti \ttn \tte \ttf \tto \ttr \tte \tta \ttc \tth \ttc \tti \ttl \tti \ttn \ttd \tte \ttr 

\ttx \ttl \tta \ttb \tte \ttl ('\ttP \ttr \tte \tts \tts \ttu \ttr \tte [\ttb \tta \ttr ]');\tty \ttl \tta \ttb \tte \ttl ('\ttG \tta \tts \ttc \tto \ttn \tts \ttu \ttm \ttp \ttt \tti \tto \ttn [\ttm \ttg /\tts \ttt \ttr \tto \ttk \tte ]');

\ttz \ttl \tta \ttb \tte \ttl ('\ttF \tto \ttr \ttc \tte [\ttN ]');

\ttl \tte \ttg \tte \ttn \ttd ('\ttsix [\ttm \ttm ]','\tteight [\ttm \ttm ]','\ttone \ttzero [\ttm \ttm ]','\ttone \tttwo [\ttm \ttm ]','\ttone \ttfive [\ttm \ttm ]','\ttL \tto \ttc \tta \ttt \tti \tto \ttn ','\ttS \tto \ttu \ttt \tth \ttE \tta \tts \ttt ');

\tte \ttn \ttd 
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\% \ttT \ttO \ttE \ttG \ttE \ttP \ttA \ttS \ttT \ttc \tto \ttm \ttb \tti \ttn \tte \tts \ttt \tth \tte \ttm \tte \tta \tts \ttu \ttr \tte \ttd \ttd \tta \ttt \tta \ttw \tti \ttt \tth \ttt \tth \tte \ttm \tto \ttd \tte \ttl \tts 

\%

\% \ttR \ttE \ttM \ttA \ttR \ttK \ttS : \ttT \tth \tti \tts \tts \ttc \ttr \tti \ttp \ttt \ttc \tta \ttl \ttl \tts \ttv \tte \ttr \ttb \ttr \ttu \tti \ttk .\ttm \ttt \tto \ttg \tte \ttt \tta \ttp \ttr \tte \ttd \tti \ttc \ttt \tti \tto \ttn \ttf \tto \ttr 

\% \ttg \tta \tts \ttc \tto \ttn \tts \ttu \ttm \ttp \ttt \tti \tto \ttn , \tta \ttn \ttd \tts \tto \ttm \tte \tts \ttt \tta \ttt \tti \tts \ttt \tti \ttc \tts .

\% \ttT \tth \tti \tts \tts \ttc \ttr \tti \ttp \ttt \tta \ttl \tts \tto \ttc \tta \ttl \ttc \ttu \ttl \tta \ttt \tte \tts \ttt \tth \tte \tta \ttm \tto \ttu \ttn \ttt \tto \ttf \ttg \tta \tts \ttf \tto \ttr \ttt \tth \tte 

\% \ttc \tto \ttn \ttt \tte \ttn \ttt \tts \tto \ttf \tta \ttc \tty \ttl \tti \ttn \ttd \tte \ttr , \tta \ttt \ttd \tti \ttf \ttf \tte \ttr \tte \ttn \ttt \ttp \ttr \tte \tts \tts \ttu \ttr \tte \tts ,

\% \ttf \tto \ttr \ttd \tti \ttf \ttf \tte \ttr \tte \ttn \ttt \ttg \tta \tts \ttl \tta \ttw \tts 

\% \ttR \ttE \ttQ \ttU \ttI \ttR \ttE \ttS : \ttv \tta \ttr \tti \tta \ttb \ttl \tte \tts .\ttm , \ttv \tte \ttr \ttb \ttr \ttu \tti \ttk .\ttm 

\%

\% \ttC \ttR \ttE \ttA \ttT \ttE \ttD \ttB \ttY : \ttD .\ttC .\ttD \tto \tte \ttd \tte \ttn \tts 

\% \ttD \ttA \ttT \ttE : \ttone \ttfive -\ttzero \tteight -\tttwo \ttzero \ttone \ttfour 

Initialise, to make sure the workspace is clean. And there are no unexpected figure windows
open.

\ttc \ttl \tte \tta \ttr \ttv \tta \ttr \tts ;\ttc \ttl \tto \tts \tte \tta \ttl \ttl ;\ttc \ttl \ttc ;

\ttr \ttu \ttn ('\ttv \tta \ttr \tti \tta \ttb \ttl \tte \tts .\ttm '); \%\ttl \tto \tta \ttd \ttv \tta \ttr \tti \tta \ttb \ttl \tte \tts \tti \ttn \ttt \tto \ttw \tto \ttr \ttk \tts \ttp \tta \ttc \tte 

Design pressures (Pd) and expected gasconsumption

All cilinders outputs were matched to 2000Nmm so 100N for a 20mm stroke leads to the following
designpressure: 100\mathrm{N}

Ac
= Pd

\ttF \.\tta =\ttP \.\tta *\ttA \.\ttc ; \%[\ttN ] \tta \ttt \ttm \tto \tts \ttp \tth \tte \ttr \tti \ttc \ttc \tto \ttu \ttn \ttt \tte \ttr \ttf \tto \ttr \ttc \tte 

\ttP \.\ttd =(\ttF \.\tta +\ttone \ttzero \ttzero )./\ttA \.\ttc ; \% \ttT \tth \tti \tts \tta \ttd \ttd \tts \tta \tts \ttm \tta \ttl \ttl \tta \ttm \tto \ttu \ttn \ttt \tto \ttf \ttf \tto \ttr \ttc \tte .

[\tts \ttV ,\tts \ttV \.\tti ]=\ttg \tta \tts \ttl \tta \ttw (\ttP \.\ttd ); \% \ttt \tth \tte \tts \ttp \tte \ttc \tti \ttf \tti \ttc \ttv \tto \ttl \ttu \ttm \tte \tts \ttf \tto \ttr \ttP \.\ttd 

\ttM =\ttV \.\ttc ./\tts \ttV ; \%[\ttk \ttg ]=[\ttm \ttthree /{\ttm \ttthree /\ttk \ttg }]

\ttM \tti =\ttV \.\ttc ./\tts \ttV \.\tti ; \% \tta \ttl \tts \tto \ttf \tto \ttr \ttt \tth \tte '\ttI \ttd \tte \tta \ttl ' \ttc \tta \tts \tte 

\% \ttn \tto \ttw \tts \tto \ttm \tte \ttt \tth \tti \ttn \ttg \tts \tti \ttm \tti \ttl \tta \ttr \ttf \tto \ttr \ttt \tth \tte \ttw \tth \tto \ttl \tte \ttp \ttr \tte \tts \tts \ttu \ttr \tte \ttr \tta \ttn \ttg \tte 

[\tts \ttV \ttr ,\tts \ttV \tti \ttr ]=\ttg \tta \tts \ttl \tta \ttw (\ttP \.\tts );

\ttM \ttr (\ttn \ttu \ttm \tte \ttl (\tts \ttV \ttr ))=\ttzero ;\ttM \tti \ttr =\ttM \ttr ; \%\ttp \ttr \tte -\tta \ttl \ttl \tto \ttc \tta \ttt \tte \tts \ttp \tta \ttc \tte 

\ttf \tto \ttr \ttc \tty \ttl \tti \ttn \ttd \tte \ttr =\ttone :\ttn \ttu \ttm \tte \ttl (\ttD \.\ttc ) \%\ttfive \ttc \tti \ttl \tti \ttn \ttd \tte \ttr \tts \tti \ttn \ttt \tto \ttt \tta \ttl 

\ttM \ttr (\ttc \tty \ttl \tti \ttn \ttd \tte \ttr ,:)=\ttV \.\ttc (\ttc \tty \ttl \tti \ttn \ttd \tte \ttr )./\tts \ttV \ttr ;

\ttM \tti \ttr (\ttc \tty \ttl \tti \ttn \ttd \tte \ttr ,:)=\ttV \.\ttc (\ttc \tty \ttl \tti \ttn \ttd \tte \ttr )./\tts \ttV \tti \ttr ;

\tte \ttn \ttd 

Get data measured data

run the \ttv \tte \ttr \ttb \ttr \ttu \tti \ttk .\ttm file, which contains the summary of all the measured data. And puts into
the workspace, the statistics data needed to calculate the confidence intervals. \tts \ttt \ttu \ttd \ttt are the
95\% confidence interval values for the first 8 DOF's according to \setminus ref\{ Buijs 99 \} \ttB \tte \ttt \tta holds
the intercept and slope \ttd \ttf the number of statistical degrees of freedom in the calculation \ttr \ttm \tts \tte 

the root of the mean squared error with respect to the regression \ttX \ttb \tta \ttr = mean of the input
parameters \ttS \ttS \ttX sum of squared differences to the mean of X
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\ttr \ttu \ttn ('\ttv \tte \ttr \ttb \ttr \ttu \tti \ttk .\ttm ');

\tts \ttt \ttu \ttd \ttt =[\ttone \tttwo .\ttseven \ttzero \ttsix \ttfour .\ttthree \ttzero \ttfour \ttthree .\ttone \tteight \tttwo \tttwo .\ttseven \ttseven \ttsix \tttwo .\ttfive \ttseven \ttone \tttwo .\ttfour \ttfour \ttseven \tttwo .\ttthree \ttsix \ttfive \tttwo .\ttthree \ttzero \ttsix ]';

\ttx \ttP =\ttl \tti \ttn \tts \ttp \tta \ttc \tte (\ttP \.\ttd (\ttone ),\ttP \.\ttd (\ttfive ),\ttone \ttzero \ttzero ); \% \tta \ttr \tta \ttn \ttg \tte \tto \ttf \ttp \tto \tti \ttn \ttt \tts \ttt \tto \ttp \ttl \tto \ttt \ttt \tth \tte \ttf \tti \ttt \ttt \tte \ttd \ttm \tto \ttd \tte \ttl 

\tts \ttm \ttm =\ttr \ttm \tts \ttE .*\tts \ttq \ttr \ttt (\ttone ./\ttn +(\ttP \.\ttd -\ttX \ttb \tta \ttr ).\^\tttwo ./\tts \tts \ttX ); \%\ttT \tth \tte \ttnine \ttfive \% \ttc \tto \ttn \ttf \tti \ttd \tte \ttn \ttc \tte \ttm \tta \ttr \ttg \tti \ttn 

\ttY \tth \tta \ttt =\ttb \tte \ttt \tta (:,\ttone )+\ttb \tte \ttt \tta (:,\tttwo ).*\ttP \.\ttd ;

\ttY \ttm \ttm =\tts \ttm \ttm .*\tts \ttt \ttu \ttd \ttt (\ttd \ttf )*[-\ttone \ttzero \ttone ]+\ttY \tth \tta \ttt *[\ttone \ttone \ttone ];

Fit a non-linear model to the data

the models are fitted to mg/MPa values

\tty \ttm \ttm =\ttY \ttm \ttm *\ttone \tte \ttsix ;\tty \tth \tta \ttt =\ttY \tth \tta \ttt *\ttone \tte \ttsix ; \%[\ttm \ttg ]

\ttp \.\ttd =\ttP \.\ttd /\ttone \tte \ttsix ;\ttx \ttp =\ttx \ttP /\ttone \tte \ttsix ; \%[\ttM \ttP \tta ]

\%\ttg \ttu \ttf \ttu \ttn =@(\ttb ,\ttx ) (\ttb (\ttone )*(\ttx +\ttb (\ttfour )).\^(-\ttone ))+\ttb (\tttwo )+\ttb (\ttthree )*(\ttx +\ttb (\ttfour ));

\ttg \ttu \ttf \ttu \ttn =@(\ttb ,\ttx ) \ttb (\ttone )*\ttx .\^(-\ttone )+\ttb (\tttwo )+\ttb (\ttthree )*\ttx ;

\ttb =[\ttone ;\ttone ;\ttone ];\%\tts \tto \ttm \tte \ttv \tta \ttr \tti \tta \ttb \ttl \tte \tts \ttt \tto \tts \ttt \tta \ttr \ttt \ttw \tti \ttt \tth \ttI \ttd \ttu \ttn \ttn \tto 

\ttb \ttf \tti \ttt =\ttn \ttl \tti \ttn \ttf \tti \ttt (\ttp \.\ttd ,\tty \ttm \ttm (:,\tttwo ),\ttg \ttu \ttf \ttu \ttn ,\ttb ); \% \ttp \tta \ttr \tta \ttm \tte \ttt \tte \ttr \tts \ttf \tto \ttr \ttt \tth \tte \ttd \tta \ttt \tta 

\%\ttr \ttf \tti \ttt =\ttn \ttl \tti \ttn \ttf \tti \ttt (\ttp \.\ttd ,\ttM *\ttone \tte \ttsix ,\ttg \ttu \ttf \ttu \ttn ,\ttb ); \% \ttp \tta \ttr \tta \ttm \tte \ttt \tte \ttr \tts \ttf \tto \ttr \ttt \tth \tti \tts \ttm \tto \ttd \tte \ttl 

\%\ttp \ttf \tti \ttt \.\ttm \tto \ttd \tte \ttl =[\ttfive .\ttseven \ttzero \tttwo \ttnine ;\ttthree \ttone .\ttseven \ttseven \ttsix \ttzero ;\tttwo .\ttnine \tteight \ttseven \tttwo ];\% \ttp \tta \ttr \tta \ttm \tte \ttt \tte \ttr \tts \ttf \ttr \tto \ttm |\ttm \tto \ttd \tte \ttl .\ttm |

\tty \ttf \tti \ttt \ttd =\ttg \ttu \ttf \ttu \ttn (\ttb \ttf \tti \ttt ,\ttx \ttp ); \%[\ttm \ttg ] \ttt \tth \tte \ttd \tta \ttt \tta \ttf \tti \ttt \ttt \tte \ttd \ttt \tto \ttx \ttP 

\tto \ttp \ttt \ttP \ttfour \ttY =\ttx \ttP (\tty \ttf \tti \ttt \ttd ==\ttm \tti \ttn (\tty \ttf \tti \ttt \ttd ));\% \tto \ttp \ttt \tti \ttm \tta \ttl \ttp \ttr \tte \tts \tts \ttu \ttr \tte \ttf \tto \ttr \ttY 

\%\ttr \ttf \tti \ttt \ttd =\ttg \ttu \ttf \ttu \ttn (\ttr \ttf \tti \ttt ,\ttx \ttp ); \%[\ttm \ttg ] \ttt \tth \tti \tts \ttm \tto \ttd \tte \ttl \ttf \tti \ttt \ttt \tte \ttd \ttt \tto \ttx \ttP 

\%\ttp \ttf \tti \ttt \ttd =\ttg \ttu \ttf \ttu \ttn (\ttp \ttf \tti \ttt \.\ttm \tto \ttd \tte \ttl ,\ttx \ttp );\%[\ttm \ttg ] \ttm \tto \ttd \tte \ttl .\ttm \ttm \tto \ttd \tte \ttl \ttf \tti \ttt \ttt \tte \ttd \ttt \tto \ttx \ttP 

plot consumption lines

\tth .\ttf \tti \ttg \ttu \ttr \tte =\ttf \tti \ttg \ttu \ttr \tte (\tttwo ); \%\ttc \ttr \tte \tta \ttt \tte \tta \ttn \tte \ttw \ttf \tti \ttg \ttu \ttr \tte 

\tts \tte \ttt (\ttg \ttc \ttf ,'\ttW \tti \ttn \ttd \tto \ttw \ttS \ttt \tty \ttl \tte ','\ttd \tto \ttc \ttk \tte \ttd ');

\tth .\tta \ttx =\ttg \ttc \tta ;\tth \tto \ttl \ttd \tto \ttn ;

\tth \ttp =\ttp \ttl \tto \ttt (\ttP \.\ttd ,\ttM *\ttone \tte \ttsix , '-\^','\ttc \tto \ttl \tto \ttr ',[\ttone \ttone \ttone ]*.\tttwo );\%\ttP \ttl \tta \ttn \ttk 

\tth \tti =\ttp \ttl \tto \ttt (\ttP \.\ttd ,\ttM \tti *\ttone \tte \ttsix , ':\tts ','\ttc \tto \ttl \tto \ttr ',[\ttone \ttone \ttone ]*.\tttwo );\%\ttI \ttd \tte \tta \ttl 

\tth \ttm =\ttp \ttl \tto \ttt (\ttP \.\ttd ,\ttY \tth \tta \ttt *\ttone \tte \ttsix ,'*','\ttc \tto \ttl \tto \ttr ',[\ttone \ttone \ttone ]*.\ttfour ); \%\ttM \tte \tta \tts \ttu \ttr \tte \ttd 

\tth \tty =\ttp \ttl \tto \ttt (\ttx \ttP ,\tty \ttf \tti \ttt \ttd );

\tth \tto =\ttp \ttl \tto \ttt (\tto \ttp \ttt \ttP \ttfour \ttY ,\ttm \tti \ttn (\tty \ttf \tti \ttt \ttd ),'*');

\% \ttT \tth \tte \tts \tte \tta \ttr \tte \ttt \tth \tte \ttc \tto \ttn \ttf \tti \ttd \tte \ttn \ttc \tte \ttl \tti \ttn \tte \tts , \tto \ttn \tte \tta \ttt \tte \tta \ttc \tth \ttd \tte \tts \tti \ttg \ttn \ttp \ttr \tte \tts \tts \ttu \ttr \tte \ttl \tte \ttv \tte \ttl 

\ttl \tti \ttn \tte (\ttP \.\ttd (\ttone )*[\ttone \ttone ],\tty \ttm \ttm (\ttone ,[\ttone \ttthree ]), '\ttL \tti \ttn \tte \ttS \ttt \tty \ttl \tte ','-', '\ttC \tto \ttl \tto \ttr ',[\ttzero \ttzero \ttzero ]);

\ttl \tti \ttn \tte (\ttP \.\ttd (\tttwo )*[\ttone \ttone ],\tty \ttm \ttm (\tttwo ,[\ttone \ttthree ]), '\ttL \tti \ttn \tte \ttS \ttt \tty \ttl \tte ','-', '\ttC \tto \ttl \tto \ttr ',[\ttzero \ttzero \ttzero ]);

\ttl \tti \ttn \tte (\ttP \.\ttd (\ttthree )*[\ttone \ttone ],\tty \ttm \ttm (\ttthree ,[\ttone \ttthree ]), '\ttL \tti \ttn \tte \ttS \ttt \tty \ttl \tte ','-', '\ttC \tto \ttl \tto \ttr ',[\ttzero \ttzero \ttzero ]);

\ttl \tti \ttn \tte (\ttP \.\ttd (\ttfour )*[\ttone \ttone ],\tty \ttm \ttm (\ttfour ,[\ttone \ttthree ]), '\ttL \tti \ttn \tte \ttS \ttt \tty \ttl \tte ','-', '\ttC \tto \ttl \tto \ttr ',[\ttzero \ttzero \ttzero ]);

\ttl \tti \ttn \tte (\ttP \.\ttd (\ttfive )*[\ttone \ttone ],\tty \ttm \ttm (\ttfive ,[\ttone \ttthree ]), '\ttL \tti \ttn \tte \ttS \ttt \tty \ttl \tte ','-', '\ttC \tto \ttl \tto \ttr ',[\ttzero \ttzero \ttzero ]);

\ttx \ttl \tta \ttb \tte \ttl ('\ttP \ttr \tte \tts \tts \ttu \ttr \tte [\ttP \tta ]','\ttF \tto \ttn \ttt \tts \tti \ttz \tte ',\ttone \ttzero );

\tty \ttl \tta \ttb \tte \ttl ('\ttG \tta \tts \ttc \tto \ttn \tts \ttu \ttm \ttp \ttt \tti \tto \ttn [\ttm \ttg ]','\ttF \tto \ttn \ttt \tts \tti \ttz \tte ',\ttone \ttzero );

\tty \ttl \tti \ttm ([\ttzero \ttone \ttzero \ttzero ]); \%\tts \tta \ttm \tte \tta \ttx \tte \tts \tta \tts \ttv \tte \ttr \ttb \ttr \ttu \tti \ttk .\ttm \ttg \tti \ttv \tte \tts .

\tth \ttl \tte \ttg = \ttl \tte \ttg \tte \ttn \ttd (...

'\ttM \tto \ttd \tte \ttl \ttu \tts \tti \ttn \ttg \ttP \ttl \tta \ttn \ttk ''\tts \ttC \ttO \.\tttwo ',...

'\ttM \tto \ttd \tte \ttl \ttu \tts \tti \ttn \ttg \ttt \tth \tte \tti \ttd \tte \tta \ttl \ttC \ttO \.\tttwo ',...

'\ttM \tte \tta \tts \ttu \ttr \tte \ttm \tte \ttn \ttt \tts ',...

'\tts \tti \ttm \ttp \ttl \tte \ttN \ttL -\ttm \tto \ttd \tte \ttl \ttf \tti \ttt ',...

'\ttL \tto \ttc \tta \ttt \tti \tto \ttn ','\ttN \tto \ttr \ttt \tth \ttW \tte \tts \ttt ');

\%\ttm \ttl \ttf \tttwo \ttp \ttd \ttf (\tth .\ttf \tti \ttg \ttu \ttr \tte \tttwo ,'\ttO \ttp \ttt \tti \ttm \ttu \ttm ');
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