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Executive Summary
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Deliverable 1.1 presents the development and characterization results of shape-changing and
load-bearing bulk biofoam material intended for meter-scale applications. This report details the
systematic engineering approach to creating functional biofoam microstructures with adjustable
properties. A comprehensive set of mechanical and thermal characterization data is provided,

enabling the parametric model of material property in subsequent work packages.

The structure of biofoam demonstrates responsive behavior to temperature changes, with
controlled cyclic deformation achieved through multi-layered structures utilizing materials with
varying expansion rates. The report outlines the laboratory-scale production methodology,
characterization techniques, and achieved performance metrics for the first generation of
functional biofoam samples. These findings provide the foundation for the robotized production

process to be developed in later stages of the project. The final data are provided below:

Measurable

Methylcellulose concentration
Fiber concentration

Water concentration

Density

Young's Modulus

Poisson ratio®

Size of unit cell

Volume increase per humidity
Volume increase per temperature
Volume expansion by humidity
Volume expansion by temperature

Data in excel format is attached to this document.

Value

1.5
0
98.5
17.8
150
-3
206
1.30
-0.94
0.6
-0.5

Unit
wt%
wt%
wt%
mg/cm3
kPa
%
cm3
cm3/rH
cm3/°C
%/rH
%/°C

" Data taken from sample with Methylcellulose wt% 1.5, fiber wt% 1.5 and water wt% 97
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1. Introduction and Objectives

The development of bulk biofoam materials is a central objective of this project, aimed at
creating sustainable, shape-changing, and load-bearing solutions for large-scale applications.
Deliverable 1.1 contributes to this goal by producing lab-scale samples and generating a
structured dataset of their key properties.

The scope of this work covers two main outcomes. First, laboratory samples were manufactured
from suspensions containing defined weight percentages of raw materials, prepared under
controlled conditions to ensure reproducibility. Second, the samples were systematically
characterized with respect to mechanical, hygroscopic, and thermal properties. These data
provide the foundation for evaluating material performance and guiding parametric modeling in
later stages of the project.

The datasetincludes density and Young’s modulus as indicators of structural behavior, as well as
volume changes linked to humidity and temperature fluctuations. In addition, information on unit
cell dimensions and bounding box sizes connects processing parameters with resulting material
properties. Together, these results capture the essential physical and environmental responses
of the material at this stage of development.

All data are managed according to the project’s data management plan and will be published
after appropriate intellectual property protection is secured. The results reported here form a
baseline for predictive modeling, scale-up, and integration into subsequent work packages.

Deliverable D1.1
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2. Mechanical Properties

Table 1: Mechanical properties of the foam composition and principle mechanical properties.
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1,5 0 0 0 0O 19,8 132 42,5 504 99,8 127 6,41 103 5,19
1,5 0,5 0 0 0O 264 154 26,9 559 145 154 5,86 143 5,43
1,5 1 0 0 0O 295 134 353 543 128 136 4,62 147 4,97
1,5 1,5 0 0 0 34,2 124 13,8 576 97,0 167 4,88 173 5,08
1,5 2 0 0 0 42,7 137 62,3 672 170 156 3,65 243 5,69
1,5 0 0,5 0 0O 251 246 37,8 791 241 240 9,57 194 7,75
1,5 0 1 0 0O 294 196 43,8 930 210 276 9,37 228 7,75
1,5 0 1,5 0 0O 308 241 42,1 991 235 224 7,28 179 5,81
1,5 0 2 0 0O 398 314 111 879 224 249 6,26 195 4,89
1,5 0 0 0,5 0O 22,5 201 34,4 532 108 149 6,63 118 5,24
1,5 0 0 1 0O 31,4 129 49,6 788 207 160 5,10 139 4,43
1,5 0 0 1,5 0 35,7 149 63,9 936 165 159 4,45 153 4,28
1,5 0 0 2 0O 40,8 189 65,2 1012 269 147 3,61 187 4,58
1,5 0 0 0 0,5 21,2 108 19,8 443 117 77,2 3,65 100 4,71
1,5 0 0 0 1 20,4 154 38,6 728 45,1 90,5 4,44 114 5,57
1,5 0 0 0 1,5 356 82 169 283 19,9 680 1,91 70,8 1,99
1,5 0 0 0 2 27,2 143 39,8 401 133 107 3,94 114 4,20

Mechanical characterization provides the essential baseline for assessing the performance of the
developed foam. Three key parameters were selected for evaluation: density, Young’s modulus,
and Poisson’s ratio. Together, these properties describe the structural efficiency, stiffness, and
deformation behaviour of the material under load. The results are illustrated in Table 1 with the
explanation of columns as:

o MC [%]: Weight percent of methylcellulose

e Lignin [%]: Weight percent of lignin

e Graphite [%]: Weight percent of graphite

e PCC [%]: Weight percent of precipitated calcium carbonate

e Citric Acid [%]: Weight percent of citric acid

e p [kg/m3]: Density of the foam

e E_1[kPa]: Average compressive Young’s modulus in the weak direction

e STD E_1 [kPa]: Standard deviation of compressive Young’s modulus in the weak
direction

E_2 [kPa]: Average compressive Young’s modulus in the strong direction

Deliverable D1.1
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e STD E_2 [kPa]: Standard deviation of compressive Young's modulus in the strong
direction

e 0o_1[kPa]: Average resulting stress at 80% compressive strain in the weak direction

e 0_1s [kPa.m3/kg]: Average specific resulting stress at 80% compressive strain in the
weak direction

e 0_2 [kPa]: Average resulting stress at 80% compressive strain in the strong direction

e 0_2s [kPa.m3/kg]: Average specific resulting stress at 80% compressive strain in the
strong direction

2.1 Young’s modulus

All mechanical testing was performed using a universal testing machine (Instron E1000). The
compressive Young’s modulus was determined by applying displacement-controlled
compression on cubic samples with approximate dimensions of 30 x 30 x 30 mm. The machine
recorded both displacement and the corresponding force. Stress was calculated as the applied
force divided by the sample’s cross-sectional area, while strain was obtained by dividing the
displacement by the sample’s initial thickness.

F d
og=-ande =—

are the equations that calculate stress (o) and strain (€). Where F, A, d, and ho denote the force,
area, displacement, and the initial height, respectively.

Niaem

Displacement [mm]
I
w
Force [kN]

715_

0 20 40 60 80 100 0 20 40 60 80 100
Time [s] Time [s]

Figure 1. Raw data from one of the experiments which demonstrates the method utilized to obtain the compressive
behavior of samples; (a) Displacement-time plot and (b) the resulting force-time plot.

Figure 1 shows the force-time response during displacement-controlled compression. Notice
that at certain intervals the recorded force drops to zero. This occurs because the samples were
compressed to 70% of their original height at a rate of 80 mm/min, followed by unloading at the
same rate. During unloading, the compression plate temporarily loses contact with the sample,
resulting in no load detection. This loss of contact arises from permanent damage and
viscoelastic effects in the foam: the samples do not fully recover their original dimensions, and
any partial recovery occurs at a rate slower than 80 mm/min.

Deliverable D1.1
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—— Fitted line
—— Experimental data
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Figure 2. Determination of the Young’s modulus from the initial linear fit of the stress-strain response.

The compressive Young’s modulus (a measure of sample stiffness) was determined by fitting a
straight line to the initial linear portion of the stress—strain curves. Figure 2 presents the stress—
strain curve of one representative sample during the first compression cycle. As evident from the
figure, the initial region exhibits a well-defined linear response, enabling a reliable estimation of
the compression modulus in accordance with the literature.

Deliverable D1.1
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2.3 Poisson’s ratio

Sample Preparation

The test specimen was composed of vertically stacked foam sheets bonded during
manufacturing. Due to the natural misalighment of peaks and valleys between layers, structural
voids were present throughout the sample. These discontinuities made it impossible to obtain a
fully dense structure and directly influenced the selection of Regions of Interest (ROI) for strain
analysis.

Digital Image Correlation (DIC) Acquisition

Uniaxial compression tests were performed in the weak direction using an Instron Electropuls
E1000 with a 2 kN load cell. A Canon EOS R7 camera equipped with a Canon EF 100 mm /2.8L
Macro IS USM lens and mount adapter was used to capture grayscale images at one-second
intervals. The Y-axis corresponded to the loading direction, while the X-axis represented the
transverse direction where lateral strain was measured.

DIC Setup

Analysis was conducted with the NCorr MATLAB toolbox. To ensure reliability, two rectangular
ROls were defined within continuous regions of the foam, avoiding areas with voids. The following
settings were applied:

e Subset radius: 56 pixels

e Strain radius: 13 pixels

e Subset spacing: 8 pixels

e |mage resolution: 2400 x 1600 pixels

e Step analysis: Disabled (single-image mode)

Program State Reference Image Current Image(s)
Reference Image SET . .
Current Imagels) SET
Region of Interest  SET
DIC Parameters SET

DIC Analysis SET
Displacements SET
Strains SET

Region of Interest

Name: image_001.JPG Name: image_064.|PG

< 63 >
Resolution: 2400 x 1600 Resolution: 2400 x 1600 —] —]

Figure 3. the NCorr interface with the selected ROIs (715t image).

Representative Strain Fields

Figure 3 illustrates the longitudinal and transverse strain maps (&, and &,,) obtained during
compression. As expected for porous foams, the strain distribution was heterogeneous. The use
of ROIs successfully excluded unreliable regions with structural voids, resulting in consistent
strain measurements in the continuous regions of the material.

Deliverable D1.1
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Poisson’s Ratio Evolution

The Poisson’s ratio (v) was calculated as:

SXX
V=—-"=
Eyy
where &, is the transverse strain and ¢, is the axial strain.

Poisson's Ratio vs. Image Number

T

T

0.2 = T

0.1
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0.4} ]

-0.5F .
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Figure 4. Evolution of Poisson’s ratio as a function of image number during uniaxial compression of the foam
specimen.

The initial frames (images 1-10) showed large fluctuations caused by noise at low deformation
levels. Beyond image 10, v stabilized around a small negative value, indicating slight lateral
contraction under uniaxial compression.

Conclusion

To obtain a representative value, only the stabilized region of the curve (images 11-71) was
analyzed. The mean Poisson’s ratio was determined to be:

v=-0.036+£00127=3+£1%

The negative mean value indicates that the foam contracts slightly laterally when compressed in
the axial direction. This behavior is consistent with the highly porous structure of the material,
where localized collapse and densification reduce the likelihood of significant transverse
expansion. The relatively high variability compared to the mean is attributed to material
heterogeneity and low overall deformation rather than measurement errors. Overall, these results
align with expected mechanical responses of low-density foam structures and provide an
important parameter for future modeling of structural performance.

Deliverable D1.1
10 of 14



ﬂWﬂm

3. Thermal and Moisture expansion

The thermal and humidity expansion properties provide essential information for evaluating the
performance of the developed foam under varying environmental conditions. Two key parameters
were evaluated spearheaded in this evaluation: volume change per humidity unit [m3/rH] and
volume change per temperature unit [m3/°C]. These properties describe how the material
responds to changes in moisture levels and temperature, affecting its volumetric stability and
overall performance. The raw data is shown in table

Deliverable D1.1
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Table 2: Shape changes are measured for different samples as radius of curvature. Each sample is
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conditioned in four humidity-temperature combinations allowing to calculate the volume of the sample in
constant humidity (80rH and 15rH) with variable temperature (25C and 50 C) and vice versa.

S S E g % § £ S;

® 2 e = S = 0 S G

21 ge = 3 ® 5§ g S @

£ £ S o s = = b= S

8 Z & o 5 2 = :

< - >

1 25 80 13,03 85 8,35 0,3 85 206

. 2 25 15 7,75 8,5 8,08 0,3 85 122
Smatl square 3 50 80 11,57 8,5 8,31 0,3 85 183
4 50 15 6,88 8,5 7,97 0,3 85 108

5 25 80 20,38 10 9,9 0.3 10 381

square (worse side) | © 25 15 12,37 10 9,73 0,3 10 230
7 50 80 15,62 10 9,83 0,3 10 292

8 50 15 10,41 10 9,62 0,3 10 193

9 25 80 12,86 10 9,75 0.3 10 240

square (better side) | 19 25 15 7,27 10 9,23 0,3 10 134
11 50 80 10,41 10 9,62 0,3 10 193

12 50 15 6,63 10 9,08 0,3 10 122

13 25 80 2815 12,4 12,3 0,35 124 763

i 14 25 15 14,02 12,4 12 0,35 124 378

15 50 80 20,4 12,4 12,21 0,35 12,4 552

16 50 15 13,06 12,4 11,94 0,35 124 351

17 25 80 25,32 11 10,9 0,35 11 608

diagonal gid 18 25 15 15,15 11 10,76 0,35 11 362
19 50 80 18,02 11 10,83 0,35 11 432

20 50 15 14,84 11 10,75 0,35 11 355

21 25 80 5,78 9,7 8,6 0,4 97 136

S94mC Square 22 25 15 4,34 9,7 7.8 0,4 97 101
23 50 80 5,41 9,7 8,45 0,4 97 127

24 50 15 4,14 9,7 7,63 0,4 97 9

25 25 80 3488 11,4 11,3 0,35 11,4 866

Elongated gid 2 25 15 24,65 11,4 11,25 0,35 11,4 611
27 50 80 3488 11,4 11,3 0,35 11,4 866

28 50 15 22,5 11,4 11,23 0,35 11,4 557

29 25 80 22,6 8,5 8,45 0.3 85 360

ven grid 30 25 15 16,83 8,5 8,41 0,3 85 267
31 50 80 20,63 85 8,44 0,3 85 328

32 50 15 14 8,5 8,37 0,3 85 222

33 25 80 10,14 10 9,6 0,6 10 371

Double gid 34 25 15 6,95 10 9,16 0,6 10 251
35 50 80 9,67 10 9,56 0,6 10 353

36 50 15 6,6 10 9,07 0,6 10 238

37 25 80 11,73 10 9,7 0,35 10 254

Srid (paper) 38 25 15 7,93 10 9,35 0,35 10 171
39 50 80 10,28 10 9,61 0,35 10 222

40 50 15 7,58 10 9,29 0,35 10 163

Deliverable D1.1
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3.1 Hygroscopic properties

The hygroscopic behavior of the foam was investigated through curvature testing, in which
samples were subjected to controlled humidity cycles at constant temperature. The material’s
response was evaluated by monitoring dimensional changes and curvature development of the
foam layer fixed on a mesh base. (Figure 5) These changes result from the foam’s intrinsic
expansion and contraction when exposed to varying relative humidity (RH) levels.

‘. T T 8
mm;&gmyﬁ-
Y o me |
. £ R E R

Figure 5. Example of foam and meh (sample to test Figure 6. Example image of experiments set-up
humidity and temperature reaction on grid pattern

y
e

In the current setup, humidity cycles consisted of alternating phases at 25 °C and 80 % RH, and
25°C and 15 % RH, with each phase lasting 4 hours and 30 minutes. The radius of curvature for
each state was calculated from measured chord and arc lengths using a custom Python script.
To minimize measurement error, chord lengths were obtained immediately after removing the
sample from the humid environment, as the foam begins to relax rapidly once exposed to ambient
air.

Although only preliminary tests have been conducted, the results already indicate a clear
correlation between humidity changes and foam curvature. Most notably, the foam exhibited a
volume change per humidity unit of 1.30 cm®/rH for a sample of size 206 cm3. A dimensionless
volume change is ¢p,m = 0.6 %/rH which is a key quantitative measure of its hygroscopic
sensitivity. Higher humidity levels induce expansion, leading to increased curvature, while lower
humidity levels cause contraction. In addition, layer structuring strongly influences the response:
when multiple foam layers are deposited sequentially, the most recently applied layer dominates
the direction of curvature. Differences in local density within the same pattern also lead to
asymmetric bending, as observed in 10x10 square structures where the less compact side
exhibited reduced curvature. These findings demonstrate the foam’s strong hygroscopic
sensitivity and underline the importance of pattern design and material density distribution in
controlling dimensional changes under varying environmental conditions.

3.2 Temperature-related properties

Temperature effects on the foam were studied through combined thermal-humidity cycles.
Samples were exposed to alternating phases of 25 °C at 80 % RH and 50 °C at 15 % RH, with each
phase lasting 4 hours and 30 minutes. A second series of tests maintained constant humidity (80
% RH) while varying the temperature between 25 °C and 50 °C. Curvature was again determined
through chord and arc length measurements analyzed with the same computational method
used for humidity testing.

The results confirm that temperature changes significantly affect the foam’s dimensional
stability. A volume change per temperature unit of —-0.936 cm®/°C for a sample of size 206 cm3

Deliverable D1.1
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was recorded leading to dimensionless expansion constant of €e;y, =-0.4 %/°C, indicating that
increasing the temperature consistently caused shrinkage and thus higher curvature. Increasing
the temperature caused shrinkage of the foam, producing higher curvature. (Figure 7). When
humidity was kept constant, the thermal response was still pronounced, indicating that
temperature alone plays a key role in the material’s expansion—contraction mechanism.

Thermal Expansion

450
400
[ ]
350
300 I
250
s ..
. SO SR S
..................... ]
150 s
100 '
50
0
20 25 30 35 40 45 ” >

® volume/cm*3 seassenss Linear (volume /em*3)

Figure 7. Thermal expansion between 25 °C and 50 °C

As with humidity tests, the structural configuration of the foam influenced the observed
curvature. Samples with weak or porous structures displayed smaller bending radii, while
multilayered patterns showed anisotropic behavior dictated by the orientation of the topmost
layer. These effects highlight the coupled influence of processing design and environmental
stimuli on the foam’s performance.

Overall, the foam demonstrates a reversible and predictable thermo-responsive behavior,
making it a promising candidate for applications where controlled shape-change under
environmental fluctuations is desirable. Further testing with a larger sample set will refine the
quantitative expansion coefficients and support integration into predictive material models.

4. Conclusion and Future Directions

Lab-scale biofoam samples were produced and characterized for their mechanical and
environmental response. Key results include:

e Young’s modulus: 150 kPa

e Poisson’sratio: -3+1%

e Volume change per humidity: 0.6 %/rH

o Volume change per temperature: -0.4 %/°C

These results demonstrate the foam’s strong responsiveness to environmental conditions, with
density distribution, fiber structuring, and pattern design influencing curvature behavior.

Deliverable D1.1
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Essential properties



				Measurable		Value		Unit

				Methylcellulose concentration		1.5		wt%

				Fiber concentration		0		wt%

				Water concentration		98.5		wt%

				Density		17.8		mg/cm3

				Young's Modulus		150		kPa

				Poisson ratio		-3		%

				Size of unit cell		206		cm3

				Volume increase per humidity		1.3		cm3/rH

				Volume increase per temperature		−0.94		cm3/°C

				Volume expansion by humidity		0.6		%/rH

				Volume expansion by temperature		-0.5		%/°C

				The measurument description is attached to this document below.







Thermal and hygroscopic prop.

						ID		Temperature [C]		Humidity (%)		Radius [cm]		Arc length [cm]		Chord length [cm]		PI		Thickness [cm]		Width [cm]		Outer volume [cm^3]		Inner volume [cm^3]		Volume [cm^3]

				small square		1		25		80		13.03		8.5		8.35		3.14		0.3		8.5		4533.75		4327.39		206.36

						2		25		15		7.75		8.5		8.08		3.14		0.3		8.5		1603.88		1482.11		121.77

						3		50		80		11.57		8.5		8.31		3.14		0.3		8.5		3574.67		3391.69		182.97

						4		50		15		6.88		8.5		7.97		3.14		0.3		8.5		1264.00		1156.17		107.83

				square (worse side)		5		25		80		20.38		10		9.9		3.14		0.3		10		13048.43		12667.10		381.33

						6		25		15		12.37		10		9.73		3.14		0.3		10		4807.17		4576.83		230.34

						7		50		80		15.62		10		9.83		3.14		0.3		10		7665.00		7373.39		291.60

						8		50		15		10.41		10		9.62		3.14		0.3		10		3404.48		3211.09		193.40

				square (better side)		9		25		80		12.86		10		9.75		3.14		0.3		10		5195.55		4955.98		239.58

						10		25		15		7.27		10		9.23		3.14		0.3		10		1660.42		1526.21		134.21

						11		50		80		10.41		10		9.62		3.14		0.3		10		3404.48		3211.09		193.40

						12		50		15		6.63		10		9.08		3.14		0.3		10		1380.95		1258.80		122.15

				grid		13		25		80		28.15		12.4		12.3		3.14		0.35		12.4		30869.41		30106.56		762.85

						14		25		15		14.02		12.4		12		3.14		0.35		12.4		7657.16		7279.62		377.54

						15		50		80		20.4		12.4		12.21		3.14		0.35		12.4		16211.82		15660.31		551.52

						16		50		15		13.06		12.4		11.94		3.14		0.35		12.4		6644.43		6293.07		351.36

				diagonal grid		17		25		80		25.32		11		10.9		3.14		0.35		11		22154.91		21546.64		608.26

						18		25		15		15.15		11		10.76		3.14		0.35		11		7931.73		7569.48		362.25

						19		50		80		18.02		11		10.83		3.14		0.35		11		11221.53		10789.86		431.68

						20		50		15		14.84		11		10.75		3.14		0.35		11		7610.45		7255.70		354.75

				3%mC Square		21		25		80		5.78		9.7		8.6		3.14		0.4		9.7		1018.07		882.04		136.03

						22		25		15		4.34		9.7		7.8		3.14		0.4		9.7		573.99		473.06		100.93

						23		50		80		5.41		9.7		8.45		3.14		0.4		9.7		891.90		764.89		127.01

						24		50		15		4.14		9.7		7.63		3.14		0.4		9.7		522.30		426.25		96.05

				Ellongated grid		25		25		80		34.88		11.35		11.3		3.14		0.35		11.35		43380.91		42514.68		866.24

						26		25		15		24.65		11.35		11.25		3.14		0.35		11.35		21666.04		21055.15		610.89

						27		50		80		34.88		11.35		11.3		3.14		0.35		11.35		43380.91		42514.68		866.24

						28		50		15		22.5		11.35		11.23		3.14		0.35		11.35		18051.40		17494.16		557.23

				Even grid		29		25		80		22.6		8.5		8.45		3.14		0.3		8.5		13639.10		13279.40		359.70

						30		25		15		16.83		8.5		8.41		3.14		0.3		8.5		7563.75		7296.50		267.25

						31		50		80		20.63		8.5		8.44		3.14		0.3		8.5		11364.94		11036.81		328.13

						32		50		15		14		8.5		8.37		3.14		0.3		8.5		5233.89		5011.99		221.91

				Double grid		33		25		80		10.14		10		9.6		3.14		0.6		10		3230.17		2859.21		370.96

						34		25		15		6.95		10		9.16		3.14		0.6		10		1517.47		1266.77		250.70

						35		50		80		9.67		10		9.56		3.14		0.6		10		2937.67		2584.43		353.24

						36		50		15		6.6		10		9.07		3.14		0.6		10		1368.48		1130.97		237.50

				Grid (paper)		37		25		80		11.73		10		9.7		3.14		0.35		10		4322.61		4068.50		254.11

						38		25		15		7.93		10		9.35		3.14		0.35		10		1975.59		1805.05		170.54

						39		50		80		10.28		10		9.61		3.14		0.35		10		3319.98		3097.76		222.22

						40		50		15		7.58		10		9.29		3.14		0.35		10		1805.05		1642.20		162.84





Mechanical properties

				ID		MC [%]		Lignin [%]		Graphite [%]		PCC [%]		Citric Acid [%]		ρ [kg/m3]		E_1 [kPa]		STD E_1 [kPa]		E_2 [kPa]		STD E_2 [kPa]		σ_1 (Strain = 80%) [kPa]		σ_1s (Strain = 80%) [kPa.m3/kg]		σ_2 (Strain = 80%) [kPa]		σ_2s (Strain = 80%) [kPa.m3/kg]

				41		1.5		0		0		0		0		19.7727974708		131.9561748499		42.5181533325		504.1379593588		99.8336574472		126.6887402282		6.407223885		102.554419279		5.1866418715

				42		1.5		0.5		0		0		0		26.3675122592		153.9048534516		26.8991384915		558.8056823003		145.010070538		154.4077430188		5.8559844972		143.2517388407		5.4328879203

				43		1.5		1		0		0		0		29.527925087		134.4814935009		35.3438904499		543.0467313774		128.0342738058		136.4428691848		4.6208078889		146.8577994314		4.9735224876

				44		1.5		1.5		0		0		0		34.1598475255		124.0303751527		13.7783087779		575.9604674151		97.028932039		166.6186459296		4.8776167928		173.3811806339		5.075584149

				45		1.5		2		0		0		0		42.6826891703		137.129202324		62.2556186791		672.4624790827		170.0208692436		155.5978695123		3.6454560979		242.6722781814		5.68549646

				46		1.5		0		0.5		0		0		25.0625425386		245.8061649238		37.7808827445		790.8557568162		241.1413067496		239.7636564588		9.5666134467		194.354674389		7.7547868134

				47		1.5		0		1		0		0		29.424110724		195.8270365934		43.7813146384		929.6806921598		209.9748975843		275.7690171597		9.3722124602		227.9418839717		7.7467722342

				48		1.5		0		1.5		0		0		30.7508763614		240.9212829077		42.053296046		991.0591915262		235.1172080141		223.8831023206		7.2805438027		178.798906348		5.8144328717

				49		1.5		0		2		0		0		39.7911689891		313.9978556947		110.8930796162		879.1135858691		223.9015413702		249.0795892335		6.2596700615		194.5854847623		4.8901675851

				50		1.5		0		0		0.5		0		22.4808827214		200.6014233501		34.4421182805		532.2052852323		107.7353809287		148.9384732561		6.625116776		117.7653762073		5.2384676201

				51		1.5		0		0		1		0		31.4065259864		129.1856700888		49.6443964311		788.1026376888		206.8041825968		160.0363954517		5.0956414447		139.2815540247		4.4347965797

				52		1.5		0		0		1.5		0		35.7215924927		148.7566451402		63.8881486364		935.5408019405		165.4698215842		159.0043658913		4.4512115725		152.7240904318		4.2753998289

				53		1.5		0		0		2		0		40.7566404485		188.6178240655		65.2239005909		1012.4549031784		268.5240998776		147.0838533867		3.608831635		186.8529235797		4.5846007307

				54		1.5		0		0		0		0.5		21.1527229842		108.2393317202		19.8100736133		443.076529919		116.9002731849		77.1972098854		3.6495164213		99.5977385254		4.7085067298

				55		1.5		0		0		0		1		20.3949866322		154.4036704706		38.5518558504		727.9781065671		45.1412707324		90.4988667929		4.437309444		113.5948506528		5.5697438151

				56		1.5		0		0		0		1.5		35.6351636042		81.7642381324		16.8835129321		282.5990998441		19.8837207149		68.0152761937		1.9086562068		70.8367167731		1.9878319505

				57		1.5		0		0		0		2		27.2111351588		142.5630030491		39.764826282		401.0481495683		132.5293142417		107.3233801212		3.9440978664		114.3695765878		4.2030431998
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Executive Summary

ﬂWﬂm

Deliverable 1.1 presents the development and characterization results of shape-changing and
load-bearing bulk biofoam material intended for meter-scale applications. This report details the
systematic engineering approach to creating functional biofoam microstructures with adjustable
properties. A comprehensive set of mechanical and thermal characterization data is provided,

enabling the parametric model of material property in subsequent work packages.

The structure of biofoam demonstrates responsive behavior to temperature changes, with
controlled cyclic deformation achieved through multi-layered structures utilizing materials with
varying expansion rates. The report outlines the laboratory-scale production methodology,
characterization techniques, and achieved performance metrics for the first generation of
functional biofoam samples. These findings provide the foundation for the robotized production

process to be developed in later stages of the project. The final data are provided below:

Measurable

Methylcellulose concentration
Fiber concentration

Water concentration

Density

Young's Modulus

Poisson ratio®

Size of unit cell

Volume increase per humidity
Volume increase per temperature
Volume expansion by humidity
Volume expansion by temperature

Data in excel format is attached to this document.

Value

1.5
0
98.5
17.8
150
-3
206
1.30
-0.94
0.6
-0.5

Unit
wt%
wt%
wt%
mg/cm3
kPa
%
cm3
cm3/rH
cm3/°C
%/rH
%/°C

" Data taken from sample with Methylcellulose wt% 1.5, fiber wt% 1.5 and water wt% 97
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1. Introduction and Objectives

The development of bulk biofoam materials is a central objective of this project, aimed at
creating sustainable, shape-changing, and load-bearing solutions for large-scale applications.
Deliverable 1.1 contributes to this goal by producing lab-scale samples and generating a
structured dataset of their key properties.

The scope of this work covers two main outcomes. First, laboratory samples were manufactured
from suspensions containing defined weight percentages of raw materials, prepared under
controlled conditions to ensure reproducibility. Second, the samples were systematically
characterized with respect to mechanical, hygroscopic, and thermal properties. These data
provide the foundation for evaluating material performance and guiding parametric modeling in
later stages of the project.

The datasetincludes density and Young’s modulus as indicators of structural behavior, as well as
volume changes linked to humidity and temperature fluctuations. In addition, information on unit
cell dimensions and bounding box sizes connects processing parameters with resulting material
properties. Together, these results capture the essential physical and environmental responses
of the material at this stage of development.

All data are managed according to the project’s data management plan and will be published
after appropriate intellectual property protection is secured. The results reported here form a
baseline for predictive modeling, scale-up, and integration into subsequent work packages.

Deliverable D1.1
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2. Mechanical Properties

Table 1: Mechanical properties of the foam composition and principle mechanical properties.

"ap "ap

—_ < <

— L © © (0) (2]

X = [ e~ £ £

T @ T ysos s T 8 v 8

T - £ ¥ < £ g T 2 N g x & X

(A 'E Q. — 2 [=T] b w b w b 7} et 17,

g ®» & g £ = < £ & B 0 %9

S 5 (G] a O Qa w n w n o o o o

1,5 0 0 0 0O 19,8 132 42,5 504 99,8 127 6,41 103 5,19
1,5 0,5 0 0 0O 264 154 26,9 559 145 154 5,86 143 5,43
1,5 1 0 0 0O 295 134 353 543 128 136 4,62 147 4,97
1,5 1,5 0 0 0 34,2 124 13,8 576 97,0 167 4,88 173 5,08
1,5 2 0 0 0 42,7 137 62,3 672 170 156 3,65 243 5,69
1,5 0 0,5 0 0O 251 246 37,8 791 241 240 9,57 194 7,75
1,5 0 1 0 0O 294 196 43,8 930 210 276 9,37 228 7,75
1,5 0 1,5 0 0O 308 241 42,1 991 235 224 7,28 179 5,81
1,5 0 2 0 0O 398 314 111 879 224 249 6,26 195 4,89
1,5 0 0 0,5 0O 22,5 201 34,4 532 108 149 6,63 118 5,24
1,5 0 0 1 0O 31,4 129 49,6 788 207 160 5,10 139 4,43
1,5 0 0 1,5 0 35,7 149 63,9 936 165 159 4,45 153 4,28
1,5 0 0 2 0O 40,8 189 65,2 1012 269 147 3,61 187 4,58
1,5 0 0 0 0,5 21,2 108 19,8 443 117 77,2 3,65 100 4,71
1,5 0 0 0 1 20,4 154 38,6 728 45,1 90,5 4,44 114 5,57
1,5 0 0 0 1,5 356 82 169 283 19,9 680 1,91 70,8 1,99
1,5 0 0 0 2 27,2 143 39,8 401 133 107 3,94 114 4,20

Mechanical characterization provides the essential baseline for assessing the performance of the
developed foam. Three key parameters were selected for evaluation: density, Young’s modulus,
and Poisson’s ratio. Together, these properties describe the structural efficiency, stiffness, and
deformation behaviour of the material under load. The results are illustrated in Table 1 with the
explanation of columns as:

o MC [%]: Weight percent of methylcellulose

e Lignin [%]: Weight percent of lignin

e Graphite [%]: Weight percent of graphite

e PCC [%]: Weight percent of precipitated calcium carbonate

e Citric Acid [%]: Weight percent of citric acid

e p [kg/m3]: Density of the foam

e E_1[kPa]: Average compressive Young’s modulus in the weak direction

e STD E_1 [kPa]: Standard deviation of compressive Young’s modulus in the weak
direction

E_2 [kPa]: Average compressive Young’s modulus in the strong direction

Deliverable D1.1
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e STD E_2 [kPa]: Standard deviation of compressive Young's modulus in the strong
direction

e 0_1 [kPa]: Average resulting stress at 80% compressive strain in the weak direction

e 0_1s [kPa.m3/kg]: Average specific resulting stress at 80% compressive strain in the
weak direction

e 0_2 [kPa]: Average resulting stress at 80% compressive strain in the strong direction

e 0_2s [kPa.m3/kg]: Average specific resulting stress at 80% compressive strain in the
strong direction

2.1 young’s modulus

All mechanical testing was performed using a universal testing machine (Instron E1000). The
compressive Young’s modulus was determined by applying displacement-controlled
compression on cubic samples with approximate dimensions of 30 x 30 x 30 mm. The machine
recorded both displacement and the corresponding force. Stress was calculated as the applied
force divided by the sample’s cross-sectional area, while strain was obtained by dividing the
displacement by the sample’s initial thickness.

F d
o=-ande =—

are the equations that calculate stress (o) and strain (€). Where F, A, d, and ho denote the force,
area, displacement, and the initial height, respectively.

Niaem

Displacement [mm]
I
w
Force [kN]

715_

0 20 40 60 80 100 0 20 40 60 80 100
Time [s] Time [s]

Figure 1. Raw data from one of the experiments which demonstrates the method utilized to obtain the compressive
behavior of samples; (a) Displacement-time plot and (b) the resulting force-time plot.

Figure 1 shows the force-time response during displacement-controlled compression. Notice
that at certain intervals the recorded force drops to zero. This occurs because the samples were
compressed to 70% of their original height at a rate of 80 mm/min, followed by unloading at the
same rate. During unloading, the compression plate temporarily loses contact with the sample,
resulting in no load detection. This loss of contact arises from permanent damage and
viscoelastic effects in the foam: the samples do not fully recover their original dimensions, and
any partial recovery occurs at a rate slower than 80 mm/min.
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—— Fitted line
—— Experimental data
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25+
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Figure 2. Determination of the Young’s modulus from the initial linear fit of the stress-strain response.

The compressive Young’s modulus (a measure of sample stiffness) was determined by fitting a
straight line to the initial linear portion of the stress—strain curves. Figure 2 presents the stress—
strain curve of one representative sample during the first compression cycle. As evident from the
figure, the initial region exhibits a well-defined linear response, enabling a reliable estimation of
the compression modulus in accordance with the literature.
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2.3 Poisson’s ratio

Sample Preparation

The test specimen was composed of vertically stacked foam sheets bonded during
manufacturing. Due to the natural misalighment of peaks and valleys between layers, structural
voids were present throughout the sample. These discontinuities made it impossible to obtain a
fully dense structure and directly influenced the selection of Regions of Interest (ROI) for strain
analysis.

Digital Image Correlation (DIC) Acquisition

Uniaxial compression tests were performed in the weak direction using an Instron Electropuls
E1000 with a 2 kN load cell. A Canon EOS R7 camera equipped with a Canon EF 100 mm /2.8L
Macro IS USM lens and mount adapter was used to capture grayscale images at one-second
intervals. The Y-axis corresponded to the loading direction, while the X-axis represented the
transverse direction where lateral strain was measured.

DIC Setup

Analysis was conducted with the NCorr MATLAB toolbox. To ensure reliability, two rectangular
ROls were defined within continuous regions of the foam, avoiding areas with voids. The following
settings were applied:

e Subset radius: 56 pixels

e Strain radius: 13 pixels

e Subset spacing: 8 pixels

e |mage resolution: 2400 x 1600 pixels

e Step analysis: Disabled (single-image mode)

Program State Reference Image Current Image(s)
Reference Image SET . .
Current Imagels) SET
Region of Interest  SET
DIC Parameters SET

DIC Analysis SET
Displacements SET
Strains SET

Region of Interest

Name: image_001.JPG Name: image_064.|PG

< 63 >
Resolution: 2400 x 1600 Resolution: 2400 x 1600 —] —]

Figure 3. the NCorr interface with the selected ROIs (715t image).

Representative Strain Fields

Figure 3 illustrates the longitudinal and transverse strain maps (&, and &,,) obtained during
compression. As expected for porous foams, the strain distribution was heterogeneous. The use
of ROIs successfully excluded unreliable regions with structural voids, resulting in consistent
strain measurements in the continuous regions of the material.
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Poisson’s Ratio Evolution

The Poisson’s ratio (v) was calculated as:

SXX
V=—-"=
Eyy
where &, is the transverse strain and ¢, is the axial strain.

Poisson's Ratio vs. Image Number

T

T

0.2 = T

0.1

B R A oRee )

0.1} 1

-0.2 1

Poisson's Ratio

0.4} ]

-0.5F .

‘0_6 .. 1 . e .l . L | .
0 10 20 30 40 50 60 70 80

Image Number

Figure 4. Evolution of Poisson’s ratio as a function of image number during uniaxial compression of the foam
specimen.

The initial frames (images 1-10) showed large fluctuations caused by noise at low deformation
levels. Beyond image 10, v stabilized around a small negative value, indicating slight lateral
contraction under uniaxial compression.

Conclusion

To obtain a representative value, only the stabilized region of the curve (images 11-71) was
analyzed. The mean Poisson’s ratio was determined to be:

v=-0.036+£00127=3+£1%

The negative mean value indicates that the foam contracts slightly laterally when compressed in
the axial direction. This behavior is consistent with the highly porous structure of the material,
where localized collapse and densification reduce the likelihood of significant transverse
expansion. The relatively high variability compared to the mean is attributed to material
heterogeneity and low overall deformation rather than measurement errors. Overall, these results
align with expected mechanical responses of low-density foam structures and provide an
important parameter for future modeling of structural performance.
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3. Thermal and Moisture expansion

The thermal and humidity expansion properties provide essential information for evaluating the
performance of the developed foam under varying environmental conditions. Two key parameters
were evaluated spearheaded in this evaluation: volume change per humidity unit [m3/rH] and
volume change per temperature unit [m3/°C]. These properties describe how the material
responds to changes in moisture levels and temperature, affecting its volumetric stability and
overall performance. The raw data is shown in table
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Table 2: Shape changes are measured for different samples as radius of curvature. Each sample is
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conditioned in four humidity-temperature combinations allowing to calculate the volume of the sample in
constant humidity (80rH and 15rH) with variable temperature (25C and 50 C) and vice versa.

S S E g % g £ S;

® 2 e = S = 0 S G

21 ge = 3 ® 5§ g S @

£ £ S o s = = b= S

8 Z & o 5 2 = :

< - >

1 25 80 13,03 85 8,35 0,3 85 206

. 2 25 15 7,75 8,5 8,08 0,3 85 122
Smatl square 3 50 80 11,57 8,5 8,31 0,3 85 183
4 50 15 6,88 8,5 7,97 0,3 85 108

5 25 80 20,38 10 9,9 0.3 10 381

square (worse side) | © 25 15 12,37 10 9,73 0,3 10 230
7 50 80 15,62 10 9,83 0,3 10 292

8 50 15 10,41 10 9,62 0,3 10 193

9 25 80 12,86 10 9,75 0.3 10 240

square (better side) | 19 25 15 7,27 10 9,23 0,3 10 134
11 50 80 10,41 10 9,62 0,3 10 193

12 50 15 6,63 10 9,08 0,3 10 122

13 25 80 2815 12,4 12,3 0,35 124 763

i 14 25 15 14,02 12,4 12 0,35 124 378

15 50 80 20,4 12,4 12,21 0,35 12,4 552

16 50 15 13,06 12,4 11,94 0,35 124 351

17 25 80 25,32 11 10,9 0,35 11 608

diagonal gid 18 25 15 15,15 11 10,76 0,35 11 362
19 50 80 18,02 11 10,83 0,35 11 432

20 50 15 14,84 11 10,75 0,35 11 355

21 25 80 5,78 9,7 8,6 0,4 97 136

S94mC Square 22 25 15 4,34 9,7 7.8 0,4 97 101
23 50 80 5,41 9,7 8,45 0,4 97 127

24 50 15 4,14 9,7 7,63 0,4 97 9

25 25 80 3488 11,4 11,3 0,35 11,4 866

Elongated gid 2 25 15 24,65 11,4 11,25 0,35 11,4 611
27 50 80 3488 11,4 11,3 0,35 11,4 866

28 50 15 22,5 11,4 11,23 0,35 11,4 557

29 25 80 22,6 8,5 8,45 0.3 85 360

ven grid 30 25 15 16,83 8,5 8,41 0,3 85 267
31 50 80 20,63 85 8,44 0,3 85 328

32 50 15 14 8,5 8,37 0,3 85 222

33 25 80 10,14 10 9,6 0,6 10 371

Double gid 34 25 15 6,95 10 9,16 0,6 10 251
35 50 80 9,67 10 9,56 0,6 10 353

36 50 15 6,6 10 9,07 0,6 10 238

37 25 80 11,73 10 9,7 0,35 10 254

Srid (paper) 38 25 15 7,93 10 9,35 0,35 10 171
39 50 80 10,28 10 9,61 0,35 10 222

40 50 15 7,58 10 9,29 0,35 10 163
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3.1 Hygroscopic properties

The hygroscopic behavior of the foam was investigated through curvature testing, in which
samples were subjected to controlled humidity cycles at constant temperature. The material’s
response was evaluated by monitoring dimensional changes and curvature development of the
foam layer fixed on a mesh base. (Figure 5) These changes result from the foam’s intrinsic
expansion and contraction when exposed to varying relative humidity (RH) levels.

‘. T T 8
mm;&gmyﬁ-
Y o me |
. £ R E R

Figure 5. Example of foam and meh (sample to test Figure 6. Example image of experiments set-up
humidity and temperature reaction on grid pattern

y
e

In the current setup, humidity cycles consisted of alternating phases at 25 °C and 80 % RH, and
25°C and 15 % RH, with each phase lasting 4 hours and 30 minutes. The radius of curvature for
each state was calculated from measured chord and arc lengths using a custom Python script.
To minimize measurement error, chord lengths were obtained immediately after removing the
sample from the humid environment, as the foam begins to relax rapidly once exposed to ambient
air.

Although only preliminary tests have been conducted, the results already indicate a clear
correlation between humidity changes and foam curvature. Most notably, the foam exhibited a
volume change per humidity unit of 1.30 cm®/rH for a sample of size 206 cm3. A dimensionless
volume change is ¢p,m = 0.6 %/rH which is a key quantitative measure of its hygroscopic
sensitivity. Higher humidity levels induce expansion, leading to increased curvature, while lower
humidity levels cause contraction. In addition, layer structuring strongly influences the response:
when multiple foam layers are deposited sequentially, the most recently applied layer dominates
the direction of curvature. Differences in local density within the same pattern also lead to
asymmetric bending, as observed in 10x10 square structures where the less compact side
exhibited reduced curvature. These findings demonstrate the foam’s strong hygroscopic
sensitivity and underline the importance of pattern design and material density distribution in
controlling dimensional changes under varying environmental conditions.

3.2 Temperature-related properties

Temperature effects on the foam were studied through combined thermal-humidity cycles.
Samples were exposed to alternating phases of 25 °C at 80 % RH and 50 °C at 15 % RH, with each
phase lasting 4 hours and 30 minutes. A second series of tests maintained constant humidity (80
% RH) while varying the temperature between 25 °C and 50 °C. Curvature was again determined
through chord and arc length measurements analyzed with the same computational method
used for humidity testing.

The results confirm that temperature changes significantly affect the foam’s dimensional
stability. A volume change per temperature unit of —-0.936 cm®/°C for a sample of size 206 cm3
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was recorded leading to dimensionless expansion constant of €e;y, =-0.4 %/°C, indicating that
increasing the temperature consistently caused shrinkage and thus higher curvature. Increasing
the temperature caused shrinkage of the foam, producing higher curvature. (Figure 7). When
humidity was kept constant, the thermal response was still pronounced, indicating that
temperature alone plays a key role in the material’s expansion—contraction mechanism.

Thermal Expansion
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Figure 7. Thermal expansion between 25 °C and 50 °C

As with humidity tests, the structural configuration of the foam influenced the observed
curvature. Samples with weak or porous structures displayed smaller bending radii, while
multilayered patterns showed anisotropic behavior dictated by the orientation of the topmost
layer. These effects highlight the coupled influence of processing design and environmental
stimuli on the foam’s performance.

Overall, the foam demonstrates a reversible and predictable thermo-responsive behavior,
making it a promising candidate for applications where controlled shape-change under
environmental fluctuations is desirable. Further testing with a larger sample set will refine the
quantitative expansion coefficients and support integration into predictive material models.

4. Conclusion and Future Directions

Lab-scale biofoam samples were produced and characterized for their mechanical and
environmental response. Key results include:

e Young’s modulus: 150 kPa

e Poisson’sratio: -3+1%

e Volume change per humidity: 0.6 %/rH

o Volume change per temperature: -0.4 %/°C

These results demonstrate the foam’s strong responsiveness to environmental conditions, with
density distribution, fiber structuring, and pattern design influencing curvature behavior.
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Essential properties







								Measurable				Value				Unit



								Methylcellulose concentration				1.5				wt%



								Fiber concentration				0				wt%



								Water concentration				98.5				wt%



								Density				17.8				mg/cm3



								Young's Modulus				150				kPa



								Poisson ratio				-3				%



								Size of unit cell				206				cm3



								Volume increase per humidity				1.3				cm3/rH



								Volume increase per temperature				−0.94				cm3/°C



								Volume expansion by humidity				0.6				%/rH



								Volume expansion by temperature				-0.5				%/°C



								The measurument description is attached to this document below.















Thermal and hygroscopic prop.



												ID				Temperature [C]				Humidity (%)				Radius [cm]				Arc length [cm]				Chord length [cm]				PI				Thickness [cm]				Width [cm]				Outer volume [cm^3]				Inner volume [cm^3]				Volume [cm^3]



								small square				1				25				80				13.03				8.5				8.35				3.14				0.3				8.5				4533.75				4327.39				206.36



												2				25				15				7.75				8.5				8.08				3.14				0.3				8.5				1603.88				1482.11				121.77



												3				50				80				11.57				8.5				8.31				3.14				0.3				8.5				3574.67				3391.69				182.97



												4				50				15				6.88				8.5				7.97				3.14				0.3				8.5				1264.00				1156.17				107.83



								square (worse side)				5				25				80				20.38				10				9.9				3.14				0.3				10				13048.43				12667.10				381.33



												6				25				15				12.37				10				9.73				3.14				0.3				10				4807.17				4576.83				230.34



												7				50				80				15.62				10				9.83				3.14				0.3				10				7665.00				7373.39				291.60



												8				50				15				10.41				10				9.62				3.14				0.3				10				3404.48				3211.09				193.40



								square (better side)				9				25				80				12.86				10				9.75				3.14				0.3				10				5195.55				4955.98				239.58



												10				25				15				7.27				10				9.23				3.14				0.3				10				1660.42				1526.21				134.21



												11				50				80				10.41				10				9.62				3.14				0.3				10				3404.48				3211.09				193.40



												12				50				15				6.63				10				9.08				3.14				0.3				10				1380.95				1258.80				122.15



								grid				13				25				80				28.15				12.4				12.3				3.14				0.35				12.4				30869.41				30106.56				762.85



												14				25				15				14.02				12.4				12				3.14				0.35				12.4				7657.16				7279.62				377.54



												15				50				80				20.4				12.4				12.21				3.14				0.35				12.4				16211.82				15660.31				551.52



												16				50				15				13.06				12.4				11.94				3.14				0.35				12.4				6644.43				6293.07				351.36



								diagonal grid				17				25				80				25.32				11				10.9				3.14				0.35				11				22154.91				21546.64				608.26



												18				25				15				15.15				11				10.76				3.14				0.35				11				7931.73				7569.48				362.25



												19				50				80				18.02				11				10.83				3.14				0.35				11				11221.53				10789.86				431.68



												20				50				15				14.84				11				10.75				3.14				0.35				11				7610.45				7255.70				354.75



								3%mC Square				21				25				80				5.78				9.7				8.6				3.14				0.4				9.7				1018.07				882.04				136.03



												22				25				15				4.34				9.7				7.8				3.14				0.4				9.7				573.99				473.06				100.93



												23				50				80				5.41				9.7				8.45				3.14				0.4				9.7				891.90				764.89				127.01



												24				50				15				4.14				9.7				7.63				3.14				0.4				9.7				522.30				426.25				96.05



								Ellongated grid				25				25				80				34.88				11.35				11.3				3.14				0.35				11.35				43380.91				42514.68				866.24



												26				25				15				24.65				11.35				11.25				3.14				0.35				11.35				21666.04				21055.15				610.89



												27				50				80				34.88				11.35				11.3				3.14				0.35				11.35				43380.91				42514.68				866.24



												28				50				15				22.5				11.35				11.23				3.14				0.35				11.35				18051.40				17494.16				557.23



								Even grid				29				25				80				22.6				8.5				8.45				3.14				0.3				8.5				13639.10				13279.40				359.70



												30				25				15				16.83				8.5				8.41				3.14				0.3				8.5				7563.75				7296.50				267.25



												31				50				80				20.63				8.5				8.44				3.14				0.3				8.5				11364.94				11036.81				328.13



												32				50				15				14				8.5				8.37				3.14				0.3				8.5				5233.89				5011.99				221.91



								Double grid				33				25				80				10.14				10				9.6				3.14				0.6				10				3230.17				2859.21				370.96



												34				25				15				6.95				10				9.16				3.14				0.6				10				1517.47				1266.77				250.70



												35				50				80				9.67				10				9.56				3.14				0.6				10				2937.67				2584.43				353.24



												36				50				15				6.6				10				9.07				3.14				0.6				10				1368.48				1130.97				237.50



								Grid (paper)				37				25				80				11.73				10				9.7				3.14				0.35				10				4322.61				4068.50				254.11



												38				25				15				7.93				10				9.35				3.14				0.35				10				1975.59				1805.05				170.54



												39				50				80				10.28				10				9.61				3.14				0.35				10				3319.98				3097.76				222.22



												40				50				15				7.58				10				9.29				3.14				0.35				10				1805.05				1642.20				162.84











Mechanical properties



								ID				MC [%]				Lignin [%]				Graphite [%]				PCC [%]				Citric Acid [%]				ρ [kg/m3]				E_1 [kPa]				STD E_1 [kPa]				E_2 [kPa]				STD E_2 [kPa]				σ_1 (Strain = 80%) [kPa]				σ_1s (Strain = 80%) [kPa.m3/kg]				σ_2 (Strain = 80%) [kPa]				σ_2s (Strain = 80%) [kPa.m3/kg]



								41				1.5				0				0				0				0				19.7727974708				131.9561748499				42.5181533325				504.1379593588				99.8336574472				126.6887402282				6.407223885				102.554419279				5.1866418715



								42				1.5				0.5				0				0				0				26.3675122592				153.9048534516				26.8991384915				558.8056823003				145.010070538				154.4077430188				5.8559844972				143.2517388407				5.4328879203



								43				1.5				1				0				0				0				29.527925087				134.4814935009				35.3438904499				543.0467313774				128.0342738058				136.4428691848				4.6208078889				146.8577994314				4.9735224876



								44				1.5				1.5				0				0				0				34.1598475255				124.0303751527				13.7783087779				575.9604674151				97.028932039				166.6186459296				4.8776167928				173.3811806339				5.075584149



								45				1.5				2				0				0				0				42.6826891703				137.129202324				62.2556186791				672.4624790827				170.0208692436				155.5978695123				3.6454560979				242.6722781814				5.68549646



								46				1.5				0				0.5				0				0				25.0625425386				245.8061649238				37.7808827445				790.8557568162				241.1413067496				239.7636564588				9.5666134467				194.354674389				7.7547868134



								47				1.5				0				1				0				0				29.424110724				195.8270365934				43.7813146384				929.6806921598				209.9748975843				275.7690171597				9.3722124602				227.9418839717				7.7467722342



								48				1.5				0				1.5				0				0				30.7508763614				240.9212829077				42.053296046				991.0591915262				235.1172080141				223.8831023206				7.2805438027				178.798906348				5.8144328717



								49				1.5				0				2				0				0				39.7911689891				313.9978556947				110.8930796162				879.1135858691				223.9015413702				249.0795892335				6.2596700615				194.5854847623				4.8901675851



								50				1.5				0				0				0.5				0				22.4808827214				200.6014233501				34.4421182805				532.2052852323				107.7353809287				148.9384732561				6.625116776				117.7653762073				5.2384676201



								51				1.5				0				0				1				0				31.4065259864				129.1856700888				49.6443964311				788.1026376888				206.8041825968				160.0363954517				5.0956414447				139.2815540247				4.4347965797



								52				1.5				0				0				1.5				0				35.7215924927				148.7566451402				63.8881486364				935.5408019405				165.4698215842				159.0043658913				4.4512115725				152.7240904318				4.2753998289



								53				1.5				0				0				2				0				40.7566404485				188.6178240655				65.2239005909				1012.4549031784				268.5240998776				147.0838533867				3.608831635				186.8529235797				4.5846007307



								54				1.5				0				0				0				0.5				21.1527229842				108.2393317202				19.8100736133				443.076529919				116.9002731849				77.1972098854				3.6495164213				99.5977385254				4.7085067298



								55				1.5				0				0				0				1				20.3949866322				154.4036704706				38.5518558504				727.9781065671				45.1412707324				90.4988667929				4.437309444				113.5948506528				5.5697438151



								56				1.5				0				0				0				1.5				35.6351636042				81.7642381324				16.8835129321				282.5990998441				19.8837207149				68.0152761937				1.9086562068				70.8367167731				1.9878319505



								57				1.5				0				0				0				2				27.2111351588				142.5630030491				39.764826282				401.0481495683				132.5293142417				107.3233801212				3.9440978664				114.3695765878				4.2030431998
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